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Preface

Fundamentals of Analog Circuits, Second Edition, presents an introduction to discrete lin-
ear devices and circuits followed by a thorough coverage of operational amplifiers and
other linear integrated circuits. Also, this textbook provides extensive troubleshooting and
applications coverage. Applications are shown with a realistic printed circuit board format
in the last section of each chapter. They include a Troubleshooter’s Bench exercise that
presents a troubleshooting problem with the system. In addition to the Troubleshooter’s
Bench, troubleshooting sections are found in many parts of the text.

This second edition updates and improves coverage of the various operational ampli-
fiers and other analog circuits introduced in the first edition. Each device was reviewed,;
older devices were replaced with newer ones, and a reference to the manufacturer’s Inter-
net site has been added to expedite finding additional information. In some cases, the ex-
planation was streamlined or improved. For example, a brief discussion of triggering SCRs
and triacs by microcontrollers was added in Chapter 15.

Two new features of this text include identifying key terms and adding a Trou-
bleshooter’s Quiz. Key terms are presented in the chapter opener and highlighted in color
in the text with a margin icon. The Troubleshooter’s Quiz reinforces critical thinking and
troubleshooting skills for circuits introduced in the chapter. The Troubleshooter’s Quiz
consists of 8 to 12 multiple-choice questions that require students to consider how a given
fault will affect voltage, current, gain, and so forth (increase, decrease, no change). An-
swers to the Troubleshooter’s Quiz are found at the end of each chapter.

In addition, circuits have been prepared for many of the examples using Electronics
Workbench™/Multisim to enable changes or troubles to be investigated. Electronics
Workbench/Multisim is a computer-simulation program that is useful for testing circuits
and observing the effect of parameter changes or troubles with the circuit. It uses a graph-
ical interface to place components on a “workbench™ and simulated instruments to view
the results. These circuits are available on CD-ROM (ISBN: 0-13-060944-7).

Current in Fundamentals of Analog Circuits, Second Edition, is indicated by a meter
notation rather than by directional arrows. This unique approach accomplishes two things.
First, it eliminates the need to distinguish between conventional flow and electron flow be-
cause it indicates current direction by polarity signs, just as an actual ammeter does. Users
can interpret current direction based on the meter polarity in accordance with their particular
preference. Second, in addition to current direction, the meter notation provides relative
magnitudes of the currents in a given circuit by observing the number of bars.

Overview

The first five chapters provide a fundamental coverage of basic concepts, diodes, transis-
tors, and amplifiers. The last ten chapters focus on integrated circuit op-amps, active filters,

v



vi B PREFACE

oscillators, power supplies, special amplifiers, communications circuits, data conversion
circuits, and measurement and control circuits.

Discrete Devices and Circuits The first part of the text consists of five chapters as
follows: Chapter 1 presents an introduction to analog electronics, analog signals, ampli-
fiers, and troubleshooting. Chapter 2 covers diodes, rectifiers, and regulators. Chapter 3 in-
troduces bipolar junction transistors and BJT amplifiers. Chapter 4 gives a basic treatment
of field-effect transistors and FET amplifiers. Chapter 5 deals with multistage amplifiers,
radio-frequency (RF) amplifiers, and power amplifiers.

Analog Integrated Circuits The second part of the text consists of ten chapters
that cover analog integrated circuits as follows: Chapter 6 provides an introduction to
operational amplifiers. Op-amp frequency response is covered in Chapter 7, and basic
Op-amp circuits (comparators, summing amplifiers, integrators, and differentiators) is the
topic of Chapter 8. Active op-amp filters are covered in Chapter 9, and oscillators and
timers are introduced in Chapter 10. Power supplies are covered in Chapter 11. Special
amplifiers (instrumentation amplifiers, isolation amplifiers, operational transconductance
amplifiers (OTAs), and log/antilog amplifiers) are introduced in Chapter 12. Communi-
cation circuits (AM and FM receivers, linear multipliers, mixers, and phase-locked
loops) are studied in Chapter 13. Data conversion circuits such as analog switches, sam-
ple-and-hold circuits, digital-to-analog and analog-to-digital converters, and voltage-to-
frequency and frequency-to-voltage converters are among the topics in Chapter 14. Fi-
nally, Chapter 15 covers various types of transducers and associated measurement
circuits,

Features
Fundamentals of Analog Circuits, Second Edition, is innovative in four areas:

< Current in a circuit is indicated by a polarized meter symbol that allows the user to ap-
ply the direction of preference. Also, current meters show relative current magnitude in
a circuit. See Figure P-1.
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FIGURE P-1
Example of art showing meter symbols.
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1 Emphasis is on analog integrated circuits, but also there is a good coverage of discrete
circuits.

[ Topics that are generally not found in competing textbooks, such as RF amplifiers and
transducers, are covered.

0 System applications with Troubleshooter’s Bench exercises incorporate realistic printed
circuit boards, and a related full-color insert section is included.

Other features are as follows:

0 Extensive troubleshooting material, including new Troubleshooter’s Quiz
 Extensive use of examples
[ Practice exercise in each numbered example

1 Standard component values

O

Two-page chapter openers with introduction, section list, objectives, key terms, and
system application preview

Section openers with overview and objectives
End-of-section review questions

Glossary terms boldfaced in text

A BV Y o 9

Answers to practice exercises for examples, section review questions, self-test, and
Troubleshooter’s Quiz at end of chapter

O

Minimal mathematics, with important equations numbered

0 A summary, key formula list, glossary, multiple-choice self-test, Troubleshooter’s Quiz,
and section problems for each chapter

1 Key terms in color and with a margin icon in each chapter

) End-of-book derivations, manufacturers’ specifications sheets, and answers to odd-
numbered problems

[ References to manufacturers’ home pages for integrated circuits

[J Comprehensive end-of-book glossary that includes all the terms from the end-of-
chapter glossaries

[ Lab Exercises manual written by David Buchla

O Instructor’s Resource Manual that includes transparency masters, System Application
worksheets, and test item file

L Visit the companion website to this text at www.prenhall.com/floyd.

Chapter Pedagogy

Chapter Opener Each chapter begins with a two-page spread, as indicated in
Figure P-2.

Section Opener and Section Review Questions As illustrated in Figure P-3,
each section within a chapter begins with an opening introduction and list of section ob-
jectives. Each section ends with a set of review questions that focus on key concepts. An-
swers to review questions are given at the end of the chapter.

Key Terms Certain terms are in color and are identified by a margin icon. These key
terms, as well other bold terms, are defined in the end-of-chapter glossary and in the end-
of-book glossary.
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1 Discuss the basic atomic structure of
Semicon

1 Deseribe the characteristics of & pr juncrion

) Explain how 1o bias a semiconductor diode .

) Describe the hasic diode characteristics

3 Analyze the operation of three basic types of
rectifiers

2 Describe the operation of rectifier filters and
1€ regulators

3 Analyze the operation of diode limiters and
el

List of
chapter
sections.

J Explain the charactenstics of four different
special-purpose diodes

1 Interpret and use a diode data sheet

4 Troubleshoot a power supply using accepled
technigues

1 Apply what you have leamned in this chapter
to a systemn application

List of
chapter
objectives.

B KEY TERMS
- Energy:

- Flectron

- Semiconductor

1 Integrated circuit

< Limiter

< Clamper

W CHAPTER INTRODUCTION

In this chapter, the basic materials used in
manufacturing diodes, transistors, and integrated
circuits are described. You will be introduced to
pn functions, an impartant concept essential for
- the understanding of diode and transistor
operation, Diode characteristics are intraduced,
and you will learn fiow tn use diordes in variaus
applications. We discuss converting ac 1o dc by
he: process known as rectification and introduce
the integrated circuit (€ regulator. You will also
fearn about diode-limiting circuits and dc
restoring (clamping) cicuits.
In addition tu rectifior diodes, you will be
Introduced to zener diodes, varactor diodes,
_ light-emitting diodes, and photodiodes.
Applications for these special-purpose diodes

are discussed,
\\

Key terms.  Chapter

overview.

WA SYSTEM APPUICATION

The power supply is an imporant part of most
electronic systems because it supplies the dc
voltage and current necessary for all the other
circuits in the system to operate. You will leaim
Tow 4 typical power supply in an electronic
system converts ac power into a constant dc
voltage as part of a radio receiver system. The
output of the power supply goes to all parts of
the system and provides the necessary bias
voltage and operating power far the diodes,
transistors, and other discrete devices in the
amplifiers and other circuitry to function

properly.

For the system application in Section 2-11, in
additian 10 the other tapics, he sure you under-
stand
1 How a diode works 2
£) The parameters and ratings of diodes
4 How 10 read a diode data sheet
I What rectification of ac voltage means
< How rectifiers work
-3 What a filter does and why it is important in

fman Preview of

& What an IC regulator is

T system
application.

FIGURE P-2
Chapter opener.

Review
questions
end each

section.

Introductory
statements and a
list of
performance-
based objectives
begin each section.

FIGURE P-3

Section opener and section

review questions.
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479 W ACTIVE LOW-PASS FILTERS

9-2 REVIEW QUESTIONS

1. Explain how Butterworth, Chehyshey, and Bessel responses differ.
2. What detcrmines the response chanucteristic of a filter?
3, Name the basic parts of an sctive filter.

9-3 @ ACTIVE LOW-PASS FILTERS

Filters that use op-amps as the active element provide several advantages over passive
filters (R, L, and C elements only).
attenuated as it passes through
vents excessive loading of the d
amp prevents the filter from being affected by the load tha
/" are also easy 1o adjust over a wide frequency range without altering the desired re-

d spomse.

0 Unders
0 I

le-Pole Filter

Figure §
off of Bdecade
Figure 9-9(b). The critici

After completing this section, you should be able to

d active low-pass filters

) shows an active filter with a si

op-amp provides gain, so that the signal is not
The irigh input impedance of the op-amp pre-
ing source, and the law outpat impedance of the op-
s driving. Active filters

and determine its gain and critical frequency

critical frequency
pass filters

critical freque
112RC. Th

¥ of the single-pole filter is f
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Examples and Practice Exercises Worked-out examples are used to illustrate and
clarify topics covered in the text. At the end of every example and within the example
box is a practice exercise that either reinforces the example or focuses on a related topic.
Answers to the practice exercises are given at the end of the chapter. This feature is illus-

trated in Figure P—4.

System Application  As illustrated in Figure P-5, the last section of each chapter (ex-
cept Chapter 1) is a system application of devices and circuits related to the chapter cover-
age. The Troubleshooter’s Bench sections provide a series of activities with a practical
slant to simulate “on-the-job” situations. These activities include relating a schematic to a
realistic printed circuit board, making measurements, troubleshooting, and writing reports.
Three selected system applications are related to the full-color insert as indicated by a spe-
cial logo. Results are provided in the Instructor’s Resource Manual.

The system application is an optional feature which if omitted will not affect the cov-
erage of any other topics. The variety of “systems” is intended to give students an apprecia-
tion for the wide range of applications for electronic devices and to provide motivation to
learn the basic concepts of each chapter. The system application sections can be used as:

-1 A part of each chapter for the purpose of relating devices to a realistic application and
for establishing a useful purpose for devices covered. All or selected activities can be
assigned and discussed in class or turned in for a grade.

564 W VOLTAGE REGULATORS

The opposite action occurs when the outpul tries o increase, as indicated in Figure
v constant, a change in the input voltage produces a change in
shunt current (/) as follows

AViy
Ay ==

R
With a constant Vi and Vour, a change in load current causes an opposite change in shunt

current

Alg Al

‘This formula says that if /;_ increases, /5 decrease:
i than ¢ < type but offers inh
load current is limited by the series

sistor K 10 a4 maximum

Examples vale
are contained i = 2 a1
within a e
ruled box. ; I EXAMPLE 11-5  In Figure |1-14, what power rating must R, have if the maximum input voliage
s 125V?
FIGURE 11-14
&
LA
Each Example Solution The worst-case power dissipation in R, occurs when the output is short-
circuited. Vour = 0, and when Vg = 12.5 ¥, the volage dropped across Ry is
Coﬂtaiﬂs an Vi = Vour = 12.5 V. The power dissipation in &, is
0 B s VRSN
exercise related s = S P T TN
— sistor with at least & 10 W rating should be used.
to the example- s P In Figure 11-14, R, is changed to 33 {). What must be the power

rating of R, if the maximum input voltage is 24 V7 l

FIGURE P-4

Typical example and practice exercise.
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Realistic PC board
provides visual
information related to
the assignment.

X

585 @ ASYSTEM APPLICATION

584 W VOLTAGE REGULATORS

11-7 W A SYSTEM APPLICATION

i In this system application, the focus is on the reguiated power supply which provides the

_ FM sterco receiver with dual polarity dc voltages. Recall fram previous system applica-
tions that the op-amps in the channel separation circuits and the audio amplifiers oper-
ate from 12 V. Both positive and negative voltage regulators are used to regulate the
rectified and filtered voltages from a bridge rectifier.
After completing this section, you should be able to
D Apply whai you have leamed in this chapter to a system application

3 Discuss how dual supply voltages are produced by a rectifier .

3 Explain how positive and negative three-terminal IC regulators are used in a power

supply

 Relate a schematic to 3 PC board

Q Analyze ihe operation of the power supply circuit

0 Troubleshool some common power supply failurcs

FIGURE 11-39

Step2:  Calculate the peak inverse voltage of the rectifier diodes,

Step 3:  Determine the voltage al the inputs of the voltage regulators.

Step 4:  In this stereo system, assume that op-amps are used only in the channel separa-
tion circuits and the channel audio amplifiers, 1f all of the other circuits in the re-
ceiver use +12 V and draw an average dc current of 500 mA, determine how
much total current each regulator must supply. Refer to the system applications
in Chapters 7 and 9, Use the appropriaie daia sheets.

Step §:  Based on the results in Step 4, do the IC regulators have 1o be attached to the heat
sink of is this just for a safety margin?

About the Power Supply

This power supply wiilizes a full-wave bridge rectifier with both the positive and negative
rectified voltages taken off the bridge ai the appropriate points and filtered by electrolytic
capacitors. A 7812 and a 7912 provide regulation.

Now, 50 that you can take a claser look a the dual power supply, let's take it out of the
system and put it on the troubleshooter's bench.

W ACTIVITY 3 Write a Technical Report

Describe the operation of the power supply with an emphasis on how both positive and
negative voltages are obtained. Staie the purpose of each component, Use the results of Ac-
tivity 2 where appropriate.

TROUBLESHOOTER’S BENCH

W ACTIVITY 1 Relate the PC Board to the Schematic
Develop a schematic for the power supply in Figure 11-39. Add any missing labels and in-

clude the IC pin numbers by referring 1o the voltage regulator data sheets in Appendix A
‘The rectifier diodes are type IN4001, the filter capacitors C1 and C2 are 1000 uF, and the
transformer has a turns ratio of 51

W ACTIVITY 2 Analyze the Power Supply Circuits

Step 1:  Determine the approximate voltage at each of the four “corners™ of the bridge
with respect 10 ground.

B ACTIVITY 4 Troubleshoot the Power Supply by Stating the Probable
Cause or Causes in Each Case

L. Both positive and negative output voltages are zero.

2. Positive output voltage is zero and the negative output voltage is — 12 V.

3. Negative output voltage is zero and the positive output voltage is +12 V.

4. Radical voltage fluctuations on output of positive regulator.

\
1 |

Steps instruct Section

students to opener
perform describes the
specific tasks. assignment.

FIGURE P-5
A typical system application.

U A separate out-of-class assignment to be turned in for extra credit.

U An in-class activity to promote and stimulate discussion and interaction amon g students
and between students and instructor,

U An illustration to help answer the question that many students have: “Why do I need to
know this?”

Chapter End Matter A summary, key formula list, glossary, self-test, Trou-
bleshooter’s Quiz, and sectionalized problem sets are found at the end of each chapter. The
answers to practice exercises for examples, section review questions, self-test, and Trou-
bleshooter’s Quiz are also provided.
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To the Student

Any career training requires hard work, and electronics is no exception. The best way to
learn new material is by reading, thinking, and doing. This text is designed to help you
along the way by providing an overview and objectives for each section, numerous
worked-out examples, practice exercises, and review questions with answers.

Don’t expect every concept to be crystal clear after a single reading. Read each sec-
tion of the text carefully and think about what you have read. Work through the example
problems step-by-step before trying the practice exercise that goes with the example.
Sometimes more than one reading of a section will be necessary. After each section, check
your understanding by answering the section review questions,

Review the chapter summary, glossary, and formula list. Take the multiple-choice self-
test. Finally, work the problems at the end of the chapter. Check your answers to the self-test
and the odd-numbered problems against those provided. Working problems is the most im-
portant way to check your comprehension and solidify concepts.

One of the best ways to reinforce text material is through the actual construction of
circuits in the laboratory. You will become a better troubleshooter as well if you “learn by
doing.” Circuit construction reinforces troubleshooting skills because you will find that
many times a simple wiring error or other fault is accidentally introduced in your exper-
iment. Making a circuit work correctly involves analysis of the circuit as well as logical
thinking. The sort of thinking that goes into lab work is also simulated on Electronics
Workbench/Multisim. Another way to develop skill in troubleshooting is to take the
Troubleshooter’s Quiz, located at the back of each chapter; answers are provided to
check your understanding.

Milestones in Electronics

Before you begin your study of analog circuits, let’s briefly look at some of the important
developments that led to electronics technology as we have today. The names of many of
the early pioneers in electricity and electromagnetics still live on in terms of familiar units
and quantities. Names such as Ohm, Ampere, Volta, Farad, Henry, Coulomb, Oersted, and
Hertz are some of the better known examples. More widely known names such as Franklin
and Edison are also significant in the history of electricity and electronics because of their
tremendous contributions.

The Beginning of Electronics Early experiments with electronics involved electric
currents in vacuum tubes. Heinrich Geissler (1814—1879) removed most of the air from a
glass tube and found that the tube glowed when there was current through it. Later, Sir
William Crookes (1832—1919) found the current in vacuum tubes seemed to consist of par-
ticles. Thomas Edison (1847-1931) experimented with carbon filament bulbs with plates
and discovered that there was a current from the hot filament to a positively charged plate.
He patented the idea but never used it.

Other early experimenters measured the properties of the particles that flowed in
vacuum tubes. Sir Joseph Thompson (1856—-1940) measured properties of these particles,
later called electrons.

Although wireless telegraphic communication dates back to 1844, electronics is ba-
sically a 20th century concept that began with the invention of the vacuum tube amplifier.
An early vacuum tube that allowed current in only one direction was constructed by John
A. Fleming in 1904. Called the Fleming valve, it was the forerunner of vacuum tube
diodes. In 1907, Lee deForest added a grid to the vacuum tube. The new device, called the
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FIGURE P-6

The invention of the bipolar junction
transistor. Photo copyright by Bell
Laboratories. All rights reserved. Used
with permission.

audiotron, could amplify a weak signal. By adding the control element, deForest ushered
i1 the electronics revolution. It was with an improved version of his device that made
transcontinental telephone service and radios possible. In 1912, a radio amateur in San
Jose, California, was regularly broadcasting music!

In 1921, the secretary of commerce, Herbert Hoover, issued the first license to a
broadcast radio station; within two years over 600 licenses were issued. By the end of the
1920s radios were in many homes. A new type of radio, the superheterodyne radio, in-
vented by Edwin Armstrong, solved problems with high-frequency communication. In
1923, Vladimir Zworykin, an American researcher, invented the first television picture
tube, and in 1927 Philo T. Farnsworth applied for a patent for a complete television
system.

The 1930s saw many developments in radio, including metal tubes, automatic gain
control, “midgit sets,” directional antennas, and more. Also started in this decade was the
development of the first electronic computers. Modern computers trace their origins to the
work of John Atanasoff at lowa State University. Beginning in 1937, he envisioned a bi-
nary machine that could do complex mathematical work. By 1939, he and graduate student
Clifford Berry had constructed a binary machine called ABC, (for Atanasoff-Berry Com-
puter) that used vacuum tubes for logic and condensers (capacitors) for memory. In 1939,
the magnetron, a microwave oscillator, was invented in Britain by Henry Boot and John
Randall. In the same year, the klystron microwave tube was invented in America by Rus-
sell and Sigurd Varian.

During World War I1, electronics developed rapidly. Radar and very high-frequency
communication were made possible by the magnetron and klystron. Cathode ray tubes
were improved for use in radar. Computer work continued during the war. By 1946, John
von Neumann had developed the first stored program computer, the Eniac, at the Univer-
sity of Pennsylvania. The decade ended with one of the most important inventions ever, the
transistor.

Solid-State Electronics The crystal detectors used in early radios were the forerun-
ners of modern solid-state devices. However, the era of solid-state electronics began with



xiii M PREFACE

the invention of the transistor in 1947 at Bell Labs. The inventors were Walter Brattain,
John Bardeen, and William Shockley, shown in Figure P-6. PC (printed circuit) boards
were introduced in 1947, the year the transistor was invented. Commercial manufacturing
of transistors began in Allentown, Pennsylvania, in 1951.

The most important invention of the 1950s was the integrated circuit. On September
12, 1958, Jack Kilby, at Texas Instruments, made the first integrated circuit, for which he
was awarded a Nobel prize in the fall of 2000. This invention literally created the modern
computer age and brought about sweeping changes in medicine, communication, manu-
facturing, and the entertainment industry. Many billions of “chips”—as integrated circuits
came to be called—have since been manufactured.

The 1960s saw the space race begin and spurred work on miniaturization and com-
puters. The space race was the driving force behind the rapid changes in electronics that
followed. The first successful “op-amp” was designed by Bob Widlar at Fairchild Semi-
conductor in 1965. Called the wA709, it was very successful but suffered from “latch-up”
and other problems. Later, the most popular op-amp ever, the 741, was taking shape at
Fairchild. This op-amp became the industry standard and influenced design of op-amps for
years to come. Precursors to the Internet began in the 1960s with remote networked com-
puters. Systems were in place within Lawrence Livermore National Laboratory that con-
nected over 100 terminals to a computer system (colorfully called the “Octopus system”
and used by one of this text’s authors). In an experiment in 1969 with very remote com-
puters, an exchange took place between researchers at UCLA and Stanford. The UCLA
group hoped to connect to a Stanford computer and began by typing the word “login™ on
its terminal. A separate telephone connection was set up and the following conversation
occurred.

The UCLA group asked over the phone, “Do you see the letter L2

“Yes, we see the L.”

The UCLA group typed an O. “Do you see the letter O?”

“Yes, we see the O.”

The UCLA group typed a G. At this point the system crashed. Such was technology,
but a revolution was in the making.

By 1971, a new company that had been formed by a group from Fairchild introduced
the first microprocessor. The company was Intel and the product was the 4004 chip, which
had the same processing power as the Eniac computer. Later in that same year, Intel an-
nounced the first 8-bit processor, the 8008. In 1975, the first personal computer was intro-
duced by Altair, and Popular Science magazine featured it on the cover of the January,
1975, issue. The 1970s also saw the introduction of the pocket calculator and new devel-
opments in optical integrated circuits.

By the 1980s, half of all U.S. homes were using cable hookups instead of television
antennas. The reliability, speed, and miniaturization of electronics continued throughout
the 1980s, including automated testing and calibrating of PC boards. The computer be-
came a part of instrumentation and the virtual instrument was created. Computers became
a standard tool on the workbench.

The 1990s saw a widespread application of the Internet. In 1993, there were only
130 websites; by the start of the new century (in 2001) there were over 24 million. In the
1990s, companies scrambled to establish a home page and many of the early developments
of radio broadcasting had parallels with the Internet. (The bean counters still want to know
how it's going to make money!) The exchange of information and e-commerce fueled the
tremendous economic growth of the 1990s. The Internet became especially important to
scientists and engineers, becoming one of the most important scientific communication
tools ever.
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In 1995, the FCC allocated spectrum space for a new service called Digital Audio
Radio Service. Digital television standards were adopted in 1996 by the FCC for the na-
tion’s next generation of broadcast television. As the 20th century drew toward a close, his-
torians could only breathe a sigh of relief. As one wag put it, “I'm all for new technologies,
but I wish they’d let the old ones wear out first.”

The 21st century dawned in January 2001 (although most people celebrated the new
century the previous year, known as “Y2K"). The major technology story was the contin-
ued explosive growth of the Internet. Traffic on the Internet doubles every 100 days with no
end in sight. The future of technology looks brighter than ever.
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B CHAPTER INTRODUCTION

With the influence of computers and other
digital devices, it’s easy to overlook the fact that
virtually all natural phenomena that we measure
(for example, pressure, flow rate, and
temperature) originate as analog signals. In
electronics, transducers are used to convert
these analog quantities into voltage or current.
Usually amplification or other processing is
required for these signals. Depending on the
application, either digital or analog techniques
may be more efficient for processing. Analog

circuits are found in nearly all power supplies,
in many “real-time” applications (such as motor-
speed controls), and in high-frequency
communication systems. Digital processing is
more effective when mathematical operations
must be performed and has major advantages in
reducing the noise inherent in processing analog
signals. In short, the two sides of electronics
(analog and digital) complement each other, and
the competent technician needs to be
knowledgeable of both.

VISIT THE COMPANION WEBSITE

Study Aids for This Chapter Are Available at
http://www.prenhall.com/floyd
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1-1 W ANALOG ELECTRONICS

The field of electronics can be subdivided into various categories for study. The most ba-
sic division is to categorize signals between those that are represented by binary numbers
(digital) and those that are represented by continuously variable quantities (analog).
Digital electronics includes all arithmetic and logic operations such as performed in
computers and calculators. Analog electronics includes virtually all other (nondigital)
signals. Analog electronics includes signal-processing functions such as amplification,
differentiation, and integration.

After completing this section, you should be able to

O Discuss the basic characteristics of analog electronics
U Contrast the characteristic curve for a linear component with that of a nonlinear
component
U Explain what is meant by a characteristic curve
O Compare dc and ac resistance and explain how they differ
U Explain the difference between conventional current and electron flow

Modern electronics had its beginnings in 1907 when Lee deForest first inserted a metallic
grid in a vacuum tube and was able to control the current in a circuit. Today, electronic sys-
tems still control voltages and currents but use solid-state devices. Basic electronic com-
ponents, such as resistors or diodes, can be represented with graphs that show their charac-
teristics in a more intuitive manner than mathematical equations. In this section, you will
examine graphs representing resistors and diodes. In Chapter 3, you will see how the addi-
tion of a control element (like deForest’s grid) can also be illustrated with graphs to pro-
vide a graphical picture of circuit operation.

Linear Equations

In basic algebra, a linear equation is one that plots a straight line between the variables and
is usually written in the following form:

y=mx+b

where y = the dependent variable

x = the independent variable
m = the slope
b = the y-axis intercept

If the plot of the equation goes through the origin, then the y-axis intercept is zero, and the
equation reduces to

which has the same form as Ohm’s law.
Vv
I=— 1-1
R (1-1)

As written here, the dependent variable in Ohm’s law is current (/), the independent
variable is voltage (V), and the slope is the reciprocal of resistance (1/R). Recall from your
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de/ac course that this is simply the conductance, (G). By substitution, the linear form of
Ohm’s law is more obvious; that is,

=GV

A linear component is one in which an increase in current is proportional to the ap-
plied voltage as given by Ohm’s law. In general, a plot that shows the relationship between
two variable properties of a device defines a characteristic curve. For most electronic de-
vices, a characteristic curve refers to a plot of the current, /, plotted as a function of voltage,
V. For example, resistors have an [V characteristic described by the straight lines given in
Figure 1—1. Notice that current is plotted on the y-axis because it is the dependent variable.

FIGURE 1-1 I (mA)
IV characteristic curve for two resistors. & 4 (8, 10)

TR U Y . S Y.
|
|
i
|
|
1
|

|
.

EXAMPLE 1-1

Figure 1-1 shows the IV characteristic curve for two resistors. What are the conduc-
tance and resistance of R;?

Solution Find the conductance, G,, by measuring the slope of the IV characteristic
curve for R,. The slope is the change in the y variable (written Ay) divided by the corre-
sponding change in the x variable (written Ax).

Ay

slope =

Choosing the point (x = 8 V, y = 10 mA) from Figure 1-1 and the origin, (x =0V, y =

0 mA), you can find the slope and therefore the conductance as
G M = 1.25mS
80V -0V

For a straight line, the slope is constant so you can use any two points to determine the
conductance. The resistance is the reciprocal of the conductance.

1 1
Rj=—=———=08kQ
& . 15m8

Practice Exercise* Find the conductance and resistance of R».

*  Answers are at the end of the chapter. I
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AC Resistance

As you have seen, the graph of the characteristic curve for a resistor is a straight line that
passes through the origin. The slope of the line is constant and represents the conductance
of the resistor; the reciprocal of the slope represents resistance. The ratio of voltage at
some point to the corresponding current at that point is referred to as dc resistance. DC re-
sistance is defined by Ohm’s law, R = V/I.

Many devices studied in analog electronics have a characteristic curve for which the
current is not proportional to the voltage. These devices are nonlinear by nature but are in-
cluded in the study of analog electronics because they take on a continuous range of input
signals. |
Figure 1-2 shows an IV characteristic curve for a diode, a nonlinear analog device.
(Diodes are discussed in Chapter 2.) Generally, it is more useful to define the resistance of
a nonlinear analog device as a small change in voltage divided by the corresponding
change in current, that is, AV/AL The ratio of a small change in voltage divided by the cor-
responding small change in current is defined as the ac resistance of an analog device.

AV
Fae = E
This internal resistance (indicated with a lowercase italic #) is also called the dynamic,

small signal, or bulk resistance of the device. The ac resistance depends on the particular
point on the /V characteristic curve where the measurement is made.

FIGURE 1-2 Tma) :
An IV characteristic curve for a diode. |, :
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For the diode in Figure 1-2, the slope varies dramatically; the point where the ac re-
sistance is measured needs to be specified with any measurement. For example, the slope
at the point x = 0.6 V, y = 2 mA is found by computing the ratio of the change in current
to the change in voltage as defined by the small triangle shown in the figure. The change in
current, A/, is 3.4 mA — 1.2 mA = 2.2 mA and the change in voltage, AV, is 0.66 V —
0.54V = 0.12 V. The ratio of A/AV is 2.2 mA/0.12V = 18.3 mS. This represents the con-
ductance, g, at the specified point. The internal ac resistance is the reciprocal of this value:

1

1
— == 5450
g 18.3 mS B
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Conventional Current Versus Electron Flow

From your dc/ac circuits course, you know that current is the rate of flow of charge. The
original definition of current was based on Benjamin Franklin’s belief that electricity was
an unseen substance that moved from positive to negative. Conventional current assumes
for analysis purposes that current is out of the positive terminal of a voltage source,
through the circuit, and into the negative terminal of the source. Engineers use this defini-
tion and many textbooks show current with arrows drawn with this viewpoint.

Today, it is known that in solid metallic conductors, the moving charge is actually
negatively charged electrons. Electrons move from the negative to the positive point, op-
posite to the defined direction of conventional current. The movement of electrons in a
conductor is called electron flow. Many schools and textbooks show electron flow with cur-
rent arrows drawn out of the negative terminal of a voltage source.

Unfortunately, the controversy between whether it is better to show conventional
current or electron flow in representing circuit behavior has continued for many years and
does not appear to be subsiding. It is not important which direction you use to form a men-
tal picture of current. In practice, there is only one correct direction to connect a dc amme-
ter to make current measurements. Throughout this text, the proper polarity for dc meters
is shown when appropriate. Current paths are indicated with special bar meter symbols. In
a given circuit, larger or smaller currents are indicated by the relative number of bars
shown on a bar graph meter.

1-1 REVIEW QUESTIONS*

1. What is a characteristic curve for a component?

2. How does the characteristic curve for a large resistor compare to the curve for a
smaller resistor?

3. What is the difference between dc resistance and ac resistance?

#  Answers are at the end of the chapter.

1-2 M ANALOG SIGNALS

A signal is any physical quantity that carries information. It can be an audible, visual, or
other indication of information. In electronics, the term signal refers to the information
that is carried by electrical waves, either in a conductor or as an electromagnetic field.

After completing this section, you should be able to

(1 Describe analog signals

O Compare an analog signal with a digital signal

QO Define sampling and quantizing

Q Apply the equation for a sinusoidal wave to find the instantaneous value of a voltage
or current

O Find the peak, rms, or average value, given the equation for a sinusoidal wave

0 Explain the difference between the time-domain signal and the frequency-domain
signal
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Analog and Digital Signals

Signals can be classified as either continuous or discrete. A continuous signal changes
smoothly, without interruption. A discrete signal can have only certain values. The terms
continuous and discrete can be applied either to the amplitude or to the time characteristic
of a signal.

In nature, most signals take on a continuous range of values within limits; such sig-
nals are referred to as analog signals. For example, consider a potentiometer that is used as
a shaft encoder as shown in Figure 1-3(a). The output voltage can be continuously varied
within the limit of the supply voltage, resulting in an analog signal that is related to the an-
gular position of the shaft.

On the other hand, another type of encoder has a certain number of steps that can be
selected as shown in Figure 1-3(b). When numbers are assigned to these steps, the result is
called a digital signal.

Battery
(a) Analog shaft encoder (b) Digital shaft encoder

FIGURE 1-3
Analog and digital shaft encoders.

Analog circuits are generally simple, have high speed and low cost, and can readily
simulate natural phenomena. They are often used for operations such as performing lin-
earizing functions, waveshaping, transforming voltage to current or current to voltage,
multiplying, and mixing. By contrast, digital circuits have high noise immunity, no drift,
and the ability to process data rapidly and to perform various calculations. In many elec-
tronic systems, a mix of analog and digital signals are required to optimize the overall sys-
tem’s performance or cost.

Many signals have their origin in a natural phenomenon such as a measurement of
pressure or temperature. Transducer outputs are typically analog in nature; a microphone,
for example, provides an analog signal to an amplifier. Frequently, the analog signal is con-
verted to digital form for storing, processing, or transmitting.

Conversion from analog to digital form is accomplished by a two-step process: sam-
pling and quantizing. Sampling is the process of breaking the analog waveform into time
“slices” that approximate the original wave. This process always loses some information;
however, the advantages of digital systems (noise reduction, digital storage, and processing)
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outweigh the disadvantages. After sampling, the time slices are assigned a numeric value.
This process, called quantizing, produces numbers that can be processed by digital comput-
ers or other digital circuits. Figure 14 illustrates the sampling and quantizing process.

0) 00000000
b 0101011
2) 01010110
301111160
4) 10100001
3 10111111
6) 11011000
 rrdgaan

01234567 ..

(a) Sampling (b) Quantizing

FIGURE 1-4
Digitizing an analog waveform.

Frequently, digital signals need to be converted back to their original analog form to
be useful in their final application. For instance, the digitized sound on a'CD must be con-
verted to an analog signal and eventually back to sound by a loudspeaker.

Periodic Signals

To carry information, some property such as voltage or frequency of an electrical wave
needs to vary. Frequently, an electrical signal repeats at a regular interval of time. Repeat-
ing waveforms are said to be periodic. The period (T) represents the time for a periodic
wave to complete one cycle. A cycle is the complete sequence of values that a waveform
exhibits before another identical pattern occurs. The period can be measured between any
two corresponding points on successive cycles.

Periodic waveshapes are used extensively in electronics. Many practical electronic
circuits such as oscillators generate periodic waves. Most oscillators are designed to pro-
duce a particular shaped waveform—either a sinusoidal wave or nonsinusoidal waves such
as the square, rectangular, triangle, and sawtooth waves.

The most basic and important periodic waveform is the sinusoidal wave. Both the
trigonometric sine and cosine functions have the shape of a sinusoidal wave. The term sine
wave usually implies the trigonometric function, whereas the term sinusoidal wave means
a waveform with the shape of a sine wave. A sinusoidal waveform is generated as the nat-
ural waveform from many ac generators and in radio waves. Sinusoidal waves are also
present in physical phenomena from the generation of laser light, the vibration of a tuning
fork, or the motion of ocean waves.

A vector is any quantity that has both magnitude and direction. A sinusoidal curve
can be generated by plotting the projection of the end point of a rotating vector that is turn-
ing with uniform circular motion, as illustrated in Figure 1-5. Successive revolutions of the
point generate a periodic curve which can be expressed mathematically as

y(t) = A sin(wt £ ) (1-2)

where y(r) = vertical displacement of a point on the curve from the horizontal axis. The
bracketed quantity (#) is an optional indicator, called functional notation,
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Amplitude, A

&———— Period, T \\_/
FIGURE 1-5

Generation of a sinusoidal waveform from the projection of a rotating vector.

to emphasize that the signals vary with time. Functional notation is

frequently omitted when it isn’t important to emphasize the time

relationship but is introduced to familiarize you with the concept when it

is shown.

amplitude. This is the maximum displacement from the horizontal axis.

= angular frequency of the rotating vector in radians per second.

= time in seconds to a point on the curve.

¢ = phase angle in radians. The phase angle is simply a fraction of a cycle
that a waveform is shifted from a reference waveform of the same
frequency. It is positive if the curve begins before 1 = 0 and is negative if
the curve starts after t = 0.

o B P
|

Equation (1-2) illustrates that the sinusoidal wave can be defined in terms of three
basic parameters. These are the frequency, amplitude, and phase angle.

Frequency and Period When the rotating vector has made one complete cycle, it has
rotated through 277 radians. The number of complete cycles generated per second is called
the frequency. Dividing the angular frequency (o, in rad/s) of the rotating vector by the
number of radians in one cycle (2 rad/cycle) gives the frequency in hertz."

w (rad/s)

_ 1-3
21 (rad/cycle) -4

f(Hz) =

One cycle per second is equal to 1 Hz. The frequency (f) of a periodic wave is the
number of cycles in one second and the period (7)) is the time for one cycle, so it is logical
that the reciprocal of the frequency is the period and the reciprocal of the period is the fre-
quency.

(14

~|=

and

1
" T (1-5)

! The unit of frequency was cycles per second (cps) prior to 1960 but was renamed the hertz (abbreviated Hz) in
honor of Heinrich Hertz, a German physicist who demonstrated radio waves. The old unit designation was
more deseriptive of the definition of frequency.
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For example, if a signal repeats every 10 ms, then its period is 10 ms and its frequency is

1 1
— = =0.1 kH
T 10 ms .

f=

Instantaneous Value of a Sinusoidal Wave 1f the sinusoidal waveform shown in
Figure 1-5 represents a voltage, Equation (1-2) is written

v(t) = Vsin(wr = b)

In this equation, v(r) is a variable that represents the voltage. Since it changes as a function
of time, it is often referred to as the instantaneous voltage.

Peak Value of a Sinusoidal Wave The amplitude of a sinusoidal wave is the
maximum displacement from the horizontal axis as shown in Figure 1-5. For a voltage
waveform, the amplitude is called the peak voltage, V,. When making voltage measure-
ments with an oscilloscope, it is often easier to measure the peak-to-peak voltage, V. The
peak-to-peak voltage is twice the peak value.

Average Value of a Sinusoidal Wave During one cycle, a sinusoidal waveform has
equal positive and negative excursions. Therefore, the mathematical definition of the aver-
age value of a sinusoidal waveform must be zero. However, the term average value is gen-
erally used to mean the average over a cycle without regard to the sign. That is, the
average is usually computed by converting all negative values to positive values, then aver-
aging. The average voltage is defined in terms of the peak voltage by the following
equation:

2V,
Vu\'g = T
Simplifying,
Ve = 0637V, (1-6)

The average value is useful in certain practical problems. For example, if a rectified
sinusoidal waveform is used to deposit material in an electroplating operation, the quantity
of material deposited is related to the average current:

L

Effective Value (rms Value) of a Sinusoidal Wave 1f you apply a dc voltage to a
resistor, a steady amount of power is dissipated in the resistor and can be calculated using
the following power law:

P=1F -7

where V = dc voltage across the resistor (volts)
I = dc current in the resistor (amperes)
P = power dissipated (watts)
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Frequency-Domain Signals

Sometimes it is useful to view a signal where frequency is represented on the horizontal
axis and the signal amplitude (usually in logarithmic form) is plotted along the vertical
axis. Since frequency is the independent variable, the instrument works in the frequency
domain, and the plot of amplitude versus frequency is called a spectrum, The spectrum
analyzer is an instrument used to view the spectrum of a signal. These instruments are ex-
tremely useful in radio frequency (RF) measurements for analyzing the frequency response
of a circuit, testing for harmonic distortion, checking the percent modulation from trans-
mitters, and many other applications.

You have seen how the sinusoidal wave can be defined in terms of three basic parame-
ters. These are the amplitude, frequency, and phase angle. A continuous sinusoidal wave can
be shown as a time-varying signal defined by these three parameters. The same sinusoidal
wave can also be shown as a single line on a frequency spectrum. The frequency-domain
representation gives information about the amplitude and frequency, but it does not show the
phase angle. These two representations of a sinusoidal wave are compared in Figure 1-6.
The height of the line on the spectrum is the amplitude of the sinusoidal wave.

(a) Time domain (b) Frequency domain

FIGURE 1-6
Time-domain and frequency-domain representations of a sinusoidal wave.

Harmonics A nonsinusoidal repetitive waveform is composed of a fundamental fre-
quency and harmonic frequencies. The fundamental frequency is the basic repetition rate
of the waveform, and the harmonies are higher-frequency sinusoidal waves that are multi-
ples of the fundamental. Interestingly, these multiples are all related to the fundamental by
integers (whole numbers).

Odd harmonics are frequencies that are odd multiples of the fundamental frequency
of a waveform. For example, a 1 kHz square wave consists of a fundamental of 1 kHz and
odd harmonics of 3 kHz, 5 kHz, 7 kHz, and so on. The 3 kHz frequency in this case is
called the third harmonic, the 5 kHz frequency is called the fifth harmonic, and so on.

Even harmonics are frequencies that are even multiples of the fundamental fre-
quency. For example, if a certain wave has a fundamental of 200 Hz, the second harmonic
is 400 Hz, the fourth harmonic is 800 Hz, and the sixth harmonic is 1200 Hz.

Any variation from a pure sinusoidal wave produces harmonics. A nonsinusoidal wave
is a composite of the fundamental and certain harmonics. Some types of waveforms have
only odd harmonics, some have only even harmonics, and some contain both. The shape of
the wave is determined by its harmonic content. Generally, only the fundamental and the first
few harmonics are important in determining the waveshape. For example, a square wave is
formed from the fundamental and odd harmonics, as illustrated in Figure 1-7.
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Fundamental + 3rd + 5th + 7il

Sum

Ideal square wave
/3,-;1 harmonic /

Sth harmonic

3rd harmonic

(a)

FIGURE 1-7

Odd harmonics combine to produce a square wave.

1-2 REVIEW QUESTIONS

1. What is the difference between an analog signal and a digital signal?

3. How does the spectrum for a repetitive waveform differ from that of a nonrepetitive

(b) (c)

Fourier Series Al periodic waves except the sinusoidal wave itself are complex wave-
forms composed of a series of sinusoidal waves. Jean Fourier, a French mathematician in-
terested in problems of heat conduction, formed a mathematical series of trigonometry
terms to describe periodic waves. This series is appropriately called the Fourier series.”
With the Fourier series, one can mathematically determine the amplitude of each of the si-
nusoidal waves that compose a complex waveform.

The frequency spectrum developed by Fourier is often shown as an amplitude spec-
trum with units of voltage or power on the y-axis plotted against Hz on the x-axis. Figure
1-8(a) illustrates the amplitude spectrum for several different periodic waveforms. Notice
that all spectrums for periodic waves are depicted as lines located at harmonics of the
fundamental frequency. These individual frequencies can be measured with a spectrum
analyzer.

Nonperiodic signals such as speech, or other transient waveforms, can also be repre-
sented by a spectrum; however, the spectrum is no longer a series of lines as in the case of
repetitive waves. Transient waveforms are computed by another method called the Fourier
transform. The spectrum of a transient waveform contains a continuum of frequencies
rather than just harmonically related components. A representative Fourier pair of signals
for a nonrepetitive pulse are shown in Figure 1-8(b).

2. Describe the spectrum for a square wave.

 waveform?

* Although Fourier’s work was significant and he was awarded a prize. his colleagues were uneasy about it. The
famous mathematician, Legrange, argued in the French Academy of Science that Fourier's claim was impossi-
ble. For further information, see Scientific American, June 1989, p. 86.
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FIGURE 1-8
Comparison of the frequency spectrum of repetitive and nonrepetitive waves.
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1-3 B SIGNAL SOURCES

You may recall from basic electronics that Thevenin’s theorem allows you to replace a
complicated linear circuit with a single voltage source and a series resistance. The cir-
cuit is viewed from the standpoint of two output terminals. Likewise, Norton’s theorem
allows you to replace a complicated two-terminal, linear circuit with a single current
source and a parallel resistance. These important theorems are useful for simplifying
the analysis of a wide variety of circuits and should be thoroughly understood.

After completing this section, you should be able to

U Analyze signal sources
O Define two types of independent sources
O Draw a Thevenin or Norton equivalent circuit for a dc resistive circuit
O Show how to draw a load line for a Thevenin circuit
O Explain the meaning of Q-point -
O Explain how a passive transducer can be modeled with a Thevenin equivalent circuit

Independent Sources

-

Signal sources can be defined in terms of either voltage or current and may be defined for
either dc or ac. An ideal independent voltage source generates a voltage which does not de-
pend on the load current. An ideal independent current source produces a current in the
load which does not depend on the voltage across the load.

The value of an ideal independent source can be specified without regard to any other
circuit parameter. Although a truly ideal source cannot be realized, in some cases, (such asa
regulated power supply), it can be closely approximated. Actual sources can be modeled a5
consisting of an ideal source and a resistor (or other passive component for ac sources).

Thevenin’s Theorem

Thevenin’s theorem allows you to replace a complicated, two-terminal linear circuit with
an ideal independent voltage source and a series resistance as illustrated in Figure 1-9. The
source can be either a de or ac source (a de source is shown). Thevenin’s theorem pro-
vides an equivalent circuit from the standpoint of the two output terminals. That is, the
original circuit and the Thevenin circuit will produce exactly the same voltage and currenl
in any load. Thevenin’s theorem is particularly useful for analysis of linear circuits such as
amplifiers, a topic that will be covered in Section 1-4.

FIGURE 1-9 Ry = Rour

Thevenin’s equivalent for a dc circuit.
Output

terminals
V=V —— Vour

Only two quantities are needed to determine the equivalent Thevenin circuit-—th
Thevenin voltage and the Thevenin resistance. The Thevenin voltage, V. is the open cir
cuit (no load, NL) voltage from the original circuit. The Thevenin resistance, Ryy, is the
sistance from the point of view of the output terminals with all voltage or current sourc
replaced by their internal resistance.
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l EXAMPLE 1-3

Find the equivalent Thevenin circuit for the dc circuit shown in Figure 1-10(a). The out-
put terminals are represented by the open circles.

220 1)

Ry
307 Q
Vg e
671V -]:
2200
(b) Original circuit with load resistor, R;, removed (c) Thevenin equivalent of original circuit

FIGURE 1-10
Simplifying a circuit with Thevenin’s theorem.

Solution  Find the Thevenin voltage by computing the voltage on the output terminals
as if the load were removed as shown in Figure 1-10(b). With no load, there is no path
for current through R,. Therefore, there is no current and no voltage drop will appear
across it. The output (Thevenin) voltage must be the same as the drop across R,. Apply-
ing the voltage-divider rule for the equivalent series combination of R, R,, and R;, the
voltage across R, is

ol R> )
ok VS(R, + R, + R,
470 O
1500 + 470 Q) + 220 ()

Il

12 V( ) =671V

The Thevenin resistance is the resistance from the perspective of the output ter-
minals with sources replaced with their internal resistance. The internal resistance of a
voltage source is zero (ideally). Replacing the source with zero resistance places R; and
R; in series and the combination in parallel with R,. The equivalent resistance of these
three resistors is in series with R,. Thus, the Thevenin resistance for this circuit is

Ry = [(R; + R3) I R;] + Ry
= [(150 O + 220 Q) || 470 O] + 100 (2 = 307 ()

The Thevenin circuit is shown in Figure 1-10(c).

Practice Exercise Use the Thevenin circuit to find the voltage across the 330 () load
resistor.
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Thevenin’s theorem is a useful way of combining linear circuit elements to form an
equivalent circuit that can be used to answer questions with respect to various loads. The
requirement that the Thevenin circuit elements are linear places some restrictions on the
use of Thevenin’s theorem. In spite of this, if the circuit to be replaced is approximately
linear, Thevenin’s theorem may produce useful results. This is the case for many amplifier
circuits that we will investigate later.

Norton’s Theorem

Norton’s theorem provides another equivalent circuit similar to the Thevenin equivalent
circuit. Norton’s equivalent circuit can also replace any two-terminal linear circuit witha
reduced equivalent. Instead of a voltage source, the Norton equivalent circuit uses a current
source in parallel with a resistance, as illustrated in Figure 1-11.

FIGURE 1-11

Norton circuit. The arrow in the current

source symbol always points to the positive I = I o4 100 Ry=Rpy
side of the source.

& -0 |
|

The magnitude of the Norton current source is found by replacing the load with a
short and determining the current in the load. The Norton resistance is the same as the‘
Thevenin resistance. |

EXAMPLE 1-4 Find the equivalent Norton circuit for the dc circuit shown in Figure 1-12(a). The out- |
put terminals are represented by the open circles. |j

e
12V

Short

2200 2200 ‘i

(a) Original circuit (b) R, replaced with a short [
U
R, |‘5

A

o 'f
|
Vs Ry Iy Ry ‘T—
12V - s 82590 21.9 mA 307 Q2 -
Ry ‘.
.- —0 |

22002 |}
L

(¢) R, and R, form an equivalent parallel resistor. (d) The current in the short is equal to the Norton current. ‘ I

FIGURE 1-12
Simplifying a circuit with Norton’s theorem.
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Solution  Find the Norton current by computing the current in the load as if it were re-
placed by a short as shown in Figure 1-12(b). The shorted load causes R, to appear in
parallel with R, as shown in Figure 1-12(b). The total current in the equivalent circuit
of Figure 1-12(c) can be found by applying Ohm’s law to the total resistance.

Nt T3 BY . 120¥

=S = - =265 mA
Re R +Rust R, 45250 i

The current (Ig; ) in the shorted load is found by applying the current-divider rule
to the R, and R, junction in the circuit of Figure 1-12(b).

R, 470 £)
I =1 (——) = 26.5 mA(—) = 21.9 mA
AR 4700+ 100Q/

The current in the shorted load is the Norton current. The Norton resistance is
equal to the Thevenin resistance, as found in Example 1-3. Notice that the Norton re-
sistance is in parallel with the Norton current source. The equivalent circuit is shown in
Figure 1-12(d).

Practice Exercise Use Norton’s theorem to find the voltage across the 330 () load re-
sistor. Show that Norton’s theorem gives the same result as Thevenin’s theorem for this
circuit (see Practice Exercise in Example 1-3).

Load Lines

An interesting way to obtain a “conceptual picture” of circuit operation is through the use
of a load line for the circuit. Load lines are introduced here and will be explored further in
Chapter 3.

Imagine a linear circuit that has an equivalent Thevenin circuit as shown in Figure
1-13. Let’s see what happens if various loads are placed across the output terminals. First,
assume there is a short (zero resistance). In this case, the voltage across the load is zero and
the current is given by Ohm’s law.

i Vi OV
L™ »ramlvt0%0

= 10 mA

Now assume the load is an open (infinite resistance). In this case, the load current is zero,
and the voltage across the load is equal to the Thevenin voltage.

FIGURE 1-13 B
M =

1.0kQ

The two tested conditions represent the maximum and minimum current in the load.
Table 1-1 shows the results of trying some more points to see what happens with different
loads. Plotting the data as shown in Figure 1-14 establishes an IV curve for the Thevenin
circuit. Because the circuit is a linear circuit, any load that is placed across the output
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TABLE 1-1
Various load conditions for the circuit in R ; Vi I
Figure 1-13. 00 0.0V 10.0 mA
25002 200V 8.00 mA
500 333V 6.67 mA
750 Q) 429V 5.72 mA
1.0 k) 5.00V 5.00 mA
2.0kQ 6.67V 3.33mA
4.0 kQ 8.00V 2.00 mA
open 10.0V 0.00 mA
FIGURE 1-14 I (mA)
Load line for the circuit in Figure 1-13. e 3
9f —
210 ‘
7 “! A— L(‘!dd li
| /
7 v I S I
5 !
4 S \\ _
3 - 3 l ......
2 : bt e
I L i |
NSRS R

terminals falls onto the same straight line. This line is called the load line for the cire '
and describes the driving circuit (in this case, the Thevenin circuit), not the load itself,
Since the load line is a straight line, the first two calculated conditions (a short and an o
load) are all that are needed to establish it.

Before we leave the topic of load lines, consider one more idea. Recall that a resist
(or any other device) has its own characteristic that can be described by its IV curve.
characteristic curve for a resistor represents all of the possible operating points for the d
vice, whereas the load line represents all of the possible operating points for the circu
Combining these ideas, you can superimpose the [V curve for a resistor on the plot of
load line for the Thevenin circuit. The intersection of these two lines gives the operatin
point for the combination.

Figure 1-15(a) shows an 800 () load resistor added to the Thevenin circuit from Fig
ure 1-13. The load line for the Thevenin circuit and the characteristic curve for resistor R
from Figure 1-1 are shown in Figure 1-15(b). R, now serves as a load resistor, Ry. The in
tersection of the two lines represents the operating point, or quiescent point, commonly
referred to as the Q-point. Note that the load voltage (4.4 V) and load current (5.6 mA) ¢
be read directly from the graph. In Chapter 3, you will see that this idea can be extended f
transistors and other devices to give a graphical tool for understanding circuit operation.
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1(mA)
!
]0 ; .’?é..l.___. “-i
iy g e e i 2
Ay 8 0 B 60
[N -point
ghalagepnl fioniel |
5.6 1 |
g 5t AN |
TH 4 | LA ||[ L 1 = |
| 1 | b= |
L.OkQ R i R N s
Vg =—— R, | J 4‘ e ] ,_I N
v =T 800 O : ol fol |
‘ s -
| ! | | | | |
V(V
ol 2 @ RPN R ™
4.4

(a) (b)

FIGURE 1-15
Load line and a resistor 1V curve showing the Q-point.

Transducers

Analog circuits are frequently used in conjunction with a measurement that needs to be
made. A transducer is a device that converts a physical quantity (such as position, pres-
sure, or temperature) from one form to another; for electronic systems, input transducers
convert a physical quantity to be measured into an electrical quantity (voltage, current, re-
sistance). Transducers will be covered further in Chapter 15.

The signal from transducers is frequently very small, requiring amplification before
being suitable for further processing. Passive transducers, such as strain gages, require a
separate source of electrical power (called excitation) to perform their job. Others, such as
thermocouples, are active transducers; they are self-generating devices that convert a small
portion of the quantity to be measured into an electrical signal. Both passive and active
transducers are often simplified to a Thevenin or Norton equivalent circuit for analysis.

In order to choose an appropriate amplifier, it is necessary to consider both the size
of the source voltage and the size of the equivalent Thevenin or Norton resistance. When
the equivalent resistance is very small, Thevenin’s equivalent circuit is generally more use-
ful because the circuit approximates an ideal voltage source. When the equivalent resis-
tance is large, Norton’s theorem is generally more useful because the circuit approximates
an ideal current source. When the source resistance is very high, such as the case with a pH
meter, a very high input impedance amplifier must be used. Other considerations, such as
the frequency response of the system or the presence of noise, affect the choice of ampli-
fier.

EXAMPLE 1-5 A piezoelectric crystal is used in a vibration monitor. Assume the output of the trans-
ducer should be a 60 mV rms sine wave with no load. When a technician connects an
oscilloscope with a 10 M£) input impedance across the output, the voltage is observed
to be only 40 mV rms. Based on these observations, draw the Thevenin equivalent cir-
cuit for this transducer.
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Solution The open circuit ac voltage is the Thevenin voltage; thus, V,;, = 60 mV. The
Thevenin resistance can be found indirectly using the voltage-divider rule. The oscillo-
scope input impedance is considered the load resistance, R, , in this case. The voltage

across the load is
R
Vi, = V,f,(—L)

RL + R.’h
Rearranging terms,
Re By Vi
Ry Vr, A
Now solving for R,, and substituting the given values,
Vin 60 mV
Ry, = RI_( 2 - 1) =10 MQ( i l) = 5.0 ML)
VRL 40 mV

The equivalent transducer circuit is shown in Figure 1-16.

FIGURE 1-16 Ry
M- o
5.0 MQ)
V{h '
60 mV :

O

Practice Exercise Draw the Norton’s equivalent circuit for the same transducer.

1-3 REVIEW QUESTIONS

1. What is an independent source?
2. What is the difference between a Thevenin and a Norton circuit?
3. What is the difference between a passive and an active transducer?

1-4 W AMPLIFIERS

Before processing, most signals require amplification. Amplification is simply incre
ing the magnitude of a signal (either voltage, current, or both) and is one of the most in:
portant operations in electronics. Other operations in the field of linear electronics i
clude signal generation (oscillators), waveshaping, frequency conversion, modulatio
and many other processes. In addition to strictly linear or strictly digital circuits, ma
electronic circuits involve a combination of digital and linear electronics. These include
an important class of interfacing circuits that convert analog-to-digital and digital-t
analog. These circuits will be considered in Chapter 14.
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After completing this section, you should be able to

O Explain the characteristics of an amplifier
O Write the equations for voltage gain and power gain
U Draw the transfer curve for an amplifier
O Show how an amplifier can be modeled as Thevenin or Norton equivalent circuits to
represent the input circuit and the output circuit
1 Describe how an amplifier can be formed by cascading stages
O Determine the loading effect of one amplifier stage on another
([ Use a calculator to find the logarithm or antilog of a given number
1 Compute decibel voltage and power gain for an amplifier or circuit

Linear Amplifiers

The previous discussion on linear circuits can be extended to amplifiers. Linear amplifiers
produce a magnified replica (amplification) of the input signal in order to produce a use-
ful outcome (such as driving a loudspeaker). The concept of an ideal amplifier means that
the amplifier introduces no noise or distortion to the signal; the output varies in time and
replicates the input exactly.

Amplifiers are designed primarily to amplify either voltage or power. For a voltage
amplifier, the output signal, V,,,(?), is proportional to the input signal, V,,(z), and the ratio
of output voltage to input voltage is voltage gain. To simplify the gain equation, you can
omit the functional notation, (1), and simply show the ratio of the output signal voltage to
the input signal voltage as

A, = (1-9)

where A, = voltage gain
= output signal voltage
V., = input signal voltage

A useful way of looking at any circuit is to show the output for a given input. This
plot, called a transfer curve, shows the response of the circuit. An ideal amplifier is char-
acterized by a straight line that goes to infinity. For an actual linear amplifier, the transfer
curve is a straight line until saturation is reached as shown in Figure 1-17. From this plot,
the output voltage can be read for a given input voltage.

All amplifiers have certain limits, beyond which they no longer act as ideal. The out-
put of the amplifier illustrated in Figure 1-17 eventually cannot follow the input; at this
point the amplifier is no longer linear. Additionally, all amplifiers must operate from a
source of energy, usually in the form of a dc power supply. Essentially, amplifiers convert
some of this dc energy from the power supply into signal power. Thus, the output signal
has larger power than the input signal. Frequently, block diagrams and other circuit repre-
sentations omit the power supply, but it is understood to be present.
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FIGURE 1-17 Vi (V)
Transfer curve for a linear amplifier.

The Nonlinear Amplifier

Amplifiers are frequently used in situations where the output is not intended to be a repli
of the input. These amplifiers form an important part of the field of analog electronics.
They include two main categories: waveshaping and switching. A waveshaping amplifier
is used to change the shape of a waveform. A switching amplifier produces a rectangular
output from some other waveform. The input can be any waveform, for example, sinu-
soidal, triangle, or sawtooth. The rectangular output wave is often used as a control signal
for some digital applications.

EXAMPLE 1-6 The input and output signals for a linear amplifier are shown in Figure 1-18 and repre-
sent an oscilloscope display. What is the voltage gain of the amplifier?

V,: 02 V/div

V. 5.0 Vidiy

our* >

5.0 ms/div

FIGURE 1-18
Oscilloscope display.

Solution The input signal is 2.0 divisions from peak-to peak.
Vi, = 2.0 div X 0.2 Vidiv = 04V
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The output signal is 3.2 divisions from peak-to peak.

Vo = 3.2 div X 5.0 V/div = 16 V
Vour _ 16V

A, =2 = = 40
e DAY

Note that voltage gain is a ratio of voltages and therefore has no units. The answer is the
same if rms or peak values had been used for both the input and output voltages.

Practice Exercise The input to an amplifier is 20 mV. If the voltage gain is 300, what
is the output signal?

Another gain parameter is power gain, A,,, defined as the ratio of the signal power out
to the signal power in. Power is generally calculated using rms values of voltage or current;
however, power gain is a ratio so you can use any consistent units. Power gain, shown as a
function of time, is given by the following equation:

A, = Pou (1-10)

where A, = power gain
P,.. = power out
P;, = power in
Power can be expressed by any of the standard power relationships studied in basic
electronics. For instance, given the voltage and current of the input and output signals, the
power gain can be written

A= Iourvrmr
B T
mrimn
where I,,,, = output signal current to the load
1;,, = input signal current

Power gain can also be expressed by substituting P = V*/R for the input and output
power.
V,ui/R
A, = (—2I_L)
Vr’n/Rr’n
where R; = load resistor
R;, = input resistance of the amplifier

The particular equation you choose depends on what information is given.

Amplifier Model

Anamplifier is adevice that increases the magnitude of a signal for use by a load. Although am-
plifiers are complicated arrangements of transistors, resistors, and other components, a simpli-
fied description is all that is necessary when the requirement is to analyze the source and load
behavior. The amplifier can be thought of as the interface between the source and load, as shown



24 W BASIC CONCEPTS OF ANALOG CIRCUITS AND SIGNALS

in Figure 1-19(a) and 1-19(b). You can apply the concept of equivalent circuits, learned in basic
electronics courses, to the more complicated case of an amplifier. By drawing an amplifierasan
equivalent circuit, you can simplify equations related to its performance.

Amplifier

Amplifier

(b) Norton output circuit

FIGURE 1-19
Basic amplifier models showing the equivalent input resistance and dependent output circuits,

The input signal from a source is applied to the input terminals of the amplifier, and
the output is taken from a second set of terminals. (Terminals are represented by open cir-
cles on a schematic.) The amplifier’s input terminals present an input resistance, R;,, to the
source. This input resistance affects the input voltage to the amplifier because it forms a
voltage divider with the source resistance.

The output of the amplifier can be drawn as either a Thevenin or Norton source, as
shown in Figure 1-19. The magnitude of this source is dependent on the unloaded gain
(A,) and the input voltage; thus, the amplifier’s output circuit (drawn as a Thevenin or Nor-
ton equivalent) is said to contain a dependent source. The value of a dependent source al-
ways depends on voltage or current elsewhere in the circuit.” The voltage or current values
for the Thevenin and Norton cases are shown in Figure 1-19.

Cascaded Stages

The Thevenin and Norton models reduce an amplifier to its “bare-bones” for analysis pur-
poses. In addition to considering the simplified model for source and load effects, the simpli-
fied model is also useful to analyze the internal loading when two or more stages are cas-
caded to form a single amplifier. Consider two stages cascaded as shown in Figure 1-20. The
overall gain is affected by loading effects from each of the three loops. The loops are simple
series circuits, so voltages can easily be calculated with the voltage-divider rule.

* The relationship between the dependent source and its reference cannot be broken. The superposition theorem,
which allows sources to be treated separately, does not apply to dependent sources.
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Amplifier
Stagé 1 . .Slége 2
R |
V"\‘] = VIIQ —
A Vin1 ApVin
Loop 1
SURE 1-20
scaded stages in an amplifier.
EXAMPLE 1-7 Assume a transducer with a Thevenin (unloaded) source, V,, of 10 mV and a Thevenin

source resistance, R,, of 50 k{2 is connected to a two-stage cascaded amplifier, as shown
in Figure 1-21. Compute the voltage across a 1.0 k() load.

Amplifier

| | Stage 1 e Stage 2

V z Rt‘nl
100 kQ

i}
O

Loop |

FIGURE 1-21
Two-stage cascaded amplifier.

Solution Compute the input voltage to stage 1 from the voltage-divider rule applied

to loop 1.
Rin k
Vi = Vs(—*_l ) =10 mV( 100 kit ) = 6.67 mV
Ry + R 100 k€ + 50 kQ

The Thevenin voltage for stage 1 is
Vi = Ay Vi = (35)(6.67 mV) = 233 mV

Compute the input voltage to stage 2 again from the voltage-divider rule, this time
applied to loop 2.

Vio'= ¥ (—R—z—) =233 mv(—ilfﬂ—) =159 mV
NI B i R : 47 kQ + 22 k)




26 W BASIC CONCEPTS OF ANALOG CIRCUITS AND SIGNALS

&

The Thevenin voltage for stage 2 is
Vie = A2Vinz = (30)(159 mV) = 4.77V

Apply the voltage-divider rule one more time to loop 3. The voltage across the

1.0 k{2 load is
R, ) ( 1.0 kO )
Ve, = Vil =———=—| =477 V|———————| = 359V
b ’“(RL + Rys TV ok + 3300

Practice Exercise Assume a transducer with a Thevenin source voltage of 5.0 mV
and a source resistance of 100 k{2 is connected to the same amplifier. Compute the volt-
age across the 1.0 k() load.

Logarithms

A widely used unit in electronics is the decibel, which is based on logarithms. Before
defining the decibel, let’s quickly review logarithms (sometimes called logs). A logarithm
is simply an exponent. Consider the equation

et i

The value of y is determined by the exponent of the base (b). The exponent, v, is said to be
the logarithm of the number represented by the letter y.

Two bases are in common use—base ten and base e (discussed in mathematics
courses). To distinguish the two, the abbreviation “log” is written to mean base ten, and the
letters “In” are written to mean base e. Base ten is standard for work with decibels. Thus,
for base ten,

y=dg
Solving for x,
x = log;oy

The subscript 10 can be omitted because it is implied by the abbreviation “log.”

Logarithms are useful when you multiply or divide very large or small numbers,
When two numbers written with exponents are multiplied, the exponents are simply added.
That is,

10F X 107 = 10°*

This is equivalent to writing

log xy = log x + log y

This concept will be applied to problems involving multiple stages of amplification or
attenuation.
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EXAMPLE 1-8

(a) Determine the logarithm (base ten) for the numbers 2, 20, 200, and 2000.
(b) Find the numbers whose logarithms are 0.5, 1.5, and 2.5.

Solution
(a) Determine the logarithms by entering each number in a calculator and pressing the

key. The results are
log 2 = 0.30103 log 20 = 1.30103
log 200 = 2.30103 log 2000 = 3.30103

Notice that each factor-of-ten increase in y is an increase of 1.0 in the log.
(b) Find the number whose logarithm is a given value by entering the given value in a

calculator and pressing the function (or (iog)). The results are
10°° = 3.16228 10" = 31.6228 10*° = 316.228

Notice that each increase of 1 in x (the logarithm) is a factor-of-10 increase in the
number.

Practice Exercise
(a) Find the logarithms for the numbers 0.04, 0.4, 4, and 40.
(b) What number has a logarithm of 4.87 ]

Decibel Power Ratios

Power ratios are often very large numbers. Early in the development of telephone commu-
nication systems, engineers devised the decibel as a means of describing large ratios of
gain or attenuation (a signal reduction). The decibel (dB) is defined as 10 multiplied by the
logarithmic ratio of the power gain.

P
dB = 10 1og(P—2) (1-11)
1

where P, and P, are the two power levels being compared.

Previously, power gain was introduced and defined as the ratio of power delivered
from an amplifier to the power supplied to the amplifier. To show power gain, A, as a deci-
bel ratio, we use a prime in the abbreviation.

P
AL=i0 1og(ﬂ) (1-12)

in

where A, = power gain expressed as a decibel ratio
P,.. = power delivered to a load
P;, = power delivered to the amplifier

The decibel (dB) is a dimensionless quantity because it is a ratio. Any two power
measurements with the same ratio are the same number of decibels. For example, the
power ratio between 500 W and 1 W is 500:1, and the number of decibels this ratio repre-
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sents is 27 dB. There is exactly the same number of decibels between 100 mW and 0.2 mW
(500:1) or 27 dB. When the power ratio is less than 1, there is a power loss or attenuation.
The decibel ratio is positive for power gain and negative for power loss.

One important power ratio is 2:1. This ratio is the defining power ratio for specifying
the cutoff frequency of instruments, amplifiers, filters, and the like. By substituting into
Equation (1-11), the dB equivalent of a 2:1 power ratio is

P 2
dB = 10 log(?z) =10 log(T) = 3.01 dB
1

This result is usually rounded to 3 dB.

Since 3 dB represents a doubling of power, 6 dB represents another doubling of the
original power (a power ratio of 4:1). Nine decibels represents an 8:1 ratio of power and so
forth. If the ratio is the same, but P, is smaller than P, the decibel result remains the same
except for the sign.

dB = 10 log(P—) =10 1og(5) = —3.01 dB
1

The negative result indicates that P is less than P,.

Another useful ratio is 10:1. Since the log of 10 is 1, 10 dB equals a power ratio of
10:1. With this in mind, you can quickly estimate the overall gain (or attenuation) in certain
situations. For example, if a signal is attenuated by 23 dB, it can be represented by two
10 dB attenuators and a 3 dB attenuator. Two 10 dB attenuators are a factor of 100 and an-
other 3 dB represents another factor of 2 for an overall attenuation ratio of 1:200.

I EXAMPLE 1-9

Compute the overall power gain of the amplifier in Example 1-7. Express the answer as
both power gain and decibel power gain.
Solution The power delivered to the amplifier is

_ Vii _ (667 mV)y

\
e - = 445 pW
Pim =% 100 k) APW A

inl

The power delivered to the load is

2
Ve (359 vy

Pow= = 129 mW
TR, 10KQ =
The power gain, A, is the ratio of P,,,,/P;,;.
P)H .
A, =2 = RIOW - ooy 165
Pmi 445 pW

Expressed in dB,
A, = 10 log 29.0 X 10° = 74.6 dB

Practice Exercise Compute the power gain (in dB) for an amplifier with an input
power of 50 wW and a power delivered to the load of 4 W.
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It is common in certain applications of electronics (microwave transmitters, for ex-
ample) to combine several stages of gain or attenuation. When working with several stages
of gain or attenuation, the total voltage gain is the product of the gains in absolute form.

AV(IUI] =5 Ar] X A\Q A Avn

Decibel units are useful when combining these gains or losses because they involve
just addition or subtraction. The algebraic addition of decibel quantities is equivalent to
multiplication of the gains in absolute form.

:’2+-”+A:’n

’ i ! —
i 7 R (R

XAMPLE 1-10

Assume the transmitted power from a radar is 10 kW. A directional coupler (a device
that samples the transmitted signal) has an output that represents —40 dB of attenua-
tion. Two 3 dB attenuators are connected in series to this output, and the attenuated sig-
nal is terminated with a 50 () terminator (load resistor). What is the power dissipated in
the terminator?

Solution '

Py
dB = 10 log| —
P

The transmitted power is attenuated by 46 dB (sum of the attenuators). Substituting,

P
—46 dB = IO]og( 2 )
10 kW

Divide both sides by 10 and remove the log function.

P
10—4.6 25 2
10 kW
Therefore,
P, = 251 mW

Practice Exercise Assume one of the 3 dB attenuators is removed.
(a) What is the total attenuation? ]

(b) What is the new power dissipated in the terminator?

Although decibel power ratios are generally used to compare two power levels, they
are occasionally used for absolute measurements when the reference power level is under-
stood. Although different standard references are used depending on the application, the
most common absolute measurement is the dBm. A dBm is the power level when the ref-
erence is understood to be | mW developed in some assumed load impedance. For radio
frequency systems, this is commonly 50 (); for audio systems, it is generally 600 (). The
dBm is defined as

dBm = 10 log( P2 )
1 mW

The dBm is commonly used to specify the output level of signal generators and is
used in telecommunications to simplify the computation of power levels.
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Decibel Voltage Ratios
Since power is given by the ratio of V?/R, the decibel power ratio can be written as

V3R, )
ViR,

dB = 10 log(

where R,, R, = resistances in which P, and P, are developed
V,, V> = voltages across the resistances R, and R,

If the resistances are equal, they cancel.

dB = 10 1lo (Vf%)
2 Vlz

A property of logarithms is
logx* =2logx

Thus, the decimal voltage ratio is

v,
dB =20 log(v“)
1

When V;, is the output voltage (V,,,,) and V/ is the input voltage (V,,) for an amplifier,

the equation defines the decibel voltage gain. By substitution,

v,
AL =13 Iog(%) (1-13)

where A/ = voltage gain expressed as a decibel ratio
V... = voltage delivered to a load
Vi voltage delivered to the amplifier

m

Equation (1-13) gives the decibel voltage gain, a logarithmic ratio of amplitudes,
The equation was originally derived from the decibel power equation when both the input
and load resistances are the same (as in telephone systems).

Both the decibel voltage gain equation and decibel power gain equation give the
same ratio if the input and load resistances are the same. However, it has become common
practice to apply the decibel voltage equation to cases where the resistances are not the
same. When the resistances are not equal, the two equations do not give the same
result.*

In the case of decibel voltage gain, note that if the amplitudes have a ratio of 2:1, the
decibel voltage ratio is very close to 6 dB (since 20 log 2 = 6). If the signal is attenuated
by a factor of 2 (ratio = 1:2), the decibel voltage ratio is —6 (since 20 log 1/2 = —6). An-
other useful ratio is when the amplitudes have a 10:1 ratio; in this case, the decibel voltage
ratio is 20 dB (since 20 log 10 = 20).

4 The IEEE Standard Dictionary of Electrical and Electronic Terms recommends that a specific statement ac-
company this application of decibels to avoid confusion.
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EXAMPLE 1-11

An amplifier with an input resistance of 200 k() drives a load resistance of 16 (). If the
input voltage is 100 wV and the output voltage is 18 V, calculate the decibel power gain
and the decibel voltage gain.

Solution The power delivered to the amplifier is

_ Vi (100 pV)?

Py = =———=5x100"W
AL TR 200 kQ
The output power (delivered to the load) is
Vou (B
P == =2025W
out RL 16 Q

The decibel power gain is

B 20.25 W
A, =10 log(P‘—.') =10 log(m) = 146 dB

“The decibel voltage gain is

v
) = 105 dB

v
e L it 201
s log( v ) Og( 100 v

Practice Exercise A video amplifier with an input resistance of 75 £} drives a load of

1.2
(a) How do the power gain and voltage gains compare?
(b) If the input voltage is 20 mV and the output voltage is 1.0 V, what is the decibel

voltage gain?

1-4 REVIEW QUESTIONS

1. What is an ideal amplifier?
2. What is a dependent source?
3. What is a decibel?

1-5 W TROUBLESHOOTING ANALOG CIRCUITS

Technicians must diagnose and repair malfunctioning circuits or systems. Trou-

bleshooting is the application of logical thinking to correct the malfunctioning circuit or

system. Troubleshooting skills will be emphasized throughout the text.
After completing this section, you should be able to

O Describe the process for troubleshooting an analog circuit
QO Explain what is meant by half-splitting
0 Cite basic rules for replacing a part in a printed circuit (PC) board
1 Describe basic bench test equipment for troubleshooting
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Analysis, Planning, and Measuring

When troubleshooting any circuit, the first step is to analyze the clues (symptoms) of a fail-
ure. The analysis can begin by determining the answer to several questions: Has the circuit
ever worked? If so, under what conditions did it fail? What are the symptoms of a failure?
What are possible causes of this failure? The process of asking these questions is part of
the analysis of a problem.

After analyzing the clues, the second step in the troubleshooting process is forming
a logical plan for troubleshooting. A lot of time can be saved by planning the process. As
part of this plan, you must have a working understanding of the circuit you are trou-
bleshooting. Take the time to review schematics, operating instructions, or other pertinent
information if you are not certain how the circuit should operate. It may turn out that the
failure was that of the operator, not the circuit! A schematic with proper voltages or wave-
forms marked at various test points is particularly useful for troubleshooting.

Logical thinking is the most important tool of troubleshooting but rarely can solve
the problem by itself. The third step is to narrow the possible failures by making carefully
thought-out measurements. These measurements usually confirm the direction you are tak-
ing in solving the problem or point to a new direction. Occasionally, you may find a totally
unexpected result!

The thinking process that is part of analysis, planning, and measuring is best illus-
trated with an example. Suppose you have a string of 16 decorative lamps connected in se-
ries to a 120V source as shown in Figure 1-22. Assume that this circuit worked at one time
and stopped after moving it to a new location. When plugged in, the lamps fail to turn on.
How would you go about finding the trouble?

mCaCaCaly

120v | )

FIGURE 1-22

A series of lights. Is one of them open?

You might think like this: Since the circuit worked before it was moved, the problem
could be that there is no voltage at this location. Or perhaps the wiring was loose and
pulled apart when moved. It’s possible a bulb burned out or became loose. This reasoning
has considered possible causes and failures that could have occurred. The fact that the cir-
cuit was once working eliminates the possibility that the original circuit may have been in-
correctly wired. In a series circuit, the possibility of two open paths occurring together is
unlikely. You have analyzed the problem and now you are ready to plan the troubleshoot-
ing approach.
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The first part of your plan is to measure (or test) for voltage at the new location. If
voltage is present, then the problem is in the light string. If voltage is not present, check the
circuit breakers at the input panel to the house. Before resetting breakers, you should think
about why a breaker may be tripped.

The second part of your plan assumes voltage is present and the string is bad. You
can disconnect power from the string and make resistance checks to begin isolating the
problem. Alternatively, you could apply power to the string and measure voltage at various
points. The decision whether to measure resistance or voltage is a toss-up and can be made
based on the ease of making the test. Seldom is a troubleshooting plan developed so com-
pletely that all possible contingencies are included. The troubleshooter will frequently
need to modify the plan as tests are made. You are ready to make measurements.

Suppose you have a digital multimeter (DMM) handy. You check the voltage at the
source and find 120 V present. Now you have eliminated one possibility (no voltage). You
know the problem is in the string, so you proceed with the second part of your plan. You
might think: Since I have voltage across the entire string, and apparently no current in the
circuit (since no bulb is on), there is almost certainly an open in the path—either a bulb or
a connection. To eliminate testing each bulb, you decide to break the circuit in the middle
and to check the resistance of each half of the circuit.

Now you are using logical thinking to reduce the effort needed. The technique you
are using is a common troubleshooting procedure called half-splitting. By measuring the
resistance of half the bulbs at once, you can reduce the effort required to find the open.
Continuing along these lines, by half-splitting again, will lead to the solution in a few tests.

Unfortunately, most troubleshooting is more difficult than this example. However,
analysis and planning are important for effective troubleshooting. As measurements are
made, the plan is modified; the experienced troubleshooter narrows the search by fitting the
symptoms and measurements into a possible cause.

Soldering

When repairing circuit boards, sooner or later the technician will need to replace a soldered
part. When you replace any part, it is important to be able to remove the old part without
damaging the board by excessive force or heat. Transfer of heat for removal of a part is fa-
cilitated with a chisel tip (as opposed to a conical tip) on the soldering iron.

Before installing a new part, the area must be clean. Old solder should be completely
removed without exposing adjacent devices to excess heat. A degreasing cleaner or alcohol
is suggested for cleaning (remember—solder won’t stick to a dirty board!). Solder must be
a resin core type (acid solder is never used in electronic circuits and shouldn’t even be on
your workbench!). Solder is applied to the joint (not to the iron). As the solder cools, it
must be kept still. A good solder connection is a smooth, shiny one and the solder flows
into the printed circuit trace. A poor solder connection looks dull. During repair, it is pos-
sible for excessive solder to short together two parts or two pins on an integrated circuit
(this rarely happens when boards are machine soldered). This is called a solder bridge, and
the technician must be alert for this type of error when repairing boards. After the repair is
completed, any flux must be removed from the board with alcohol or other cleaner.

Basic Test Equipment

The ability to troubleshoot effectively requires the technician to have a set of test equip-
ment available and to be familiar with the operation of the instruments. An oscilloscope,
DMM, and power supply are basic instruments for troubleshooting. These instruments are
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shown in Figure 1-23. No one instrument is best for all situations, so it is important to un-
derstand the limitations of the test equipment at hand. All electronic measuring instruments
become part of the circuit they are measuring and thus affect the measurement itself (an ef
fect called instrument loading). In addition, instruments are specified for a range of fre
quencies and must be properly calibrated if readings are to be trusted. An expert trou
bleshooter must consider these effects when making electronic measurements.

For general-purpose troubleshooting of analog circuits, all technicians need access
an oscilloscope and a DMM. The oscilloscope needs to be a good two-channel scope, f:
enough to spot noise or ringing when it occurs. A set of switchable probes, with the abili
to switch between X1 and X 10 is useful for looking at large or small signals. (Note that i
the X1 position, the scope loses bandwidth.)

(a) Oscilloscope (b) Digital multimeter

(c) Triple output power supply

FIGURE 1-23
Test instruments. (Copyright 2000, Tekronix, Inc. Reprinted with permission. All rights reserved.)
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The DMM is a general-purpose meter that has the advantage of very high input im-
pedance but may have error if used in circuits with frequencies above a few kilohertz.
Many new DMMs offer special features, such as continuity testing and diode checking,
and may include capacitance and frequency measurements. While DMMs are excellent
test instruments, the VOM (volt-ohm-milliammeter) has some advantages (for example,
spotting trends faster than a digital meter). Although generally not as accurate as a DMM,
a VOM has very small capacitance to ground, and it is isolated from the line voltage.
Also, because a VOM is a passive device, it will not tend to inject noise into a circuit un-
der test.

Many times the circuit under test needs to have a test signal injected to simulate op-
eration in a system. The circuit’s response is then observed with a scope or other instru-
ment. This type of testing is called stimulus-response testing and is commonly used when
a portion of a complete system is tested. For general-purpose troubleshooting, the function
generator is used as the stimulus instrument. All function generators have a sine wave,
square wave, and triangle wave output; the frequency range varies widely, from a low fre-
quency of 1 wHz to a high of 50 MHz (or more) depending on the generator. Higher-
quality function generators offer the user a choice of other waveforms (pulses and ramps,
for example) and may have triggered or gated outputs as well as other features.

The basic function generator waveforms (sine, square, and triangle) are used in many
tests of electronic circuits and equipment. A common application of a function generator is
to inject a sine wave into a circuit to check the circuit’s response. The signal is capacitively
coupled to the circuit to avoid upsetting the bias network; the response is observed on an
oscilloscope. With a sine wave, it is easy to ascertain if the circuit is operating properly by
checking the amplitude and shape of the sine wave at various points or to look for possible
troubles such as high-frequency oscillation.

A common test for wide-band amplifiers is to inject a square wave into a circuit to
test the frequency response. Recall that a square wave consists of the fundamental fre-
quency and an infinite number of odd harmonics (as discussed in Section 1-2). The square
wave is applied to the input of the test circuit and the output is monitored. The shape of the
output square wave indicates if specific frequencies are selectively attenuated.

Figure 1-24 illustrates square wave distortions due to selective attenuation of low or
high frequencies. A good amplifier should show a high-quality replica of the input. If the
square wave sags, as in Figure 1-24(b), low frequencies are not being passed properly by
the circuit. The rising edge contains mostly higher-frequency harmonics. If the square
wave rolls over before reaching the peak, as in Figure 1-24(c), high frequencies are being
attenuated. The rise time of the square wave is an indirect measurement of the bandwidth
of the circuit.

For testing dc voltages or providing power to a circuit under test, a multiple output
power supply, with both positive and negative outputs, is necessary. The outputs should be
variable from 0 to 15 V. A separate low voltage supply is also handy for powering logic cir-
cuits or as a dc source for analog circuits.

For certain situations and applications, there are specialized measuring instruments
designed for the application. Some of this specialized equipment is designed for a specific
frequency range or for a specific application, so they won’t be discussed here. If available,
a digital storage scope can be of help. It has some particular advantages for troubleshoot-
ing because it can be used to store and compare waveforms from a known good unit or
to capture a failure that occurs intermittently. It also has the ability to display events
that occur before and after the trigger event, a feature that is invaluable with intermittent
problems.
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FIGURE 1-24
Square-wave response of wide-band L

amplifiers.

(a) Input

(b) Output: low-frequency attenuation

frie sl

(c) Output: high-frequency attenuation

A complete list of “nice to have” accessories could be quite long indeed, but another
handy set of instruments is a pulser and pulse tracer. These tools are useful for tracing a
short such as one from the power supply to ground. The pulser stimulates the circuit witha
series of very short pulses. The current tracer can follow the path of the current and lead
right to the short. These tools are useful for both digital and analog circuits.

Other Troubleshooting Materials

In general, some materials that are useful for general-purpose troubleshooting that fall un-
der the “must have” category include the following:

- A basic set of hand tools for electronics, including long-nose pliers, diagonal wire cut-
ters, wire strippers, screwdrivers (especially jeweler’s screwdrivers), and a small flash-
light.

- Soldering and desoldering tools, including solder wick and a magnifying glass for in-
specting work or looking for hairline cracks, solder splashes, or other problems.

U A collection of spare parts (resistors, capacitors, transistors, diodes, switches, ICs). In
this category, you will also need extra clip leads, cables with various connectors, ban
to alligator converters, heat shrink, and the like.

L A capacitor and a resistor substitution box. This is a useful tool for various tests such &
changing the time constant in a circuit under test.

U A hair dryer and freeze spray for testing thermal effects of a circuit.

I A static safe wrist strap (and static-free work station, if possible) to prevent damaging
static-sensitive circuits.
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1-5 REVIEW QUESTIONS e _
1. What i is the ﬁrst step in troubleshootmg a cm:mt" .

e What is meant by half-splitting?

3. What is meant by instrument loading?

SUMMARY

A linear component is one in which an increase in current is proportional to the applied voltage.
An analog signal takes on a continuous range of values within limits. A digital signal is a discrete
signal that can have only certain values. Many circuits use a combination of analog and digital cir-
cuits.

Waveforms that repeat in a certain interval of time are said to be periodic. A cycle is the complete
sequence of values that a waveform exhibits before an identical pattern occurs. The period is the
time interval for one cycle.

Signals that have voltage, current, resistance, or other quantity vary as a function of time are called
time-domain signals. When the frequency is made the independent variable, the result is a
frequency-domain signal. Any signal can be observed in either the time domain or the frequency
domain.

Thevenin’s theorem replaces a complicated, two-terminal, linear circuit with an ideal independent
voltage source and a series resistance. The Thevenin circuit is equivalent to the original circuit for
any load that is connected to the output terminals.

Norton’s theorem replaces a complicated, two-terminal, linear circuit with an ideal independent
current source and a parallel resistance. The Norton circuit is equivalent to the original circuit for
any load that is connected to the output terminals.

A transducer is a device that converts a physical quantity from one form to another; for electronic
systems, input transducers convert a physical quantity to an electrical quantity (voltage, current,
resistance).

An ideal amplifier increases the magnitude of an input signal in order to produce a useful outcome.
For a voltage amplifier, the output signal, v,,,(?), is proportional to the input signal, v;,(r). The ra-
tio of the output voltage to the input voltage is called the voltage gain, A,.

The decibel is a dimensionless number that is ten times the logarithmic ratio of two powers. Deci-
bel gains and losses are combined by algebraic addition.

Troubleshooting begins with analyzing the symptoms of a failure; then forming a logical plan.
Carefully thought-out measurements are made to narrow the search for the cause of the failure.
These measurements may modify or change the plan.

For general-purpose troubleshooting, a reasonable fast, two-channel oscilloscope and a DMM are
the principal measuring instruments. The most common stimulus instruments are a function gen-
erator and a regulated power supply.

GLOSSARY

Key terms are in color. All terms are included in the end-of-book glossary.

ac resistance The ratio of a small change in voltage divided by a corresponding change in current
for a given device; also called dynamic, small-signal, or bulk resistance.

Amplification The process of producing a larger voltage, current, or power using a smaller input
signal as a “pattern.”
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Amplifier  An electronic circuit having the capability of amplification and designed specifically for
that purpose.

Analog signal A signal that can take on a continuous range of values within certain limits.
Attenuation The reduction in the level of power, current, or voltage.

Characteristic curve A plot which shows the relationship between two variable properties of ade
vice. For most electronic devices, a characteristic curve refers to a plot of the current, I, plotted as

function of voltage, V.

Cycle The complete sequence of values that a waveform exhibits before another identical patten
oceurs.

dBm Decibel power level when the reference is understood to be 1 mW (see Decibel).

Decibel A dimensionless quantity that is 10 times the logarithm of a power ratio or 20 times th
logarithm of a voltage ratio.

Digital signal A noncontinuous signal that has discrete numerical values assigned to specific steps

Domain The values assigned to the independent variable. For example, frequency or time are typ
ically used as the independent variable for plotting signals.

Frequency The number of repetitions per unit of time for a periodic waveform.

Gain The amount of amplification. Gain is a ratio of an output quantity to an input quantity (e.g
voltage gain is the ratio of the output voltage to the input voltage).

Harmonics Higher-frequency sinusoidal waves that are integer multiples of a fundamental fre
quency.

Linear component A component in which an increase in current is proportional to the applie
voltage.

Load line A straight line plotted on a current versus voltage plot that represents all possible oper
ating points for an external circuit.

Logarithm In mathematics, the logarithm of a number is the power to which a base must be raise
to give that number.

Norton’s theorem An equivalent circuit that replaces a complicated two-terminal linear circu
with a single current source and a parallel resistance.

Period (T) The time for one cycle of a repeating wave.
Periodic A waveform that repeats at regular intervals.

Phase angle (in radians} The fraction of a cycle that a waveform is shifted from a reference wave
form of the same frequency. |

Quantizing The process of assigning numbers to sampled data.

Quiescent point The point on a load line that represents the current and voltage conditions fori
circuit with no signal (also called operating or Q-point). It is the intersection of a device characteris
tic curve with a load line.

Sampling The process of breaking the analog waveform into time “slices” that approximate fh
original wave.

Spectrum A plot of amplitude versus frequency for a signal.

Thevenin’s theorem  An equivalent circuit that replaces a complicated two-terminal linear circui
with a single voltage source and a series resistance.

Transducer A device that converts a physical quantity from one form to another; for example,s
microphone converts sound into voltage.

Transfer curve A plot of the output of a circuit or system for a given input.

Vector Any quantity that has both magnitude and direction.
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| KEY 1% ;
FORMUI.AS (]—1) I = E Ohm’s law
(1-2) ¥(1) = A sin(wr = ¢) Instantaneous value of a sinusoidal wave
d/!
(1-3) f(Hz) = —2-—“3—(:;;)] Conversion from radian frequency (rad/s) to
7 (rad/cycle) hertz (Hz)
1 : :
(1-4) T= } Conversion from frequency to period
1 A ¢
(1-5) f= T Conversion from period to frequency
(1-6) Ve = 0637V, Conversion from peak voltage to average voltage for a
sinusoidal wave
(1-7) P=1vV Power law
(1-8) Vims = 0.707V, Conversion from peak voltage to rms voltage for a
sinusoidal wave
VOM? .
(1-9) A, = v Voltage gain
Pou! .
(1-10) A, = 7 Power gain
P i ’
(1-11) dB = 10 log(-}f) Definition of the decibel
1
’ 'P{)JH - .
(1-12) A, =10 log P Decibel power gain
’ V ur . .
(1-13) A, =20 log T Decibel voltage gain
SELF-TEST Answers are at the end of the chapter.

1. The graph of a linear equation

(b) always goes through the origin
(d) answers (a), (b), and (c)

(a) always has a constant slope
(¢) must have a positive slope
(e) none of these answers

2. AC resistance is defined as

(a) voltage divided by current
(b) achange in voltage divided by a corresponding change in current
(¢) current divided by voltage
(d) achange in current divided by a corresponding change in voltage

3. A discrete signal

(b) can take on any value
(d) answers (a), (b), and (c)

(a) changes smoothly
(¢) is the same thing as an analog signal
(e) none of these answers

4. The process of assigning numeric values to a signal is called

(a) sampling (b) multiplexing (c) quantizing (d) digitizing
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10.
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13.

14.

15.

16.
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The reciprocal of the repetition time of a periodic signal is the

(a) frequency (b) angular frequency (¢) period (d) amplitude
If a sinusoidal wave has a peak amplitude of 10V, the rms voltage is

(a) 0.707V (b) 637V (c) 7.07V (d) 20V

. If a sinusoidal wave has a peak-to-peak amplitude of 325 V, the rms voltage is

(a) 103V (b) 115V (©) 1625V (d) 460V

. Assume the equation for a sinusoidal wave is v(r) = 200 sin(500¢). The peak voltage is

(a) 100V (b) 200V (c) 400V (d) 500V

A harmonic is

(a) an integer multiple of a fundamental frequency

(b) an unwanted signal that adds noise to a system

(¢) a transient signal

(d) apulse

A Thevenin circuit consists of a

{(a} current source in parallel with a resistor {b) current source in series with a resistor
(¢) voltage source in parallel with a r_esistor (d) voltage source in series with a resistor

A Norton circuit consists of &
(a) current source in parallel with a resistor (b) current source in series with a resistor
(¢} voltage source in paralle] with a resistor (d) voltage source in series with a resistor

A load line is a plot that describes

(a) the IV characteristic curve for a load resistor (b) adriving circuit

(c¢) both (a) and (b) (d) neither (a) nor (b)
The intersection of an /¥ curve with the load line is called the

(a) transfer curve (b) transition point (¢) load point (d) Q-point
Assume a certain amount of power is attenuated by 20 dB. This is a factor of
(a) 10 (b) 20 (c) 100 (d) 200

Assume an amplifier has a decibel voltage gain of 100 dB. The output will be larger than the it
put by a factor of

(a) 100 (b) 1060 (c) 10,000  (d) 100,000

An important rule for soldering is ‘

(a) always use a good acid-based solder

(b) always apply solder directly to the iron, never to the parts being soldered
(¢) wiggle the solder joint as it cools to strengthen it

(d) answers (a), (b), and (c)

(e) none of these answers




41 HW PROBLEMS

| PROBLEMS Answers to odd-numbered problems are at the end of the book.
SECTION 1-1  Analog Electronics

1.
2.
3.
4.

What is the conductance of a 22 k{) resistor?

How does the ac resistance of a diode change as the voltage increases?

Compute the ac resistance of the diode in Figure 1-2 at the point V = 0.7 V, I = 5.0 mA.
Sketch the shape of an 7V curve for a device that has a decreasing ac resistance as voltage increases.

SECTION 1-2  Analog Signals

3

10.
11.

Assume a sinusoidal wave is described by the equation v(r) = 100 V sin(200r + 0.52).

(a) From this expression, determine the peak voltage, the average voltage, and the angular fre-
quency in rad/s.

(b) Find the instantaneous voltage at a time of 2.0 ms. (Reminder: the éng]es are in radians in
this equation).

. Determine the frequency (in Hz) and the period (in s) for the sinusoidal wave described in Prob-

lem 5.

. An oscilloscope shows a wave repeating every 27 ps. What is the frequency of the wave?
. A DMM indicates the rms value of a sinusoidal wave, If a DMM indicates a sinusoidal wave is

3.5V, what peak-to-peak voltage would you expect to observe on an oscilloscope?

. The ratio of the rms voltage to the average voltage for any wave is called the form factor (used

occasionally to convert meter readings). What is the form factor for a sinusoidal wave?
What is the fifth harmonic of a 500 Hz triangular wave?
What is the only type of harmonics found in a square wave?
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SECTION 1-3 Signal Sources
12. Draw the Thevenin equivalent circuit for the circuit shown in Figure 1-25. Show values on your
drawing.
13. Assume a 1.0 k€2, 2.7 k{2 and 3.6 k{2 load resistor are connected, one at a time, across the out
put terminals of the circuit in Figure 1-25. Determine the voltage across each load.

14. Draw the Norton equivalent circuit for the circuit shown in Figure 1-25. Show values on yo
drawing.

15. Draw a graph showing the load line for the Thevenin circuit shown in Figure 1-26. On the same
graph, show the 7V curve for a 150 k£ resistor. Show the Q-point on your plot.

Ry = 200 kQ

—Wy <

Vig=15V ==

FIGURE 1-25 FIGURE 1-26

16. Assume the output of a transducer is a 10 mV ac signal with no load and drops to 5 mV when
100 k( load is connected to the outputs. Based on these observations, draw the Thevenin equiv
alent circuit for this transducer.

17. Draw the Norton equivalent circuit for the transducer circuit described in Problem 16.

SECTION 1-4 Amplifiers

18. For the amplifier described by the transfer curve in Figure 1-17, what is the voltage gain in
linear region? What is the largest output voltage before saturation?

19. The input to an amplifier is 80 wV. If the voltage gain of the amplifier is 50,000, what is the out
put signal?

20. Assume a transducer with a Thevenin (unloaded) voltage of 5.0 mV and a Thevenin resistance
20 k€ is connected to a two-stage cascaded amplifier with the following specifications:

R = 50kQ

A, (unloaded) = 50
le =5k}

R,» = 10k}

A, (unloaded) = 40
Ry = 1.0k

Draw the amplifier model and compute the voltage across a 2.0 k{2 load.
21
22. Compute the decibel power gain for the amplifier in Problem 20.
23

Compute the decibel voltage gain for the amplifier in Problem 20.

Assume you want to attenuate the voltage from a signal generator by a factor of 1000. Whati
the decibel attenuation required?

(a) What is the power dissipated in a 50 () load resistor when 20 V is across the load?
(b) Express your answer in dBm.

24

25. A certain instrument is limited to 2 watts of input power dissipated in its internal 50 {) input

sistor.

(a) How much attenuation (in dB) is required in order to connect a 20 W source to the inst
ment?

(b) What is the maximum allowable voltage at the input?
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g SECTION 1-5  Troubleshooting Analog Circuits

26. Figure 1-27 shows a small system consisting of four microphones connected to a two-channel
amplifier through a selector switch (SW1). Either the A set or the B set of microphones is se-
lected and amplified. The output of the amplifier is connected to two speakers. Power to the am-
plifier is supplied by a single power supply that furnishes dc voltages to the amplifier and two
batteries that provide power to two each of the microphones as shown.

Assume no sound is heard when the system is plugged in and turned on. Outline a basic
troubleshooting plan by indicating the tests you would make to isolate the trouble to either the
power supply, amplifier, a microphone, microphone battery, switch, speaker, or other fault.

B attery for
III microphone set A
SWi1 Power supply

?ﬁ

: Amplifier

"p“q

Battery for

_l l‘l,]_m icrophone set B

FIGURE 1-27
A small system consisting of a two-channel amplifier and four microphones.

27. For the system described in Problem 26, outline a basic troubleshooting plan for the case where
Channel 1 operates normally but no sound is heard from Channel 2. Indicate the tests you would
make to isolate the trouble. (Can you think of a method to do half-splitting?)

28. What information is obtained when a square wave calibration signal is used as the input to an os-
cilloscope?
29. How can you protect a static-sensitive circuit from damage when you are working on it?

30. Cite two important advantages of a digital storage oscilloscope over an analog oscilloscope.

ANSWERS Section 1-1
TO REVIEW 1. A characteristic curve is a graph of the relationship between current and voltage for a component.
QUESTIONS

2. The slope of curve is lower for larger resistors.

3. DC resistance is the voltage divided by the current. AC resistance is the change in voltage divided
by the change in current.

Section 1-2

1. An analog signal takes on a continuous range of values; a digital signal represents information
that has a discrete number of codes.
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2. The spectrum is a line spectrum with a single line at the fundamental and other lines at the
harmonic frequencies. See Figure 1-8(a).

3. The spectrum for the repetitive waveform is a line spectrum; the spectrum for the nonrepetit
waveform is a continuous spectrum.,

Section 1-3

1. An independent source is a voltage or current source that can be specified without regard to
other circuit parameter.

2. AThevenin circuit consists of a series voltage source and resistor that duplicates the performanced
amore complicated circuit for any given load. A Norton circuit consists of a parallel current so
and resistor that duplicates the performance of a more complicated circuit for any given load.

3. Passive transducers require a separate source of electrical power; active transducers are s
generating devices.

Section 1-4

1. An ideal amplifier is one that introduces no noise or distortion to the signal; the output varies
time and replicates the input exactly.

2. A dependent source is one whose value depends on voltage or current elsewhere in the circuil,

3. A decibel is a dimensionless number that is 10 multiplied by the logarithmic ratio of two pow

Section 1-5

1. Analyzing the symptoms of a failure by asking questions: Has the circuit ever worked? If so,
der what conditions did it fail? What are the symptoms of a failure? What are possible causesg
this failure?

2. Half-splitting divides a troubleshooting problem into halves and determines which half of the
cuit is likely to have the problem.

3. Instrument loading is the effect of changing circuit voltages due to the process of connecting
instrument.

B ANSWERS
TO PRACTICE
EXERCISES
FOR
EXAMPLES

1-1 G,=375mS, R, = 2.67k()

-2 V=106V, f=95Hz, T = 10.5ms
1-3 Vi, =348V

14 Vg, =348V

1-5  See Figure 1-28.

FIGURE 1-28

I,=12nA R,=50M0




45 M ANSWERS TO TROUBLESHOOTER'S QUIZ

16 6V
1-7 134V
1-8  (a) log0.04 = —1.398  (b) 10*® = 63,096
log 0.4 = —0.398
log 4.0 = 0.602
log 40 = 1.602
1-9 49dB
1-10 (a) —43dB (b) 503 mW
1-11 (a) The decibel power gain is one-half the decibel voltage gain. (b) 34dB
| ANSWERS 1. (a) 2. (b) 3. (e) 4. (c) 5. (a)
TO SELF-TEST ¢, () 7. (b) 8. (b) 9. (a) 10. (d)
11. (a) 12. (b) 13. (d) 14. (¢) 15. (d)
16. (e)
ANSWERS TO 1. increase 2. decrease 3. not change 4. increase
TROUBLE- 5. not change 6. increase 7. decrease 8. increase
SHOOTER’S

Quiz
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B CHAPTER OBJECTIVES

-1 Discuss the basic atomic structure of

semiconductors

Describe the characteristics of a pn junction

Explain how to bias a semiconductor diode

Describe the basic diode characteristics _

Analyze the operation of three basic types of

rectifiers

Describe the operation of rectifier filters and

IC regulators

I Analyze the operation of diode limiters and
clampers

- Explain the characteristics of four different
special-purpose diodes

- Interpret and use a diode data sheet

-l Troubleshoot a power supply using accepted
techniques

-1 Apply what you have learned in this chapter
to a system application
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B KEY TERMS

- Energy

- Electron

- Semiconductor
- PN junction

- Diode

J Bias

- Forward bias

-l Reverse bias

- Rectifier

- Filter

- Integrated circuit
- Limiter

U Clamper

B CHAPTER INTRODUCTION

In this chapter, the basic materials used in
manufacturing diodes, transistors, and integrated
circuits are described. You will be introduced to
pn junctions, an important concept essential for
the understanding of diode and transistor
operation. Diode characteristics are introduced,
and you will learn how to use diodes in various
applications. We discuss converting ac to dc by
he process known as rectification and introduce
he integrated circuit (IC) regulator. You will also
earn about diode-limiting circuits and dc
estoring (clamping) circuits.

In addition to rectifier diodes, you will be
ntroduced to zener diodes, varactor diodes,
ight-emitting diodes, and photodiodes.
\pplications for these special-purpose diodes
re discussed.

B A SYSTEM APPLICATION

The power supply is an important part of most
electronic systems because it supplies the dc
voltage and current necessary for all the other
circuits in the system to operate. You will learn
how a typical power supply in an electronic
system converts ac power into a constant dc
voltage as part of a radio receiver system. The
output of the power supply goes to all parts of
the system and provides the necessary bias
voltage and operating power for the diodes,
transistors, and other discrete devices in the
amplifiers and other circuitry to function
properly.

For the system application in Section 2-11, in
addition to the other topics, be sure you under-
stand
L How a diode works
I The parameters and ratings of diodes
! How to read a diode data sheet
-} What rectification of ac voltage means
-1 How rectifiers work
-} What a filter does and why it is important in

power supplies
U What an IC regulator is

VISIT THE COMPANION WEBSITE

Study Aids for This Chapter Are Available at
http://www.prenhall.com/floyd
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2-1 ® THE ATOMIC STRUCTURE OF SEMICONDUCTORS

Electronic devices such as diodes and transistors are constructed from special materi
called semiconductors. This section lays the foundation for understanding how se

conductor devices function.

After completing this section, you should be able to

O Discuss the basic atomic structure of semiconductors

QO Describe the planetary model of the atom
O Discuss how silicon and germanium atoms bond together to form crystals
QO Compare electron energy levels in a conductor, insulator, and a semiconductor

Electron Shells and Orbits

The electrical properties of materials are explained by their atomic structure. In the cl
Bohr model of the atom, electrons orbit the nucleus only in certain discrete (separate
distinct) distances. The nucleus contains positively charged protons and uncharged n
trons. The orbiting electrons are negatively charged. Modern quantum mechanical mi
of the atom retain much of the ideas of the original Bohr model but have replaced the ¢
cept of electron “particles” with mathematical “matter waves”; however, the Bohr m:
provides a useful mental picture of the structure of an atom.

The distance from the nucleus determines the electron’s energy. Electrons near
nucleus have less energy than those in more distant orbits. These discrete orbits mean
only certain energy levels are permitted within the atom. These energy levels are known
shells. Each shell has a certain maximum permissible number of electrons. The differe
in energy levels within a shell are much smaller than the difference in energy betw
shells. The shells are designated 1, 2, 3, 4, and so on, with 1 being closest to the nucl

This concept is illustrated in Figure 2-1.

FIGURE 2-1

Energy levels increase as the distance from
the nucleus of the atom increases. The ratio
of the radii of electron orbits is proportional
to the square of the shell number. A neutral
silicon atom (with 14 electrons and 14
protons in the nucleus) is shown.

¢ Positively charged
~ nucleus contains
protons and neutrons

L) Shell 2 Shell 3

Negatively charged
electrons orbit the
nucleus in discrete
energy levels
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Valence Electrons, Conduction Electrons, and lons

Electrons in orbits farther from the nucleus are less tightly bound to the atom than those
closer to the nucleus. This is because the force of attraction between the positively charged
nucleus and the negatively charged electron decreases with increasing distance in accor-
dance with Coulomb’s law. Outer-shell electrons are also shielded from the nuclear charge
by the inner-shell electrons.

Electrons in the outermost shell, called valence electrons, have the highest energy
and are relatively loosely bound to their parent atom. For the silicon atom in Figure 21,
the third shell electrons are the valence electrons. Sometimes, a valence electron can
acquire enough energy to break free of its parent atom. This free electron is called a
conduction electron because it is not bound to any certain atom. When a negatively
charged electron is freed from an atom, the rest of the atom is positively charged and is said
to be a positive ion. In some chemical reactions, the freed electron attaches itself to a neu-
tral atom (or group of atoms), forming a negative ion.

Metallic Bonds

Metals tend to be solids at room temperature. The nucleus and inner-shell electrons of met-
als occupy fixed lattice positions. The outer valence electrons are held loosely by all of the
atoms of the crystal and are free to move about. This “sea” of negatively charged electrons
holds the positive ions of the metal together, forming metallic bonding.

With the large number of atoms in the metallic crystal, the discrete energy level for
the valence electrons is blurred into a band called the valence band. These valence elec-
trons are mobile and account for the thermal and electrical conductivity of metals. In addi-
tion to the valence energy band, the next (normally occupied) level from the nucleus in the
atom is also blurred into a band of energies called the conduction band.

Figure 2-2 compares the energy-level diagram for three types of solids. Notice that for
conductors, shown in Figure 2-2(c), the bands are overlapping. Electrons can easily move be-
tween the valence and conduction bands by absorbing light. The movement, back and forth,
of electrons between the valence band and conduction band accounts for the luster of metals.

Energy Energy Energy
A A A
Conduction band
3
Energy gap Conduction band
Energy gap
L § e o
 Valence band  Valence band Valenceband | ‘l_p
0 0 0
(a) Insulator (b) Semiconductor (c) Conductor

FIGURE 2-2

Energy diagrams for three categories of materials. The upper band is the conduction band; the
lower band is the valence band.
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Covalent Bonds

Atoms of some solid materials form crystals, which are three-dimensional structures he
together by strong bonds between the atoms. In diamond, for example, four bonds a
formed by the sharing of four valence electrons in each carbon atom with adjacent atom
This effectively creates eight valence electrons for each atom and produces a state of chef
ical stability. This sharing of valence electrons produces strong covalent bonds that hol
the atoms together.

The shared electrons are not mobile; each electron is associated by a covalent b
between the atoms of the crystal. Therefore, there is a large energy gap between the
lence band and the conduction band. As a consequence, crystalline materials such as dif
mond are insulators, or nonconductors, of electricity. Figure 2-2(a) shows the ener
bands for a solid insulator.

Electronic devices are constructed from materials called semiconductors. The mo
common semiconductive material is silicon; however, germanium is sometimes used. A
room temperature, silicon forms a covalent crystal. The actual atomic structure is similarf
diamond but the covalent bonds in silicon are not as strong as those in diamond. In silico
each atom shares a valence electron with each of its four neighbors. As in the case of othg
crystalline materials, the discrete levels are blurred into a valence band and a conducti
band, as shown in Figure 2-2(b).

The important difference between a conductor and a semiconductor is the gap thi
separates the bands. With semiconductors, the gap is narrow; electrons can easily b
promoted to the conduction band with the addition of thermal energy. At absolute zef
the electrons in a silicon crystal are all in the valence band, but at room temperatu
many electrons have sufficient energy to move to the conduction band. The conductio
band electrons are no longer bound to a parent atom within the crystal.

Electrons and Hole Current

When an electron jumps to the conduction band, a vacancy is left in the valence band. Th
vacancy is called a hole. For every electron raised to the conduction band by thermal
light energy, there is one hole left in the valence band, creating what is called an electrol
hole pair. Recombination occurs when a conduction-band electron loses energy and fil
back into a hole in the valence band.

FIGURE 2-3
Electron current in intrinsic silicon is produced by thermally generated electrons.
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A piece of intrinsic (pure) silicon at room temperature has, at any instant, a number
of conduction-band (free) electrons that are unattached to any atom and are essentially
drifting randomly throughout the material. Also, an equal number of holes are created in
the valence band when these electrons jump into the conduction band.

When a voltage is applied across a piece of intrinsic silicon, as shown in Figure 2-3,
the thermally generated free electrons in the conduction band are easily attracted toward
the positive end. This movement of free electrons is one type of current in a semiconductor
and is called electron current.

Another type of current occurs at the valence level, where the holes created by the
free electrons exist. Electrons remaining in the valence band are still attached to their
atoms and are not free to move randomly in the crystal structure. However, a valence
electron can move into a nearby hole, with little change in its energy level, thus leaving
another hole where it came from. Effectively, the hole has moved from one place to
another in the crystal structure, as illustrated in Figure 2-4. This current is called hole
current.

® Valence electron moves (@ Valence electron moves
into 4th hole and leaves into 2nd hole and leaves (D) Free electron
a 5th hole. a 3rd hole. leaves hole in
valence shell.
(@) Valence electron moves \ (2) Valence electron moves /-
into 3rd hole and leaves into st hole and leaves ﬁ#
a 4th hole. a 2nd hole.

(® Valence electron moves
into Sth hole and leaves
a 6th hole.

.__/’\/ \._

When a valence electron moves left to right to fill a hole while leaving another hole behind, a hole has
effectively moved from right to left. Gray arrows indicate effective movement of a hole.

FIGURE 24
Hole current in intrinsic silicon.

2-1 REVIEW QUESTIONS*
1. In an intrinsic semiconductor, in which energy band do free electrons exist? In which
band do holes exist?
2. How are holes created in an intrinsic semiconductor?
3. Why is current established more easily in a semiconductor than in an insulator?

* Answers are al the end of the chapter.
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2-2 B THE PN JUNCTION

Intrinsic silicon (or germanium) is not a good conductor. It must be modified byi
creasing either the free electrons or the holes to increase its conductivity. If a penta
lent impurity is added to pure silicon, an n-material is formed; if a trivalent impurify
added, a p-material is formed. During manufacture, these materials can be Jjoined
form a boundary called the pn junction. Amazingly, it is the characteristics of the
Jjunction that allow diodes and transistors to work.

After completing this section, you should be able to

0 Describe the characteristics of a pn junction
Q Compare p-type and n-type semiconductive materials
O Give examples of donor and acceptor materials
0 Describe the formation of a pn junction

Doping

The conductivity of silicon (or germanium) can be drastically increased by the contro
addition of impurities to the pure (intrinsic) semiconductive material. This process, cal
doping, increases the number of current carriers (electrons or holes), thus increasing
conductivity and decreasing the resistivity. The two categories of impurities are n-t
and p-type.

To increase the number of conduction-band electrons in pure silicon, a contro
number of pentavalent impurity atoms called donors are added to the silicon crystal. Th
are atoms with five valence electrons, such as arsenic, phosphorus, and antimony. E
pentavalent atom forms covalent bonds with four adjacent silicon atoms, leaving one ex
electron. This extra electron becomes a conduction (free) electron because it is not bon
to any atom in the crystal. The electrons in these n materials are called the majority ca
ers; the holes are called minority carriers.

To increase the number of holes in pure silicon, trivalent impurity atoms called
ceptors are added. These are atoms with only three valence electrons, such as alumin
boron, and gallium. Each trivalent atom forms covalent bonds with four adjacent sili
atoms. All three of the impurity atom’s valence electrons are used in the covalent bol
However, since four electrons are required in the crystal structure, a hole is formed
each trivalent atom added. With p materials, the acceptor causes extra holes in the vale
band; the majority carrier in p materials is holes, the minority carrier is electrons.

It is important to note that the process of creating n-type or p-type materials retd
the overall electrical neutrality. With n-type materials, the extra electron in the crystl
balanced by the additional positive charge of the donor’s nucleus.

The PN Junction

: . When a piece of intrinsic silicon is doped so that half is n type and the other half is p
. O"‘ﬂr a pn junction is formed between the two regions. The n region has many free elec
st (majority carriers) and only a few thermally generated holes (minority carriers).
region has many holes (majority carriers) and only a few thermally generated free el
trons (minority carriers). The pn junction forms a basic diode and is fundamental to




p region

1) At the instant of junction formation, free electrons in the Hanio
n region near the pn junction begin to diffuse across the
junction and fall into holes near the junction in the p region.

IGURE 2-5
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operation of all solid-state devices. A diode is a device that allows current in only one
direction.

The Depletion Region When the pn junction is formed, some of the conduction elec-
trons near the junction drift across into the p region and recombine with holes near the
junction as shown in Figure 2-5(a). For each electron that crosses the junction and recom-
bines with a hole, a pentavalent atom is left with a net positive charge in the n region near
the junction. Also, when the electron recombines with a hole in the p region, a trivalent
atom acquires a net negative charge. As a result, positive ions are found on the n side of the
junction and negative ions are found on the p side of the junction. The existence of the
positive and negative ions on opposite sides of the junction creates a barrier potential
(Vp) across the depletion region. The barrier potential depends on temperature, but it is ap-
proximately 0.7 V for silicon and 0.3 V for germanium at room temperature. Since germa-
nium diodes are rarely used, 0.7 V is normally found in practice and will be assumed in this

text.

pn junction Depletion region

/ n region p region n region

-

potential

Ve
(b) For every electron that diffuses across the junction and combines
with a hole, a positive charge is left in the n region and a negative
charge is created in the p region, forming a barrier potential, V.
This action continues until the voltage of the barrier repels further
diffusion.

ormation of the pn junction.

Conduction electrons in the n region must overcome both the attraction of the posi-
tive ions and the repulsion of the negative ions in order to migrate into the p region. After
the ion layers build up, the area on both sides of the junction becomes essentially depleted
of any conduction electrons or holes and is known as the depletion region. This condition
is illustrated in Figure 2-5(b). Any further movement of charge across the boundary re-
quires that the barrier potential be overcome.



54 W DIODES AND APPLICATIONS

2-2 REVIEW QUESTIONS

1. How is an n-type semiconductor formed?

2. How is a p-type semiconductor formed?

3. What is a pn junction?

4. What is the value of the barrier potential for silicon?

2-3 ®M BIASING THE SEMICONDUCTOR DIODE

A single pn junction forms a semiconductor diode. There is no current across a pn Junc-
tion at equilibrium. The primary usefulness of the semiconductor diode is its ability to
allow current in only one direction as determined by the bias. There are two bias condi-
tions for a pn junction—forward and reverse. Either of these conditions is created by
connecting an external dc voltage in the proper direction across the pn junction.

After completing this section, you should be able to

0O Explain how to bias a semiconductor diode
O Describe forward and reverse bias of a diode
O Describe avalanche breakdown

Forward Bias

The term bias in electronics refers to a fixed dc voltage that sets the operating conditions
for a semiconductor device. Forward bias is the condition that permits current across api
junction.

Figure 2-6 shows the polarity required from a dc source to forward-bias the semi-
conductor diode. The negative side of a source is connected to the n region (at the cathodz
terminal), and the positive side of a source is connected to the p region (at the anode ter-
minal). When the semiconductor diode is forward-biased, the anode is the more positive
terminal and the cathode is the more negative terminal.' :

This is how forward bias works: When a dc source is connected to forward-bias the
diode, the negative side of the source pushes the conduction electrons in the n region to-
ward the junction because of electrostatic repulsion. The positive side pushes the holesin
the p region also toward the junction. When the external bias voltage is sufficient to over-
come the barrier potential, electrons have enough energy to penetrate the depletion region:
and cross the junction, where they combine with the p region holes. As electrons leave the
n region, more electrons flow in from the negative side of the source. Thus, current through ™
the n region is formed by the movement of conduction electrons (majority carriers) toward L
the junction. When the conduction electrons enter the p region and combine with holes,*
they become valence electrons. Then they move as valence electrons from hole to hole to- “
ward the positive anode connection. The movement of these valence electrons essentially "
creates a movement of holes in the opposite direction. Thus, current in the p region is§
formed by the movement of holes (majority carriers) toward the junction.

§
¢
i

.

I Chemists define anode and cathode in terms of the type of chemical reaction that occurs in electrochemical &
cells. For electrochemistry, the anode is the terminal that acts as an electron donor; the cathode is the termin 2
that acts as an electron acceptor. i
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Depletion region -
P g n region

p region

Cathode

FIGURE 2-6
Electron flow in a forward-biased semiconductor diode.

Reverse Bias

Reverse bias is the bias condition that prevents current across the pn junction. Figure
2-7(a) shows the polarity required from a dc source to reverse-bias the semiconductor
diode. Notice that the negative side of the source is connected to the p region, and the pos-
itive side to the n region. When the semiconductor diode is reverse-biased, the anode is the
more negative terminal and the cathode is the more positive terminal.

p region Depletion region n region

Anode Cathode

(a) Transient current at initial application of reverse bias

p region Depletion region n region

Anode ! Cathode

(b) Current ceases when the barrier potential equals the bias voltage.

FIGURE 2-7
Reverse bias.
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This is how reverse bias works: The negative side of the source attracts holes in thep
region away from the pn junction, while the positive side of the source attracts electrons -
away from the junction due to the attraction of opposite charges. As electrons and holes
move away from the junction, the depletion region begins to widen; more positive ions are
created in the n region, and more negative ions are created in the p region. The depletion
region widens until the potential difference across it is equal to the external bias voltage, as
shown in Figure 2-7(b). The depletion region effectively acts as an insulator between the
layers of oppositely charged ions when the diode is reverse-biased. ]

—

Peak Inverse Voltage (PIV) When a diode is reverse-biased, it must be able to with-
stand the maximum value of reverse voltage that is applied or it will break down. The max- |
imum rated voltage for a diode is designated as peak inverse voltage (PIV). The required |
PIV depends on the application; for most cases with ordinary diodes, the PIV rating should
be higher than the reverse voltage.

Reverse Breakdown If the external reverse-bias voltage is increased to a large enough 1
value, avalanche breakdown occurs. Here is what happens: Assume that one minority con- %
duction-band electron acquires enough energy from the external source to accelerate it to- |
ward the positive end of the diode. During its travel, it collides with an atom and imparts -
enough energy to knock a valence electron into the conduction band. There are now two |
conduction-band electrons. Each will collide with an atom, knocking two more valence
electrons into the conduction band. There are now four conduction-band electrons which,
in turn, knock four more into the conduction band. This rapid multiplication of conduc- -
tion-band electrons, known as an avalanche effect, results in a rapid buildup of reverse
current.

Most diode circuits are not designed to operate in reverse breakdown, and the diode
may be destroyed if it is. By itself, reverse breakdown will not harm a diode, but current *
limiting must be present to prevent excessive heating. One type of diode, the zener diode,
is specially designed for reverse-breakdown operation if sufficient current limiting is pro- l
vided. (Zeners are discussed in Section 2-8.)

2-3 REVIEW QUESTIONS r

1. What are the two bias conditions? !
2. Which bias condition produces majority carrier current?

3. Which bias condition produces a widening of the depletion region?
4. What is avalanche breakdown?

2-4 B DIODE CHARACTERISTICS

In this section, you will learn that the characteristic curve graphically shows the |
current-voltage relationship for a diode. Three diode models are discussed. Each model
represents the diode at a different level of accuracy so that you can use the one most ap-
propriate for a given situation. In some cases, the lowest level of accuracy is all that is
needed and additional details only complicate the situation. In other cases, you need the
highest level of accuracy so that all factors can be taken into account.
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After completing this section, you should be able to j
i

U Describe the basic diode characteristics
O Describe the diode characteristic /V curve
O Explain how to plot the diode characteristic /V curve on an oscilloscope
(1 Describe three models that are used to simplify diode circuits

Diode Symbol

Figure 2-8(a) shows the standard schematic symbol for a general-purpose diode. The two
terminals of the diode are the anode and cathode, labeled A and K on the figure. The arrow

always points toward the cathode.

Cathode (K) = ﬂ: _»} -
R # g
Vo= Yan - Ve I 7 Ve=0 | é |17(m

Vas T Vag
+ || = = ||+
Anode (A) B i ‘
(a) Diode symbol (b) Forward bias (c) Reverse bias
1
|
IGURE 2-8

liode schematic symbol and bias circuits. Vg is the bias battery voltage, and Vg is the barrier
otential. The resistor limits the forward current to a safe value.

Figure 2-8(b) shows a forward-biased diode connected to a source through a
current-limiting resistor. The anode is positive with respect to the cathode, causing the
diode to conduct as indicated by the ammeter symbol. Remember that when the diode is
forward-biased, the barrier potential, Vg, always appears between the anode and cathode, |
as indicated. The voltage across the resistor, Vg, is Vg less the barrier potential, V. |

Figure 2-8(c) shows the diode with reverse bias. The anode is negative with respect 7
to the cathode, and the diode does not conduct as indicated by the ammeter symbol. The
entire bias voltage, Vyp, appears across the diode. There is no voltage across the resistor
because there is no current in the circuit. Notice that the bias voltage, Vg, is not the same
as the barrier potential, V.

Some typical diodes are shown in Figure 2-9 to illustrate common packaging. The
letter A is used to identify the anode; K is used to identify the cathode.

Diode Characteristic Curve

Figure 2-10 is a graph of diode current versus voltage. The upper right quadrant of the
graph represents the forward-biased condition. As you can see, there is essentially no for-
ward current (/) for forward voltages (Vg) below the barrier potential. As the forward volt- ;
age approaches the value of the barrier potential (typically 0.7 V for silicon and 0.3 V for
germanium), the current begins to increase. Once the forward voltage reaches the barrier
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A

FIGURE 2-9
Typical diode packages and terminal identification.

FIGURE 2-10 Iz (mA)
Diode characteristic curve. 4
Forward bias
V
Vi - }.BR ..... H » Vi
0 07V
Barrier potential

Reverse bias

'

Iy (UA)

potential, the current increases drastically and must be limited by a series resistor. The voli-
age across the forward-biased diode remains approximately equal to the barrier potential,
but increases slightly with forward current. For a forward-biased diode, this barrier voltage
is often referred to as a diode drop.

The lower left quadrant of the graph represents the reverse-biased condition. As the
reverse voltage increases to the left, the current remains near zero until the breakdown volt-
age is reached. When breakdown occurs, there is a large reverse current which, if not lim-
ited, can destroy the diode.> Typically, the breakdown voltage is greater than 50 V for most
rectifier diodes. Most applications for ordinary diodes do not include operation in the

reverse-breakdown region.

* With proper current limiting, operation in the reverse-breakdown region does not harm the diode.
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Plotting the Characteristic Curve on an Oscilloscope You can plot the diode’s
forward characteristic on your oscilloscope by connecting the circuit shown in Figure
2-11. The signal is a 5 V peak-to-peak triangle that is centered about zero volts. This
causes the diode to be alternately forward-biased and then reverse-biased. Channel 1
senses the voltage drop across the diode; channel 2 shows a signal that is proportional to
the current. The scope is placed in the X-Y mode. The common lead on the signal genera-
tor must not be the same as the scope ground. Channel 2 must be inverted to display the
signal in the proper orientation.

Triangle or
sawtooth waveform
5.0V pp

50 Hz

Invert Y channel
FIGURE 2-11

Plotting the IV curve for a diode on an oscilloscope. The oscilloscope is placed in the X-Y mode
and the Y channel is inverted.

Testing Diodes with an Ohmmeter or a Multimeter

The internal battery in most analog ohmmeters can forward-bias or reverse-bias a diode,
permitting a quick relative check of the diode. To check the diode with an analog ohm-
meter, select the R X 100 range (to limit current through the diode), connect the meter leads
to the diode, then reverse the leads. The meter’s internal voltage source will tend to
forward-bias the diode in one direction and reverse-bias it in the other. As a result, the re-
sistance will read a lower value in one direction than the other. Look for a high ratio be-
tween the forward and reverse readings (typically 1000 or more). The actual reading de-
pends on the internal voltage of the meter, the range selected, and the type of diode, so this
is only a relative test.

Many digital multimeters have a diode test position that will indicate the forward
diode voltage when a good diode is placed across the test leads. The meter will show an
overload when the leads are reversed.

Diode Models

The Ideal Model The simplest way to visualize diode operation is to think of it as a
switch. When forward-biased, the diode ideally acts as a closed (on) switch; and when
reverse-biased, it acts as an open (off) switch, as shown in Figure 2-12. The characteristic
curve for this model is also shown. Note that the forward voltage and the reverse current
are always zero in the ideal case. This ideal model, of course, neglects the effect of the bar-
rier potential, the internal resistance, and other effects. However, in many cases, it is accu-
rate enough, particularly when the bias voltage is at least ten times greater than the barrier
potential.
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Ideal diode model
+ = P enm——
ﬂ gl g
+ Ip
: = i -
Vg =
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I I [

(a) Forward bias

“ + Vi
. I=0 -
R = I=0
Vas
~ il it - \
St || 1 Il Ix
(b) Reverse bias (¢) Ideal characteristic curve (color)
FIGURE 2-12

Ideal model of a diode as a switch.

Offset diode model Offset diode model

>
R LIRS RS E:l.':n
iv Ve 2
i = I +

It |}

(a) Forward bias (b) Reverse bias
Ig
Vi V;
R R F

(c) Characteristic curve

FIGURE 2-13
The offset model for a diode. The barrier potential is included in this model.
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The Offset Model The next higher level of accuracy is the offset model. It includes the
barrier potential of the diode. In this model, the forward-biased diode is represented as a
closed switch in series with a small “battery” equal to the barrier potential Vi (0.7 V
for Si), as shown in Figure 2—13(a). The positive end of the equivalent battery is toward the
anode. Keep in mind that the barrier potential is not a voltage source and cannot be mea-
sured with a voltmeter; rather it only has the effect of an offsetting battery when forward
bias is applied because the forward-bias voltage, Vg, must overcome this barrier potential
before the diode begins to conduct. The reverse-biased diode is represented by an open
switch, as in the ideal case, because the barrier potential does not affect reverse bias, as ‘
shown in Figure 2—13(b). The characteristic curve for the offset model is shown in Figure E
2-13(c). In this textbook, this model is used for analysis unless otherwise stated. ‘

The Offset-Resistance Model Figure 2-14(a) shows the forward-biased diode
model with both the barrier potential and the low forward (bulk) resistance. The forward
resistance is actually an ac resistance (see Section 1-1). The forward resistance varies (de-
pending on where it is measured) but is shown here with a straight-line approximation.

Offset-resistance diode model Offset-resistance diode model
VB : gl |
A T Il_ K I e |
Small forward resistance 3 Large reverse resistance |
RE ] R [ =0 |
Vep Vg " g
iy ) 3
Ji | PR | II
I’ i
(a) Forward bias (b) Reverse bias
g
4
Slope due to the low \
forward resistance of |
the diode
Vg == L -V;
Vg
Small reverse current
due to the high
reverse resistance of
the diode
V
Iy

(¢) Characteristic curve

FIGURE 2-14
The offset-resistance model for a diode. The barrier potential and forward ac resistance is
included in this model.
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ed-biased condition is represented in the offset-resistance model with
This results in an extremely small reverse current. Figu
erse resistance affects the reverse-biased model. The ch
There are other small-scale effects (such
s model. For these cases, computer mod

The revers:
very high parallel resistance.
2-14(b) shows how the high rev
acteristic curve is shown in Figure 2-14(c).
junction capacitance) that are not included in thi
ing is normally done.

one direction and block current in fl

Because of their ability to conduct current in
rectifiers that convert ac voltage intod

other direction, diodes are used in circuits called
voltage. Rectifiers are found in all de power supplies that operate from an ac voltag
source. Power supplies are an essential part of all electronic systems from the simplest
the most complex. In this section, you will study three basic types of rectifiers—Ih

half-wave, center-tapped full wave, and full-wave bridge rectifiers.
After completing this section, you should be able to

QO Analyze the operation of three basic types of rectifiers
0 Recognize a half-wave rectifier and explain how it works
0 Recognize a center-tapped full-wave rectifier and explain how it works
QO Recognize a full-wave bridge rectifier and explain how it works

Half-Wave Rectifiers

A rectifier is an electronic circuit that converts ac into pulsating dc. Figure 2-15 illustrate
the process called half-wave rectification. In a half-wave rectifier, shown in part (a),
ac source is connected in series with a diode and the load resistor. When the sinusoidal if
put voltage goes positive, the diode is forward-biased and conducts current to the load ¢
sistor, as shown in part (b). The output voltage is equal to the peak voltage less one diol

drop.

Vp(aut) = Vp(in) - 07V (2-

the load, which has the same shape as the pos

The current produces a voltage across
ltage goes negative during the et

itive half-cycle of the input voltage. When the input vo
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an RL v

out

(a) Half-wave rectifier

(b) Operation during positive alternation of the input voltage: diode conducts.

>
e I=0A Rt
Vi Vo ) \ /
0 R, 0~ —
Iy h ] ;s I I

(c) Operation during negative alternation of the input voltage. Diode does not conduct; therefore, the

output voltage is zero.

0
Iy h 5

(d) Half-wave output voltage for three input cycles

FIGURE 2-15
Operation of half-wave rectifier. The diode is considered ideal.

ond half of its cycle, the diode is reverse-biased. There is no current, so the voltage across
the load resistor is zero, as shown in part (c). The net result is that only the positive half-
cycles of the ac input voltage, less one diode drop, appear across the load, making the
output a pulsating dc voltage, as shown in part (d). Notice that during the negative cycle,
the diode must withstand the negative peak voltage from the source without breaking
down.

In working with diode circuits, it is sometimes practical to neglect the diode drop
when the peak value of the applied voltage is much greater than the barrier potential. This
is equivalent to using the ideal model.
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g

I EXAMPLE 2-1

Determine the peak output voltage and the peak inverse voltage (PIV) of the rectifierin |
Figure 216 for the indicated input voltage. Sketch the waveforms you should observe |

across the diode and the load resistor.

i Al
‘.JH" D \‘4"'#'

FIGURE 2-16

Solution The peak half-wave output voltage is
V,=5V-07V=43V
The PIV is the maximum voltage across the diode when it is reverse-biased. The PIV is i
the maximum voltage during the negative half cycle. |
PIV=V,=5V

Waveforms are shown in Figure 2—-17. Notice that if you add the load resistor voltage to
the diode voltage, you will obtain the input voltage. I

Waveform across diode |

Waveform across

o \/ \/ load resistor
e +43V-

,+5 v——/-\ /\ C 4 ! 7\ J\

FIGURE 2-17

Practice Exercise* Determine the peak output voltage and the PIV for the rectifier in
Figure 2-16 if the peak input is 3 V.

* Answers are at the end of the chapter.

Full-Wave Rectifiers

The difference between full-wave and half-wave rectification is that a full-wave rectifier
allows unidirectional current to the load during the entire input cycle, and the half-wave
rectifier allows current only during one-half of the cycle. The result of full-wave rec
tification is a dc output voltage that pulsates every half-cycle of the input, as shown in
Figure 2—-18.
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FIGURE 2-18
Full-wave rectification.

The Center-tapped Full-wave Rectifier The center-tapped (CT) full-wave recti-
fier uses two diodes connected to the secondary of a center-tapped transformer, as shown in
Figure 2—19. The input signal is coupled through the transformer to the secondary. Half of
the total secondary voltage appears between the center tap and each end of the secondary
winding as shown.

4

out

in

00000

FIGURE 2-19
A center-tapped (CT) full-wave rectifier.

For a positive half-cycle of the input voltage, the polarities of the secondary voltages
are as shown in Figure 2-20(a). This condition forward-biases the upper diode D, and
reverse-biases the lower diode D,. The current path is through D, and the load resistor, as
indicated in color.

For a negative half-cycle of the input voltage, the voltage polarities on the secondary
are as shown in Figure 2-20(b). This condition reverse-biases D, and forward-biases D,.
The current path is through D, and the load resistor, as indicated in color.

Because the current during both the positive and the negative portions of the input
cycle is in the same direction through the load, the output voltage developed across the
load is a full-wave rectified dc voltage.

Effect of the Turns Ratio on the Full-Wave Output Voltage If the turns ratio of
a transformer is 1, the peak value of the rectified output voltage equals half the peak value
of the primary input voltage less one diode drop. This value occurs because half of the in-
put voltage appears across each half of the secondary winding.

In order to obtain a peak output voltage equal to the peak input voltage (less the bar-
rier potential), you must use a step-up transformer with a turns ratio of 2 (1:2). In this case,
the total secondary voltage is twice the primary voltage, so the voltage across each half of
the secondary is equal to the input.
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(b) During negative half-cycles, D, is forward-biased and D is reverse-biased.

FIGURE 2-20
Conducting paths in the secondary are shown in color.

Peak Inverse Voltage (PIV) Each diode in the full-wave rectifier is alterna

forward-biased and then reverse-biased. The maximum reverse voltage that each diod
must withstand is the peak value of the total secondary voltage (V...). The peak inve
voltage across either diode in the center-tapped full-wave rectifier is

PIV =V,

plour)

[EXAMPLE 2-2 (a) Show the voltage waveforms across the secondary winding and across R; when a
25 V peak sine wave is applied to the primary winding in Figure 2-21.
(b) What minimum PIV rating must the diodes have?

D
it 1:2 FI}
+25 V==
e o
V('l"
Vie, 0V H [
Ry
CoEAns S N Lo 10 k€2

FIGURE 2-21
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Solution
(a) The waveforms are shown in Figure 2-22.
(b) The total peak secondary voltage is

1%

P

Ns'er‘
(sec) — (N.—)vp(,'m = 2(25) V=5V

pri

There is a 25 V peak across each half of the secondary. Using the ideal model, one
diode is a short while the other diode has the full secondary voltage across it. Each
diode must have a minimum PIV rating of 50 V.

+25V-==<
'ij /-\ /—\ /\
s V/\/\/\/\/\
'VVHHI 0

FIGURE 2-22

Practice Exercise What diode PIV rating is required to handle a peak input of 160 V
in Figure 2-217

Bridge Rectifiers

The bridge rectifier uses four diodes, as shown in Figure 2-23 and is the most popular
arrangement for power supplies because it does not require a center-tapped transformer.
The four diodes are available in a single package, already wired in a bridge configuration.
The bridge rectifier is a type of full-wave rectifier because each half of the sine wave con-
tributes to the output.

This is how the bridge rectifier works: When the input cycle is positive as in Figure
2-23(a), diodes D, and D, are forward-biased and conduct current as shown by the colored
path. A voltage is developed across R, which looks like the positive half of the input cycle.
During this time, diodes D5 and D, are reverse-biased. When the input cycle is negative, as
in Figure 2-23(b), diodes D; and D, are forward-biased and conduct as shown by the col-
ored path. A voltage is again developed across R, in the same direction as during the posi-
tive half-cycle. During the negative half-cycle, D, and D, are reverse-biased. A full-wave
rectified output voltage appears across R, as a result of this action.

Bridge Output Voltage Neglecting the diode drops, the total secondary voltage, Vs,
appears across the load resistor. Thus,

V(Jllf = VS(’('
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(a) During positive half-cycle of the input, Dy and D, are forward-biased and conduct current. D5 and D, are

reverse-biased.

Vm

(b) During negative half-cycle of the input, D5 and D, are forward-biased and conduct current. D and D, are

reverse-biased.

FIGURE 2-23
Operation of the full-wave rectifier. Conducting paths in the secondary are shown in color.

As you can see in Figure 2-23, two diodes are always in series with the load resis
during both the positive and the negative half-cycles. If these diode drops are taken into

count, the output voltage (with silicon diodes) is
Viur = Veae = 18N

Peak Inverse Voltage When D, and D, are forward-biased, the reverse volta
across Ds and Dy. Visualizing D, and D; as shorts (ideally), the peak inverse vol

equal to the peak secondary voltage.
PIV = Vp(ou.r)
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6 M RECTIFIER FILTERS AND IC REGULATORS |

A power supply filter greatly reduces the fluctuations in the output voltage of a rectifier i
and produces a nearly constant-level dc voltage. The reason for filtering is that elec- 5
tronic circuits require a constant source of dc voltage and current to provide power and

biasing for proper operation. Filtering is generally done using large capacitors. To im-

prove the filtering action even more, the capacitor-input filter is followed by a regulator.

Today, inexpensive but effective regulators are available as integrated circuits (ICs). IC

regulators are introduced here and will be covered in more detail in Chapter 11.

After completing this section, you should be able to

O Describe the operation of rectifier filters and IC regulators
Q Give examples of IC regulators and show how they are connected to the output of a
rectifier
O Compute the ripple from an IC regulator given the ripple rejection and the input I
ripple
Compute the load regulation given the loaded and unloaded output voltage
Compute the line regulation given the change in output voltage for a given change in
the input voltage

Q
Q

In most power supply applications, the standard 60 Hz ac power line voltage must be con- i

verted to a nearly constant dc voltage. The 60 Hz pulsating dc output of a half-wave recti- {

fier or the 120 Hz pulsating output of a full-wave or bridge rectifier must be filtered to re- |

duce the large voltage variations. Filtering can be accomplished by a capacitor, an inductor, |
()~ oracombination of these. The capacitor-input filter is the least expensive and most widely

used type, by far.

Capacitor-Input Filter

A half-wave rectifier with a capacitor-input filter is shown in Figure 2-24. We will use the
half-wave rectifier to illustrate the filtering principle and then expand the concept to the
full-wave rectifier.

During the positive first quarter-cycle of the input, the diode is forward-biased, al- I
lowing the capacitor to charge to within a diode drop of the input peak, as illustrated in |
Figure 2-24(a). When the input begins to decrease below its peak, as shown in Figure
2-24(b), the capacitor retains its charge and the diode becomes reverse-biased. During the
remaining part of the cycle and the beginning of the next cycle, the capacitor can discharge
only through the load resistance at a rate determined by the RC time constant. The larger
the time constant, the less the capacitor will discharge.

During the peak of the next cycle, as illustrated in Figure 2-24(c), the diode again /
will become forward-biased when the input voltage exceeds the capacitor voltage by ap- '
proximately a diode drop.

Ripple Voltage As you have seen, the capacitor quickly charges at the beginning of a

cycle and slowly discharges through R, after the positive peak (when the diode is reverse-

biased). The variation in the capacitor voltage due to the charging and discharging is called

the ripple voltage. The smaller the ripple voltage, the better the filtering action. i
For a given input frequency, the output frequency of a full-wave rectifier is twice that :

of a half-wave rectifier. As a result, a full-wave rectifier is easier to filter because of the

shorter time between peaks. When filtered, the full-wave rectified voltage has less ripple

voltage than does a half-wave voltage for the same load resistance and filter capacitor val-
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Ieieih L
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plin) \
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\ U = 0

(a) Initial charging of capacitor (diode is forward-biased) happens only once when power is turned on.

OFF

i}

(b) The capacitor discharges through R, after peak of positive alternation when the diode is reverse-biased.
This discharging occurs during the portion of the input voltage indicated by the solid colored curve.

% d b i
= EXCeeds =
in ’} ——ry

(c) The capacitor charges back to peak of input when the diode becomes forward-biased. This charging
during the portion of the input voltage indicated by the solid colored curve. Notice that the diode is not
forward-biased on the second cycle until the capacitor voltage is overcome.

FIGURE 2-24
Operation of a half-wave rectifier with a capacitor-input filter.

ues. Less ripple voltage occurs because the capacitor discharges less during the shorter
terval between full-wave pulses, as shown in Figure 2-25.

Surge Current in the Capacitor-Input Filter When the power is first applied
power supply, the filter capacitor is uncharged. At the instant the switch is closed, vol
is connected to the rectifier and the uncharged capacitor appears as a short. This case is
lustrated for a bridge circuit in Figure 2-26(a). An initial surge of current is prod
through the forward-biased diodes. The worst-case situation occurs when the switd
closed at a peak of the secondary voltage and a maximum surge current is produced.
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Same slope (capacitor
Ripple discharge rate)
Al
\ A\
\ 1 v \
[ i \ ! \ I \
| ; r \ | \ ! \l
I 1
0:i==3 SN, e, el Lo

(a) Half-wave

(b) Full-wave
FIGURE 2-25

Comparison of ripple voltages for half-wave and full-wave rectifier outputs with the same filter
capacitor and derived from the same sinusoidal input.

Large initial current
00—~

P ¢
LT otro

SW

Capacitor appears as an
instantaneous short.

Less initial current

(b)

FIGURE 2-26

Surge current in a capacitor-input filter follows the path drawn in color.
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It is possible that the surge current could destroy the diodes, and for this reasol
is sometimes connected, as shown in Figure 2-26(b). T

d a significant voltage drop across it. Also,
such that they can withstand the moment

surge-limiting resistor, Rrges
value of this resistor must be small to avoi
diodes must have a forward current rating

surge of current.

1C Regulators
While filters can reduce the ripple from power supplies to a low value, the most effect
tor-input filter used with an IC regulator. In general, anl

filter is a combination of a capaci

(integrated circuit) is a complete functional circuit constructed on a single, tiny chip:
silicon. An integrated circuit regulator is an 1C that is connected to the output of arec if
and maintains a constant output voltage (or current) despite changes in the input, the l¢
current, or the temperature. The capacitor filter reduces the input ripple to the regulator

an acceptable level. The combination of a large capacitor and an IC regulator is inexp
sive and helps produce an excellent small power supply.

The most popular 1IC regulators have three terminals—an input terminal, an oufp
terminal, and a reference (or adjust) terminal. The input to the regulator is first filtered W
a capacitor to reduce the ripple to <10%. The regulator reduces the ripple to a negligh

amount. In addition, most regulators have an internal voltage reference, short-cird
protection, and thermal shutdown circuitry. They are available in a variety of voltages
cluding positive and negative outputs, and can be designed for variable outputs with ami
imum of external components. Typically, IC regulators can furnish a constant output ofo

or more amps of current with high ripple rejection. IC regulators are available that cans
ply load currents of over 5 A. '

Three-terminal regulators designed for a fixed output voltage require only ex el
capacitors (o complete the regulation portion of the power supply, as shown in Fig
227, Filtering is accompli shed by a large-value capacitor between the input voltage!
ground. Sometimes a second smaller-value input capacitor is connected in parallel, e
cially if the filter capacitor is not close to the IC regulator, to prevent oscillation. This
pacitor needs to be located close to the IC regulator. Finally, an output capacitor (typicd

0.1 pF to 1.0 pF) is placed in parallel with the output to improve the transient response

Examples of fixed three-terminal regulators are the 78XX and 79XX series’ of reg
Jators that are available with various output voltages and can supply upto 1 A of loadd
rent (with adequate heat sinking). Appendix A has the manufacturer’s specification she
for these series of regulators. The last two digits of the number stand for the output volig
thus, the 7812 has a + 12 V output. The negative output ver i
numbered as the 79XX series; the 7912 has a —12 'V output. The output voltage from
regulators is within 3% of the nominal value but will hold a nearly constant output desp
changes in the input voltage or output load. A basic fixed +5V power supply witha T
regulator is shown in Figure 2-28.

As an example of the reduction in ripple that can be obtained from a 7812 reguld
note the typical ripple rejection specification, RR, in the data sheet. For the 7812, thefy
cal ripple rejection is 72 dB (refer to Section 1-4 fora review of decibels). This means|
the output ripple is 72 dB less than the input ripple, a very significant reduction as il

trated in the next example.

[

3 Data sheets for MCT800 and MC7900 available at hitp://www.onsemi.com.
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put e
rom o dni

Gnd

i :

ifer

Standard configuration

1. Input
2. Output
3. Ground
2 3
4 o 3 2 1 (Case connected
) g to Pin 3)

Bottom view)

(Bottom view)

Pins 1 and 2 are electrically isolated from case.
Case is third electrical connection.

Typical metal and plastic packages

URE 2-27

Type number Output voltage
7805 +5.0V
7806 +6.0V

7818 +18.0V
7824 +24.0V

“ Output 7808 +80V
f 7809 +9.0V
7812 +12.0V

I 7815 +15.0V

(b) The 7800 series

Pin 1. Output
2, Ground
3. Input 9

(All 3 plastic types)
Pin 1. Input
2. Ground

3. Output
(Heatsink surface connected to Pin 2) 8 N
1

Pin 1. Voup 5.NC
2.Gnd 6.Gnd
3.Gnd 7.Gnd
LNC 8. Vi

7800 series three-terminal fixed positive voltage regulators.

o SWI 110V ac

+5.0V

e j_

DD, are IN4001 silicon rectifier diodes. =

URE 2-28
asic +5.0 V power supply.

E
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[EXAMPLE 23

Assume the input ripple to a MC7812B regulator is 100 mV. What is the typical output %
ripple? From the data sheet, the typical ripple rejection is 60 dB. ]

Solution The decibel voltage ratio is

V() 1

dB = 20 log(—“’) ‘

Vm 4

Since 60 dB is an attenuation, it is shown with a negative sign. | ‘

V()h’f
—60dB = 20 log() ‘

in

Dividing by 20,

vnur )
3.0 = T et
: log( 100 mV

and eliminating the log results in

] 0— 3.0 - Vrm.'

100 mV |
V (100 mV)1.0 X 1077 = 100 pV

out |

Alternatively, this result can also be obtained by computing the factor that the output
ripple has been reduced: 60 dB is a factor of 1000. The calculator sequence to find thisis ||

B0EEE I
The calculator will show 1000. This means the output ripple has been reduced by

a factor of 1000 from the input ripple. Thus, the output ripple is ‘f

100 mV
ipple = —— = 100
ripple 1000 [TAY

specified on the data sheet in Appendix A.

Practice Exercise Find the output ripple for an MC7805B, using the typical value I

Another type of three-terminal regulator is an adjustable regulator. Figure 2-29

shows a power supply circuit with an adjustable output, controlled by the variable resistor,
R,. Note that R, is adjustable from zero to 1.0 k(). The LM317 regulator keeps a constan
1.25 V between the output and adjust terminals. This produces a constant current in R, of

1.25 V/240 @ = 52 mA. Neglecting the very small current through the adjust terminal, the
current in R, is the same as the current in R,. The output is taken across both R, and R, and

is found from the equation,

R, + Rz)
Ve 125N ——
C ( Rl

Notice that the output voltage from the power supply is the regulator’s 1.25V multi-
plied by a ratio of resistances. For the case shown in Figure 2-29, when R, is set to the
minimum (zero) resistance, the output is 1.25 V. When R, is set to the maximum, the out-
put is nearly 6.5 V.

FEJ:YI

FIGUF
A basic

——
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\

126 Vac

GURE 2-29

D,-D, are IN4001 silicon rectifier diodes.

hasic power supply with a variable output voltage (from 1.25V t0 6.5 V).

Percent Regulation

The regulation expressed as a percentage is a figure of merit used to specify the perfor-
mance of a voltage regulator. It can be in terms of input (line) regulation or load regulation.
Line regulation specifies how much change occurs in the output voltage for a given
change in the input voltage. It is typically defined as a ratio of a change in output voltage
for a corresponding change in the input voltage expressed as a percentage.

AV,
Line regulation = (——OIE)IOO% (2-3)
AViy

Load regulation specifies how much change occurs in the output voltage over a cer-
tain range of load current values, usually from minimum current (no load, NL) to maxi-
mum current (full load, FL). It is normally expressed as a percentage and can be calculated
with the following formula:

Var — Ve
Load regulation = (M)IOO% (2—4)
FL

where Vy; is the output voltage with no load and Vi is the output voltage with full (max-
imum) load. Line and load regulation are discussed further in Section 11-1.

EXAMPLE 24

Assume a certain MC7805B regulator has a measured no-load output voltage of
5.185 V and a full-load output of 5.152 V. What is the load regulation expressed as a
percentage? Is this within the manufacturer’s specification?

Solution

Vg L
Load regulation = (M)IOO% s (5"85 ;A V)]OO% = 0.64%
FL 5152V

The data sheet (see the MC7805B in Appendix A) indicates a maximum variation
of the output voltage (with a load current from 5 mA to 1.0 A) of 100 mV. This repre-
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:

‘ sents a maximum load regulation of 2% (typical is 0.4%). The measured percent regu-

| lation is within specifications. |
gulator is 24.8 V and the full-

| Practice Exercise 1f the no-load output voltage of a re
d as a percentage”

\
load output is 23.9'V, what is the load regulation expresse

| LN armeE Ll Sle

The preceding discussion concentrated on the popular three-terminal regulators
Three-terminal regulators can be adapted to a number of specialized applications or It
quirements such as current sources or automatic shutdown, current limiting, and the like
For certain other applications (high current, high efficiency, high voltage), more compli
cated regulators are constructed from integrated circuits and discrete transistors. Chapter

11 discusses some of these applications in more detail.

2-6 REVIEW QUESTIONS ,

1. What causes the ripple voltage on the output of a capacitor-input filter?

2. The load resistance of a capacitor-filtered full-wave rectifier is reduced. What effect

does this reduction have on the ripple voltage?
3. What advantages are offered by a three-terminal regulator?
4. What is the difference between input (line) regulation and load regulation?

e —————

2_7 ®m DIODE LIMITING AND CLAMPING CIRCUITS

Diode circuits, called limiters or clippers, are sometimes used to clip off portions of sig
nal voltages above or below certain levels. Another type of diode circuit, called a clam
per, is used to restore a de level to an electrical signal.

After completing this section, you should be able to

QO Analyze the operation of diode limiters and clampers
0 Explain how a diode limiter works and determine the clipping level for a given cir-
cuit
QO Explain how a diode clamping circuit works
0 Cite applications for diode limiting and clamping circuits

Diode Limiters

Figure 2-30(a) shows a diode circuit called a limiter that limits or clips off the positive;
part of the input signal. As the input signal goes positive, the diode becomes forward
biased. Because the cathode is at ground potential (0 V), the anode cannot exceed 0.7V
(assuming a silicon diode). Thus, point A is clipped at +0.7 V when the input exceeds this

value.

L
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R,

-07V

(b) Limiting of the negative alternation; diode conducts on negative alternation.

FIGURE 2-30
Diode limiting (clipping circuits).

Whenever the input is below 0.7 V, the diode is reverse-biased and appears as an
open. The output voltage looks like the negative part of the input, but with a magnitude de-
termined by the voltage divider formed by R, and R;, as follows:

&)
Vou! 0l a5 Vr'r.'
R, + R,

If R, is small compared to R, then V,,,, = V,,.

Turn the diode around, as in Figure 2-30(b), and the negative part of the input
is clipped off. When the diode is forward-biased during the negative part of the in-
put, point A is held at —0.7 V by the diode drop. When the input goes above —0.7 V, the
diode is no longer forward-biased; and a voltage appears across R, proportional to the
input.

A Limiter Application Figure 2-31 shows an application of a limiter. Suppose you
wanted to use the power line to synchronize a computer operation to the ac line. In
the case shown, a half-wave rectifier is connected to a 6.3 V output from a trans-
former. The peak signal from the rectifier is approximately 9 V, too large for a computer
input. Computers and other logic circuits are designed for a specific voltage maxi-
mum (typically +5.0 V) that cannot be exceeded without risking serious damage to the
computer. The limiter shown in the figure prevents the signal to the computer from
exceeding 4.7 V.
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-

FIGURE 2-31
Limiting the signal into a computer.

' EXAMPLE 2-5

FIGURE 2-32

FIGURE 2-33
Waveforms for
Figure 2-32.

What would you expect to see displayed on an oscilloscope connected as shown in Fig:
ure 2-32? The time base on the scope is set to show one and one-half cycles.

Solution The diode is forward-biased and conducts when the input voltage goes be
low —0.7 V. Thus, a negative limiter with a peak output voltage across R can be deter-

mined by the following equation:

R, 1.0 kQ
Vp(our) =3 (m)Vpum = (mﬁ)lo V = 9.1 v

The scope will display an output waveform as shown in Figure 2-33.

+10V-=+ 191V-——-
Vin Vour /—\
1 S

-07V

=

Practice Exercise Describe the output waveform for Figure 2-32 if R, is changed ¢
630 (.
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Adjustment of the Limiting Level To adjust the level at which a signal voltage !
is limited, a bias voltage can be added in series with the diode, as shown in Figure 2-34.
The voltage at point A must equal Vg + 0.7 V before the diode will become forward-
biased and conduct. Once the diode begins to conduct, the voltage at point A is limited to
Vgg + 0.7 V so that all input voltage above this level is clipped off, as shown in the

figure.
i
'I"JFH i' ()7 \"r
43 EL S A
; : \/
|
|

FIGURE 2-34 |
A positive limiter with positive bias. '

If the bias voltage is varied up or down, the clipping level changes correspondingly,
as shown in Figure 2-35. If the polarity of the bias voltage is reversed, as in Figure 2-36,
voltages above — Vg + 0.7 V are clipped, resulting in an output waveform as shown. The i
diode is reverse-biased only when the voltage at point A goes below —Vgg + 0.7 V.

Variable limiting ‘
(clipping) level

A positive limiter with variable positive bias.

RI
Wy
llr/”i i
t Iy i
R 1 2 ]
8 Iy L h = g 1 / 5 ‘;
= Vi Vgp +0.7V—v 8 r— . |

|
FIGURE 2-35 !
i
|

FIGURE 2-36 |
A positive limiter with negative bias. Notice that the positive side of the waveform is limited above i
Wy AT :
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If it is necessary to clip the voltage below a specified negative level, then the di
and bias voltage must be connected as in Figure 2-37. In this case, the voltage at poinl
must go below —Vgp — 0.7 V to forward-bias the diode and initiate clipping action,
shown.

0
I 0.7 N

FIGURE 2-37
A negative limiter with negative bias.

EXAMPLE 2-6 Figure 2-38 shows a circuit combining a positive-biased limiter with a negative-biased ¥
limiter. Determine the output waveform.

FIGURE 2-38

Solution When the voltage at point A reaches +7.7 V, diode D, conducts and limits |

the waveform at +7.7 V. Diode D, does not conduct until the voltage reaches —7.7V, Fl(
Therefore, positive voltages above +7.7 V and negative voltages below —7.7 V are = Po
clipped. The resulting output waveform is shown in Figure 2-39. on
FIGURE 2-39

Output waveform for Figure 2-38,  +77V-- ]_—\
s 0

Practice Exercise Determine the output waveform in Figure 2-38 if both dc sources
are 10 V and the input has a peak value of 20 V,
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Diode Clampers

A diode clamper adds a dc level to an ac signal. Clampers are sometimes known as dc re-
storers. Figure 2-40 shows a diode clamper that inserts a positive dc level in the output
waveform. To understand the operation of this circuit, consider the first negative half-cycle
of the input voltage. When the input initially goes negative, the diode is forward-biased, al-
lowing the capacitor to charge to near the peak of the input (V,;,, — 0.7 V), as shown in
Figure 2-40(a). Just past the negative peak, the diode becomes reverse-biased. This is be-
cause the cathode is held near V,;,, by the charge on the capacitor.

‘,—-‘ plin) =TV,

(b) When C is charged, it acts like a battery.

\I ::l-:”,.“] -0.7V
1";-”:”} - ,I + \
Diode off
>
3 > 27 \ /
- 0 }' <—Diode on
=-0.7V
e

(c) The capacitor voltage adds to the ac input voltage.

GURE 2-40

sitive clamping. The diode allows the capacitor to charge rapidly. The capacitor can discharge

ly through R;.

The capacitor can discharge only through the high resistance of R,. Thus, from the
peak of one negative half-cycle to the next, the capacitor discharges very little. The amount
that is discharged, of course, depends on the value of R;. For good clamping action, the RC
time constant should be at least ten times the period of the input signal.

The net effect of the clamping action is that the capacitor retains a charge approxi-
mately equal to the peak value of the input less the diode drop. The capacitor voltage acts
essentially as a battery in series with the input signal, as shown in Figure 2-40(b). The
de voltage of the capacitor adds to the ac input voltage by superposition, as shown in Fig-
ure 2—40(c).
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FIGURE 2-41
Negative clamping.
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If the diode is turned around, a negative dc voltage is added to the input signali
produce the output signal, as shown in Figure 2—41. If necessary, the diode can be biast
to adjust the clamping level.

T

i

If
+IN -

0 e
'A"lj;uun / \
>
25", ~Voimy + 0.7V

- ’ Diode off

________ =— Diode on

A Clamper Application A clamping circuit is often used in television receivers asiL
a dc restorer. The incoming composite video signal is normally processed through e
pacitively coupled amplifiers that eliminate the dc component, thus losing the black and
white reference levels and the blanking level. Before being applied to the picture tubg
these reference levels must be restored. Figure 2-42 illustrates this process in a ger
eral way. i

Horizontal )
white

Restored !
— == Jevel !

sync pulses

=== Restored

/ Blanking level

8T

DC :
e '
% restorer
\r:ulm \ / Picture
signal Blanking tube
pulses

Reference
white

level

FIGURE 2-42
Clamping circuit (dc restorer) in a TV receiver.

Inverting

amplifier

black
level

EXAMPLE 2-7

What is the output voltage that you would expect to observe across R; in the clamping ‘

circuit of Figure 2-43? Assume that RC is large enough to prevent significant capacitor

discharge.

—
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FIGURE 2-43 IC{‘

24V 10 \F
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Solution Ideally, a negative dc value equal to the input peak less the diode drop is in-
serted by the clamping circuit.

Vbe = —(Vpmy — 0.7V) = —(24V — 0.7 V) = =233V

Actually, the capacitor will discharge slightly between peaks, and, as a result, the out-
put voltage will have an average value of slightly less than that calculated previously.
The output waveform goes to-approximately 0.7 V above ground, as shown in Fig-
ure 2—44.

FIGURE 2-44
Output waveform for Figure 2—43. 0

-233V

Practice Exercise What output voltage would you observe across R, in Figure 243
if the polarity of the diode and the polarity of the capacitor were reversed?

2-7 REVIEW QUESTIONS

1. Discuss how diode limiters and diode clampers differ in terms of their function.
2. What happens if the diode is reversed in a limiter?

3. To limit the output of a positive limiter to +5 V when a +10 V peak input is applied,
what value must the bias voltage be?

4. What component in a clamper circuit effectively acts as a battery?

-3 B SPECIAL-PURPOSE DIODES

The preceding discussion of diodes has focused on applications that exploit the fact that
a diode is a one-way conductor. A number of diodes are designed for other applications.
In this section, several special-purpose diodes, namely the zener diode, the varactor
diode, the photodiode, and the light-emitting diode will be considered.
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After completing this section, you should be able to

O Explain the characteristics of four different special-purpose diodes
QO Describe the characteristic curve for a zener diode
U Show how a zener diode can be used as a basic regulator
O Explain how a varactor diode is used as a variable capacitor
4 Discuss the basic principles of light-emitting diodes (LEDs) and photodiodes

E

Zener Diodes !
Figure 245 shows the schematic symbol for a zener diode. The zener diode is a silicon ):m%t 2

junction device that differs from the rectifier diode in that it is designed for operation in the sp
reverse-breakdown region. Zeners with breakdown voltages of 1.8 V to 200 V are con:
mercially available. The breakdown voltage is set by carefully controlling the doping level
during manufacture. From the discussion of the diode characteristic curve in Section 24,

recall that when a diode reaches reverse breakdown, its voltage remains almost constan’

even though the current may change drastically. This volt-ampere characteristic is shova’

again in Figure 2-46.

FIGURE 2-45 Cathode (K)
Zener symbol.

Anode (A)

FIGURE 2-46 I (mA)
Diode IV characteristic curve.

Forward bias

Vi 1 i > Ve
Knee 0 0.7 h\\v"

A

Barrier potential

Reverse bias

\j
Ig (LA)

The principal applications of zener diodes are as a voltage reference and for voltag
regulators in low-current applications. As a regulator, zeners have limitations: they do no
have the high ripple rejection of integrated circuit regulators (discussed in Section 2—6) and
they can’t handle large load current changes. By combining a zener diode with a transista
or op-amp, better regulators can be constructed.
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Figure 2-47 shows the reverse portion of the characteristic curve of a zener diode. ‘

Notice that as the reverse voltage (Vi) is increased, the reverse current (/) remains ex-
tremely small up to the knee of the curve. At this point, the breakdown effect begins; the in-
ternal zener ac resistance begins to decrease as the reverse current increases rapidly. This
resistance is generally shown on a data sheet as impedance, Zz. From the bottom of the
knee, the zener breakdown voltage (V) remains essentially constant although it increases
slightly as I increases. This constant voltage region of the characteristic curve accounts
for the zener’s ability to regulate.

region

FIGURE 2-47 |

Reverse characteristic of a zener diode. V is usually Ve B \

pecified at the test current, Iy, and is designated Vzr. v, = pi=cgl !
>

Knee =g iiam o 1 Ik (zener knee current) ,I

i

|

___________ I, ¢ (zener test current)

———————————— I (zener maximum current)

Iy

A minimum value of reverse current, /i, must be maintained in order to keep the
diode in regulation. You can see on the curve in Figure 2-47 that when the reverse cur-
rent is reduced below the knee of the curve, the voltage decreases drastically and regula-
tion is lost. Also, there is a maximum current, /s, above which the diode may be dam-
aged. Thus, basically, the zener diode maintains a nearly constant voltage across its
terminals for values of reverse current ranging from Iz to Izy. A nominal zener voltage,
V.r, is usually specified on a data sheet at a value of reverse current called the zener test
current, lz.

Zener Equivalent Circuit Figure 2-48(a) shows the ideal approximation of a zener

diode in reverse breakdown. It acts simply as a battery having a value equal to the nominal

zener voltage. Figure 2-48(b) represents the practical equivalent of a zener, where the ]

zener impedance (Zy) is included. Since the actual voltage curve is not ideally vertical, a '

change in zener current (Al,) produces a small change in zener voltage (AVy), as illus- i

trated in Figure 2-48(c). )
By Ohm’s law, the ratio of AV to Al is the zener impedance, as expressed in the

following equation:

AV

Al 2-5)

i

Normally, Z, is specified at Iy, the zener test current. In most cases, you can assume that |
7, is constant over the full linear range of zener current values.




(a) Ideal

FIGURE 248
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(b) Practical

(c) Characteristic curve

Zener diode equivalent circuits and the characteristic curve illustrating Z .

I EXAMPLE 2-8

A certain zener diode exhibits a 50 mV change in V; for a 2 mA change in I on the
linear portion of the characteristic curve between Izx and I,y. What is the zener

impedance?
Solution _AVz;  50mV

- = =250
AIZ 2 mA

Zz

Practice Exercise Calculate the zener impedance if the zener voltage changes 120 mV
fora 15 mA change in zener current.

Zener Voltage Regulation As mentioned, zener diodes can be used for voltage reg
ulation in noncritical applications. Figure 2-49 illustrates how a zener diode can be used
to regulate a varying dc input voltage to keep it at a constant level. As you learned earlier,
this process is called line regulation. (See Section 2-6.)

As the input voltage varies (within limits), the zener diode maintains a nearly con-
stant voltage across the output terminals. However, as V}y changes, I will change propor-
tionally, and therefore the limitations on the input variation are set by the minimum an
maximum current values (I,x and /) with which the zener can operate and on the condi-
tion that Viy = V. R is the series current-limiting resistor. The bar graph on the DMM
symbols indicates the relative values and trends. Many DMMs provide analog bar graph
displays in addition to the digital readout. '
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DC power supply

I increasing

Vin=>Vz

(a) As the input voltage increases, the output voltage remains constant (Izg < Iz <Izy).

DC power supply

I decreasing

S

Vin>Vz
(b) As the input voltage decreases, the output voltage remains constant (Izg < Iz < Izy).

FIGURE 2-49
Zener regulation of a varying input voltage.

EXAMPLE 2-9

Figure 2-50 shows a zener diode regulator designed to hold 10 V at the output. Assume
the zener impedance is zero and the zener current ranges from 4 mA minimum (/zx) to
40 mA maximum (/). What are the minimum and maximum input voltages for these
currents?

FIGURE 2-50 R
Av & o
1.0 k2 N
10V

VI N %
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Solution For the minimum current, the voltage across the 1.0 k) resistor is
Vi = xR = (4 mA)(1.0 kQ)) =4V

SiﬂCC VR = VIN e Vz,

Vin=Vr + V=4V + 10V =14V

For the maximum zener current, the voltage across the 1.0 k{} resistor is
Vi = (40 mA)(1.0 k(2) = 40V

Therefore,
Vn =40V + 10V =50V

As you can see, this zener diode can provide line regulation for an input voltage |~
that varies from 14 V to 50 V and maintain approximately a 10V output. The output will
vary slightly from this value because of the zener’s impedance.

Practice Fxercise Determine the minimum and maximum input voltages that can be
regulated by the zener in Figure 2-51 if the minimum current (/zx) is 2.5 mA and the
maximum (/) is 35 mA.

FIGURE 2-51 R |
MWy F
630 0
T
V]hT
B
Varactor Diodes F
i V

Varactor diodes are also known as variable-capacitance diodes because the junction capac-
itance varies with the amount of reverse-bias voltage. Varactors are specifically designed (o r
take advantage of this variable-capacitance characteristic. The capacitance can be changed -
by changing the reverse voltage. These devices are commonly used in electronic tuning cir-
cuits used in communications systems.

A varactor is basically a reverse-biased pn junction that utilizes the inherent capac-
itance of the depletion region. The depletion region, created by the reverse bias, acts asa
capacitor dielectric because of its nonconductive characteristic. The p and n regions ar
conductive and act as the capacitor plates, as illustrated in Figure 2-52.

Recall that capacitance is determined by the plate area (A), dielectric constant (e,
and dielectric thickness (d), as expressed in the following formula: [

_ e
d

C

As the reverse-bias voltage increases, the depletion region widens, effectively in-
creasing the dielectric thickness and thus decreasing the capacitance. When the reverse-
bias voltage decreases, the depletion region narrows, thus increasing the capacitance. This
action is shown in Figure 2-53(a) and (b). A general curve of capacitance versus voltage is L
shown in Figure 2-53(c).

é
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Depletion
—_——

I

ey Erit T
Plate \ Plate

Dielectric
I I
| |
FIGURE 2-52

The reverse-biased varactor diode acts as a variable capacitor.

(IR

2 N
: <

Cr. diode capacitance (pF)
(3]
o]

1 10 100

Dielectric narrows

)W/.,. _J+|J/+ Vg, reverse voltage (V)

4) Greater reverse bias, less capacitance  (b) Less reverse bias, greater capacitance  (c) Graph of diode capacitance versus reverse voltage

IGURE 2-53
aractor diode capacitance varies with reverse voltage.

In a varactor diode, the capacitance parameters are controlled by the method of dop-
ing in the depletion region and the size and geometry of the diode’s construction. Varactor
capacitances typically range from a few picofarads to a few hundred picofarads.

Figure 2-54(a) shows a common symbol for a varactor, and Figure 2-54(b) shows a
simplified equivalent circuit. The internal reverse series resistance is labeled r,, and the
variable capacitance is labeled Cy.

FIGURE 2-54
Varactor diode.

(a) Symbol (b) Equivalent circuit
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Applications A major application of varactors is in tuning circuits. For example, elec-
tronic tuners in TV and other commercial receivers utilize varactors as one of their ele-
ments. When used in a resonant circuit, the varactor acts as a variable capacitor, thus al-
lowing the resonant frequency to be adjusted by a variable voltage level, as illustrated in
Figure 2-55 where two varactor diodes provide the total variable capacitance in a parallel
resonant (tank) circuit. V- is a variable dc voltage that controls the reverse bias and there:
fore the capacitance of the diodes.
Recall that the resonant frequency of the tank circuit is

1
I =

2V LC
This approximation is valid for Q > 10.
FIGURE 2-55 Rg
Varactors in a resonant circuit. —AMWY *
v,

+Ve
4 (variable dc) =

I EXAMPLE 2-10 The capacitance of a certain varactor can be varied from 5 pF to 50 pF. The diode is ! j
used in a tuned circuit similar to that shown in Figure 2-55. Determine the tuning range
for the circuit if L = 10 mH.

Solution The equivalent circuit is shown in Figure 2-56. Notice that the varactor ca-
pacitances are in series; the total minimum capacitance is the product-over-sum of the
individual capacitor’s minimum value.

C](minJCE(min) o5 (5 PF)(S PF) -

Crgminy = = 2.5.pF
g 4 C][minj iy Cl(min] 5 pF & 5 PF p
FIGURE 2-56 Rg
Wy
G 7é 5-50 pF 1
V.o L ]
& () L % 10 mH 3
Cy == 5-50 pF !
|
The maximum resonant frequency, therefore, is T
£k = I = : =1 MHz ;
) 2V LCremm 2V(10 mH)(2.5 pF) :
The maximum total capacitance is .
C max Cl max 50 pF)(50 pF
1max)Camaxy (50 pF)( p)=25pF

C = T
el T vt  Covnngy . SOPE & Sk

—
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The minimum resonant frequency, therefore, is
1 1

f min) — ™ = 318 kHz
T VL 2mV(10 mH)(25 pF)

Practice Exercise Determine the tuning range for Figure 2-56 if L = 100 mH.

Light-Emitting Diodes (LEDs)

As the name implies, the light-emitting diode is a light emitter; LEDs are used as indica-
tors (such as in logic probes), in displays such as the familiar seven-segment displays used
in many digital clocks, and as sources for optical fiber communication systems. IR-
emitting diodes, related to LEDs, are used in optical coupling applications (such as isolat-
ing electrocardiogram sensors on a patient from the measuring instrument) and in remote
control applications.

The basic operation of the light-emitting diode (LED) is as follows: When the device
is forward-biased, electrons cross the pn junction from the n region and recombine with
holes in the p region. These free electrons are in the conduction band and are at a higher en-
ergy level than the holes in the valence band. When recombination takes place, the recom-
bining electrons release energy in the form of heat and light. A large exposed surface area
on one layer of the semiconductive material permits the photons to be emitted as visible
light. Figure 2-57 illustrates this process which is called electroluminescence.

FIGURE 2-57 Light energy

Electroluminescence in an LED.
+

RHAL R LY

The semiconductive materials used in LEDs are gallium arsenide (GaAs), gallium
arsenide phosphide (GaAsP), and gallium phosphide (GaP). Silicon and germanium are
not used because they are essentially heat-producing materials and are very poor at pro-
ducing light. GaAs LEDs emit infrared (IR) radiation, which is invisible. GaAsP produces
either red or yellow visible light, and GaP emits red or green visible light. LEDs that emit
blue light are also available. Two commonly used LED symbols are shown in Figure 2-58.

FIGURE 2-58
LED symbols. //4 ,/»5

The LED emits light in response to a sufficient forward current (), as shown in Fig-
ure 2-59(a). The amount of power output translated into light is directly proportional to the
forward current, as indicated in Figure 2-59(b). Typical LEDs are shown in Figure 2-59(c).
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Ve
Vil
b
=
(=¥
3
. :
=
R I | 4 2
Vig
- %
1 > ]
[ I’ 0 i
(a) Forward-biased operation (b) General light output versus forward current
Cathode Anode Anode
(lead on right (longer lead) (lead near tab)

looking from front)

(c)

FIGURE 2-59
Operation of an LED.

The Photodiode

The photodiode is a pn junction device that operates in reverse bias, as shown in Figure
2-60(a), where I, is the reverse current. Note the schematic symbol for the photodiode,

The photodiode has a small transparent window that allows light to strike the pn junction.

Alternate photodiode symbols are shown in Figure 2—60(b).

FIGURE 2-60

- oD
Photodiode. u

1l >
Vi

(a) Reverse-bias operation (b) Alternate symbols

Recall that when reverse-biased, a rectifier diode has a very small reverse leakage
current. The same is true for the photodiode. The reverse-biased current is produced by
thermally generated electron-hole pairs in the depletion region, which are swept across the
junction by the electric field created by the reverse voltage. In a rectifier diode, the reverse’
leakage current increases with temperature due to an increase in the number of electron-+
hole pairs.
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In a photodiode, the reverse current increases with the light intensity at the pn junc-
tion. When there is no incident light, the reverse current (f,) is almost negligible and is
called the dark current. An increase in the amount of light energy (measured in lumens per
square meter, Im/m?) produces an increase in the reverse current, as shown by the graph in
Figure 2-61(a). For a given value of reverse-bias voltage, Figure 2-61(b) shows a set of
characteristic curves for a typical photodiode.

[1 (HA)
]

800

6001

400 -

i

200

Dark current — ; ; : : : | Light intensity (Im/m?)
1000 2000 3000 4000 5000 6000

(a)

—3 -4 -3 -2 -1 0 +0.5
Ve (V) T T T T T > VEi(V)

i 0 Im/m>
Dark current 10,0005 =100 |-
15,000 Im/m?
B e |
20,000 lm/m?
=300

25.000 Im/m?2 17

1, , reverse current (LA)
(b)

FIGURE 2-61
Typical photodiode characteristics.

From the characteristic curve in Figure 2-61(b), the dark current for this particular
device is approximately 35 wA at a reverse-bias voltage of —3 V. Therefore, the reverse re-
sistance of the device with no incident light is
_Va_ 3V

I 35 pA
At 25,000 Im/m°, the current is approximately 400 pA at —3 V. The resistance under this
condition is

v, 3V
=R =—"=75k0
L, 400 pA

R =
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These calculations show that the photodiode can be used as a variable-resistance de
vice controlled by light intensity.

Figure 2-62 illustrates that the photodiode allows essentially no reverse current (ex-
cept for a very small dark current) when there is no incident light. When a light bean
strikes the photodiode, it conducts an amount of reverse current that is proportional to the
light intensity.

Light OFF Light ON

Veg

IF Il 1
+ 1= +|'7=
(a) No light, no current except (b) When there is incident light,
negligible dark current resistance decreases and there is

reverse current.

FIGURE 2-62
Operation of a photodiode.

2--8 REVI EW QUESTIONS

1 How are zener dlodes nurmally operated" :
2. What does the parameter Iy refer to?
3, What is the purpose of a varacter diode?

4. Based on the general curve in Fxgure 235 S(c), what happens to thc dmde capacnm
; when the reverse voltage is mcreased" .

& Llst some senuconducttve matenais used fm; LEDs

6. There is a small current ina photodmde under no-hghx condmons' . Wh&t is ﬂus ¢
rent called?

2-9 W THE DIODE DATA SHEET

A manufacturer’s data sheet gives detailed information on a device so that it can be used
properly in a given application. A typical data sheet provides maximum ratings, electri
cal characteristics, mechanical data, and graphs of various parameters.

After completing this section, you should be able to

O Interpret and use a diode data sheet _""; A
O Identify maximum voltage and current ratings
U Determine the electrical characteristics of a diode i
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1 Analyze graphical data
O Select an appropriate diode for a given set of specifications

Table 2—1 shows the maximum ratings for a certain series of rectifier diodes (I1N4001
through 1N4007%). These are the absolute maximum values under which the diode can be
operated without damage to the device. For greatest reliability and longer life, the diode
should always be operated well under these maximums. Generally, the maximum ratings
are specified at 25°C and must be adjusted downward for greater temperatures. (Appendix |
A has the data sheets for the 1N4001-1N4007 series.) '

ABLE 2-1 |

= ol o wy ~ i
Rating Symbol | = = & = o~ = = Unit }

I

Peak repetitive reverse voltage VirrMm |
Working peak reverse voltage Vewm 50 100 200 400 600 800 1000 A%
DC blocking voltage Ve
Nonrepetitive peak reverse voltage VrsMm 60 120 240 480 720 1000 1200 v
ms reverse voltage VE(ms) 35 70 140 280 420 560 700 A% ‘.

Average rectified forward current
(single-phase, resistive load, Io 1.0 A 1
§0Hz, T, = 75°C) |

Nonrepetitive peak surge current |
(surge applied at rated load Igsm 30 (for 1 cycle) A %
conditions)

Operating and storage junction i ]
temperature range Ty, Tae 65to +175 C

An explanation of some of the parameters from Table 21 follows. |

Verm  The maximum reverse peak voltage that can be applied repetitively across the ;
diode. Notice that in this case, it is 50 V for the IN4001 and 1 kV for the IN4007. !

This is the same as PIV rating.
Vi The maximum reverse dc voltage that can be applied across the diode. ‘
Vesm  The maximum reverse peak value of nonrepetitive (one-cycle) voltage that can be
applied across the diode.
Io The maximum average value of a 60 Hz rectified forward current.
Tesm The maximum peak value of nonrepetitive (one-cycle) forward current. The graph
in Figure 2-63 expands on this parameter to show values for more than one cycle
at temperatures of 25°C and 175°C. The dashed lines represent values where typ-

ical failures occur. Notice what happens on the lower solid line when ten cycles of i
Iy are applied. The limit is 15 A rather than the one-cycle value of 30 A.

“ Data sheet for IN4001-1N4007 available at http://www.onsemi.com
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Virwm applied after s
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P
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i

50 =i =

8.3 5 TEV 5

1 cycle

Tgsms peak half—sinusoidal current (amps)

5
1.0 205550 505 1.0 =18

20

Number of cycles

————— Typical failures when surge applied at no-

load conditions 7y = 25°C

load conditions T = 25°C

Design limits when surge applied at no-

30 50 70

————— Typical failures when surge applied at rated-

load conditions Ty = 175°C

load conditions T} = 175°C

FIGURE 2-63
Nonrepetitive forward surge current capability.

Design limits when surge applied at rated-

Table 2-2 lists typical and maximum values of certain electrical characteristics
the 1IN4001-1N4007 series. These items differ from the maximum ratings in that they
not selected by design but are the result of operating the diode under specified conditi

A brief explanation of these parameters follows.

TABLE 2-2
Electrical characteristics.
- Characteristics and Conditions Symbol | Typical | Maximum | U
Maximum instantaneous forward voltage drop VE 0.93 1.1 A
(Ig=1A,T; = 25°C)
Maximum full-cycle average forward voltage drop VEave) - 0.8 N/
(Io = 1A, Ty, = 75°C, 1 in. leads)
Maximum reverse current (rated dc voltage) In
Ty = 25°C 0.05 10.0
Ty = 100°C 1.0 50.0
Maximum full-cycle average reverse current IRGave) — 30.0
(Io = 1A, T, = 75°C, 1 in. leads)
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FIGURE 2-64
Forward voltage (V) versus forward current (Ip).

The instantaneous voltage across the forward-biased diode when the forward ;

Vg
current is 1 A at 25°C. Figure 2-64 shows how the forward voltages vary with
forward current.

Vi@ve  The maximum forward voltage drop averaged over a full cycle (also shown as

Vi on some data sheets).
Ir The maximum current when the diode is reverse-biased with a dc voltage.
The maximum reverse current averaged over one cycle (when reverse-biased
with an ac voltage).
Th. The lead temperature.

IR(avg)

Figure 2-65 shows a selection of rectifier diodes arranged in order of increasing /o,
Ipsm, and VRRM ratings.
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I, Average Rectified Forward Current (Amperes)
10 R : 3.0 i 6.0
59-03 59-04 60-01 267-03 267-02 194-04
(DO-41) Plastic Metal Plastic Plastic Plastic
Plastic
Viiem
(Volts)
50 1N4001 IN5391 IN4719 MRS500 1N5400 MR750
100 1N4002 1N5392 IN4720 MR501 IN5401 MR751
1N5393
200 1N4003 MR5059 1N4721 MR502 1N5402 MR752
- IN5395
¢ 4&0_ 1N4004 MR5060 1N4722 MR504 1N5404 MR754
IN5397
600 IN4005 bt IN4723 MRS506 IN5406 MR756
800 1N4006 1N5398 IN4724 MR508 MR758
1000 IN4007 IN5399 IN4725 MRS510 MR760
T | _ TF ]
A | 30 L ih 300 100 200 400
T, @ Rated : ! - :
- ¢0) 9 75 _ T,=70 7 95 T, =105 60
T, @ Rated I, S e e
°C) |
S e
1Mat) 175 175 175 aghd 175 175
(°C) e
T, Average Rectified Forward Current (Amperes)
z 24 a5l T 40 50 25 a0
245A-02 339-02 193-04 43-02 42A-01 43-04 309A-03 309A-02
(DO-203AA) (DO-21) (DO-203AB) p.
Metal Plastic Plastic Metal Metal Metal
"'/\ 1
S Yo
Virm
(Volts)
MR1120 i
50 IN1199.A5| MR2000 | MR2400 | MR2500 IN3491 IN3659 | INIIS3A | MRS005 || MDA2500 | MDA3500
L |
100 ]m;}{;ij B MR2001 MR2401 MR2501 1N3492 IN3660 INT184A MRS010 MDAZ2501 MDA3501
200 Im}}é,'fﬂ MR2002 | MR2402 | MR2502 IN3493 IN3661 IN1186A | MRS5020 || MDA2502 | MDA3502 | MDA400 |
400 lm‘z‘;ﬁjﬂ MR2004 - | MR2404 | MR2504 1N3495 IN3663 | INI188A | MRS040 || MDA2504 | MDA3504 | MDA4004 |
MR1126
600 IN1206.A.B MR2006 MR2406 MR2506 INT190A MDA2506 MDA3506 MDA4006
800 MRI1128 | MR2008 MR2508 MDA2508 | MDA3508 | MDA400g |
1000 MR1130 MR2010 MR2510 MDA2510 MDA3510
7 : - ;
P 300 400 400 400 300 400 800 600 400 400 800
T, @ Rated I, j il S
(°C)
¢®(5(’:)“’“° a0 sl e 150 130 100 150 150 55 55 35
T, (Max) ! | : ' _ i b
‘o) : 190 175 el T el 175 e 195 | i 175
FIGURE 2-65

A selection of rectifier diodes based on maximum ratings of 1o, Irsy, and Vg
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2-9 REVIEW QUESTIONS |
: 1. List the three rating categories typically given on all diode data sheets. il
2. Define each of the following parameters: Vi, Iy, and /. ,
S Define Ieer Voo a8 Vo :

4. From Figure 2-65, select a diode to meet the following specifications: Ip = 3 A,
IFSM = 300 A, and VRRM =100V. i

2-10 @ TROUBLESHOOTING

The backbone for nearly all electronic circuits is the power supply. Several types of fail-
ures can occur in power supplies. In this section, we will expand on our earlier coverage
of troubleshooting by looking at specific power supply failures and the effects they would .‘
have on the supply’s operation. Then we’ll look at one more example of how you might ;|
troubleshoot a regulated power supply.

After completing this section, you should be able to

[ Troubleshoot a power supply using accepted techniques
U Discuss the steps in forming a troubleshooting plan
O Explain fault analysis
O Describe symptoms that are likely for different failures

As discussed in Section 1-5, the first step in troubleshooting is to analyze the clues (symp-
toms) of a failure. These clues should lead to a logical plan for troubleshooting. The plan
for a circuit that has never worked will be different than one that has been working. The
history of past failures, or failures in a similar circuit, can also be a clue to a failure. il

It is always useful to have a good understanding of the circuit you are troubleshoot- J
ing and a schematic. There is no one plan that fits all situations; the one to use depends on i
the type and complexity of the circuit or system, the nature of the problem, and the prefer-
ence of the individual technician. i

A Troubleshooting Plan ;

Above all else, efficient troubleshooting requires logical thinking and a plan that will find
the simple problems (such as a blown fuse) quickly. As an example, consider the following
plan for troubleshooting a power supply that has failed in operation.

Step 1:  Ask questions of the person reporting the trouble. When did it fail? (Right after
it was plugged in? After running for 2 hours at maximum current out?) How do J
you know it failed? (Smoke? Low voltage?) i

Step 2: Power check: Make sure the power cord is plugged in and the fuse is not burned
out. Check that the controls are set for proper operation. Something this simple is
often the cause of the problem. Perhaps the operator did not understand the cor-
rect settings required for controls.

Step 3: Sensory check: Beyond the power check, the simplest troubleshooting method
relies on your senses of observation to check for obvious defects. Remove
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power, open the supply, and do a visual check for broken wires, poor solder cf
nections, burned out fuses, and the like. Also, when certain types of componen
fail, you may be able to detect a smell of smoke if you happen to be there wh
it fails or shortly afterward. Since some failures are temperature dependent, yo
can sometimes use your sense of touch (carefully!) to detect an overheated com:
ponent.

Step 4: Isolate the failure. Apply power to the supply while it is on the bench and trag
the voltage. As described in Section 1-5, you can start in the middle of the circu
and do half-splitting or check the voltage at successive test points from the inps
side until you get an incorrect measurement. Some problems are more diffic
than simply finding no voltage, but tracing should isolate the problem to an ar
or a component.

Having reviewed a plan for troubleshooting, let’s turn to fault analysis. When yo
find a symptom, you next need to ask the question, If component X fails in the circuit, whi
are the symptoms? You will apply fault analysis when you find an incorrect voltage
waveform. For example, assume you observe high ripple at the input to a regulator. Froa
your knowledge of circuit operation, you might reason that a defective or incorrect vali
capacitor could be the culprit. The following discussion describes four possible failur
and gives more examples of fault analysis.

Open Fuse or Circuit Breaker

An overcurrent-protection device is essential to virtually all electronic equipment. Theg
devices prevent damage to the equipment in case of a failure or an overload condition ar
reduce the probability of a violent failure. Overcurrent-protection devices include fuse
circuit breakers, solid-state current-limiting devices, and thermal overload devices. Th
circuit breakers for the ac line cannot be counted on to protect electronic devices as the
only open when the current is 15 A or more in the ac line, far too high to offer protectionl
most electronic equipment.

If a single fuse is present, it is usually on the primary side of the transformer, and wi
be rated for 115 or 230 VAC at a current that is consistent with the maximum power rati
of the supply. Frequently, protection devices may also be included on the secondary sidk
especially if a single transformer has multiple outputs. A fuse is designed to carry its ra
current indefinitely (and will typically carry 120% of its rated current for several hour|
Fuses are available in fast- and slow-blow versions. A fast-blow fuse opens in a few mi
liseconds when overloaded; a slow-blow fuse can survive transient overloads such as o¢
curs when power is first applied. Most of the time, slow-blow fuses should be used on th
ac side of a power supply circuit.

Testing for an open fuse is relatively simple. Glass fuses can be checked by inspe
tion or checked with an ohmmeter (be certain power is disconnected from the circuit).]
power is still applied, a blown fuse will have voltage across it (provided there are no othg
opens in the path, such as a switch). Usually an open fuse is symptomatic of a short circi
or overload; however, fuses can have fatigue failure and may be the only problem in i
circuit.

Before replacing a blown fuse, the technician should check for the cause. If the fus
simply opered, it may be a fatigue failure. If the fuse has blown violently (as evidenced}
complete vaporization of the wire inside), it is most likely that it opened due to anoth
problem. Look for a short circuit with an chmmeter; it can be the load, the filter capacit
or other component that has shorted. Look for any visible signs of an overheated or dan
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aged component. If the fuse is replaced, it is important to replace it with the identical type
and current rating as specified by the manufacturer. The wrong fuse can cause further dam-
age and may be a safety hazard.

Open Diode

Consider the full-wave, center-tapped rectifier in Figure 2-66. Assume that diode D, has
failed open. This causes diode D, to conduct on only the negative cycle. With an oscillo-
scope connected to the output, as shown in part (a), you would observe a larger-than-
normal ripple voltage at a frequency of 60 Hz rather than 120 Hz. Disconnecting the filter
capacitor, you would observe a half-wave rectified voltage, as in part (b).

Open

: ol

e,

60 Hz i
zin ’I

D,
(a) Ripple should be less and have a frequency of 120 Hz. Instead it is greater in amplitude with a frequency
of 60 Hz.

o s I 60 Hz
half-wave |§

D,
(b) With C removed, output should be a full-wave 120 Hz signal. Instead it is a 60 Hz, half-wave voltage.

FIGURE 2-66
Symptoms of an open diode in a full-wave, center-tapped rectifier.

With the filter capacitor in the circuit, the half-wave signal will allow it to discharge
more than it would with a normal full-wave signal, resulting in a larger ripple voltage. Ba-
sically, the same observations would be made for an open failure of diode D,.

An open diode in a bridge rectifier would create symptoms identical to those just dis-
cussed for the center-tapped rectifier. As illustrated in Figure 2-67, the open diode would
prevent current through R, during half of the input cycle (in this case, the negative half).
As a result, there would be a half-wave output and an increased ripple voltage at 60 Hz, as
discussed before.
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SVAVE ..

FIGURE 2-67

Effect of an open diode in a bridge rectifier. A half-wave operation results in an increased ripple

at 60 Hz.

Generally, the easiest test for an open diode in a full-wave power supply is to m
sure the ripple frequency. If the ripple frequency is the same as the input ac frequency, |
for an open diode or a connection problem with a diode (such as a cracked trace).

Shorted Diode

A shorted diode is one that has failed such that it has a very low resistance in both direc
tions. If a diode suddenly became shorted in a bridge rectifier, normally a fuse would bl
or other circuit protection would be activated. If the supply was not protected by a fuse,
shorted diode will most likely cause the transformer to be damaged or cause the o
diode in series to open, as illustrated in Figure 2-68.

In part (a) of Figure 2-68, current is supplied to the load through the shorted diod
during the first positive half-cycle, just as though it were forward-biased. During the neg
tive half-cycle, the current is shorted through D, and D,, as shown in part (b). It is this e
cessive current that leads to the second failure; hence, when a shorted diode is discove
it is a good idea to check other components for a failure.

Shorted or Leaky Filter Capacitor

Electrolytic capacitors can appear shorted (or have high “leakage” current) when they fail
One cause of failure that produces symptoms of a short occurs when an electrolytic capac
itor is put in backwards, an error that can happen with newly manufactured circuit board&-i
As in the case of a shorted diode, the normal symptom is a blown fuse due to excessive cur

rent. A leaky capacitor is a form of partial failure; it can be represented by a leakage resis

tance in parallel with the capacitor, as shown in Figure 2-69(a). The effect of the leakag
resistance is to reduce the discharging time constant, causing an increase in ripple voltage
on the output, as shown in Figure 2-69(b). A leaky capacitor may simply overheat; a c&
pacitor should never show signs of overheating. For an unfused supply, a shorted capacitor
would most likely cause one or more diodes or the transformer to open due to excessi
current. In any event, there would be no dc voltage on the output.

When a defective capacitor is replaced, it is important to observe the working voli
age specification as well as the size of the capacitor. If the working voltage specification s
exceeded, the replacement is likely to fail again. In addition, it is vitally important to ob-
serve the polarity of the capacitor. An electrolytic capacitor installed backwards can liter:

ally explode.



103 W TROUBLESHOOTING

(a) Positive half-cycle: The shorted diode acts as a forward-biased diode, so the load current is normal. D; and
D, are reverse-biased.

D, <+— Shorted

~C R, V

oul

=0V

O—

(b) Negative half-cycle: The shorted diode places forward-biased Dy across the secondary. As a result Dy, Dy,
or the transformer secondary will probably burn open, or a fuse (not shown) will open.

FIGURE 2-68
Effect of shorted diode in a bridge rectifier. Conducting paths are shown in color.

T (RL " th'uk)c

Rj,qi causes faster-than-normal discharge,
producing increased ripple.

(a) (b)
FIGURE 2-69

Effect of a leaky filter capacitor on the output of a full-wave rectifier. The capacitor has a dc path
simulating a parallel resistance to the load.
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Troubleshooting a Regulated Power Supply

As indicated at the beginning of this section, the plan for repairing any electronic equi
ment depends on the observed symptoms. Let’s assume you have a supply like the ox
shown previously in Figure 2-28 that has blown a fuse immediately after it was connecte
to a printed circuit card. Your thinking might go like this: “The power supply was working
fine until I added the card; perhaps I exceeded the current limit of the supply.” Here yu
have considered the conditions and hypothesized a possible cause. The first step then ist
remove the load and test the supply to see if this clears the problem. If so, then check
current requirement of the card that was added, or check to see if it is drawing too mud
current. If not, the problem is in the supply.

What if a power supply is completely dead but has a good fuse? In this case, st
tracing the voltage to isolate the problem. For example, you could check for voltage on the
primary of the transformer; if there is voltage, then test the secondary voltage. If the pi
mary does not have voltage, check the path for the ac—the switch and connections to th
transformer. If a single open is in series with the ac line, the full ac voltage will appex
across that open.

Let’s assume you have found that the transformer has ac on the primary but no volt
age on the secondary. This indicates that the transformer is open, either the primary orlhe
secondary winding. An ohmmeter should confirm this. Before replacing it, you should lodk
why the failure occurred. Transformers seldom fail if they are operated properly. The like
lihood is that another component shorted in the circuit. Look for a shorted diode or capac:
itor as an initial cause.

As previously stated, the exact strategy for troubleshooting depends on what is fount
at each step, the ease of making a particular test, and the likely cause of a failure. The ke
is that the technician use a series of logical tests to reduce the problem to the exact cause,

2-10 REVIEW QUESTIONS

1. What would you expect to see if Rl of the power supply in Flgure 2-29 were open?
2. You are checking a 60 Hz full-wave bridge rectifier and observe that the output hasa
60 Hz ripple. What failure(s) do you suspect‘? ]

3. You observe that the output ripple of a full-wave rectifier is much greater than nor-
mal but 1ts frequcncy is st111 120 Hz. What component do you suspect? '

2-11 W A SYSTEM APPLICATION

The dc power supply in any electronic system provides to all parts of the system a con
stant dc voltage and sufficient dc current from which all the circuits operate. In othe
words, the dc power supply energizes the system. In this section, you will be dealing will
the dc power supply in a radio receiver system.

After completing this section, you should be able to

O Apply what you have learned in this chapter to a system application
O See how a diode rectifier is used in a system application
O See how the filter operates in a system application
O See how the 110 V ac voltage from a standard outlet is converted to the dc supp
voltage
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QO Translate between a printed circuit (PC) board and a schematic
QO Troubleshoot some common power supply failures

A dc power supply PC board with the components assembled on it represents a principal
application of the diode and the full-wave bridge rectifier as well as the filter capacitor and
an integrated circuit regulator. You should now be familiar with how all of these compo-

nents work together to make a power supply.

Now, so that you can take a closer look at the power supply, let’s take it out of the system
and put it on the troubleshooter’s bench.

TROUBLESHOOTER’S BENCH

. by Suie - g v L i Ui Al a4 a

Identifying the Components

On the PC board shown in Figure 2-70, the diodes are labeled D1, D2, D3, and D4. The
banded end of the diode is the cathode, as indicated in Figure 2-71(a). The capacitors are
labeled C1 and C2. These are cylindrical electrolytic capacitors as shown in Figure
2-71(b). Capacitor C1 filters the input to the regulator. Capacitor C2 removes any noise

FIGURE 2-70 :

Anode Cathode

e

(a) Rectifier diode (b) Electrolytic (c) Integrated circuit voltage
capacitor regulator with a heat sink

FIGURE 2-71



110V ac

FIGURE 2-72
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spikes that appear on the line and improves the transient response of the power supy
The 3-terminal voltage regulator is labeled IC1. The thick bracket-shaped object is a h
sink for conducting heat away from the device. A pictorial view is shown in Fig
2-T71(c). Recall that IC voltage regulators were discussed in Section 2—6. The regulator
this circuit is a 7812. Also mounted in the power supply are the transformer (T1) and
fuse (F1).

M ACTIVITY 1 Relate the PC Board to the Schematic

Carefully follow the conductive traces on the PC board to see how the components arei
terconnected. Compare each point (A through J) on the PC board with the correspondit
point on the schematic in Figure 2-72. This exercise will develop your skill in going f
a PC board to a schematic or vice versa—a very important skill for a technician. Noi
that the IC regulator on the PC board has been drawn to let you see the connections ai
traces under it. For each point on the PC board, place the letter of the corresponding poi
or points on the schematic.

D\—D, are IN4001 silicon rectifier diodes, = = =

B ACTIVITY 2 Analyze the Power Supply Circuit

With 110 V rms applied to the input, determine what the voltages should be at each poin

indicated (1, 2, 3, and 4) in Figure 2-73 using the oscilloscope or digital multimeter as i
dicated.
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1 (scope)

3 (DMM) 4 (DMM)

B ACTIVITY 3 Write a Technical Report

Discuss the detailed operation from input to output including voltage values Tell what
each component does and why it is in the circuit.

= B ACTIVITY 4 Troubleshoot the Power Supply for each of the Following
Problems by Stating the Probable Cause or Causes

Refer to Figure 2-73.

. No voltage at point 1.

. No voltage at point 2.

. A full-wave 120 Hz voltage with a peak value of about 15 V at point 2.
A large 120 Hz ripple voltage with a peak of about 15 V at point 2.

A half-wave 60 Hz voltage with a peak of about 15V at point 2.

15 V dc at point 2 but no voltage at point 4.

EE PR S

cororR: M ACTIVITY 5 Troubleshooter’s Bench Special Assignment

INSERT
Go to Troubleshooter’s Bench 1 in the color insert section and carry out the assignment

stated there.

11 REVIEW QUESTIONS

1. List the major parts that make up a basm regulated dc power supply
2. What is the purpose of a power supply in a system application?
-3 What is the mput voltage to a typical power supply? i
4. From the data sheet for the IN4001 diode in Appendix A, detcrmme its PIV : 1
5. Are the diodes used in this power supply operating close to their PIV raimg?_ G
6. Whati is the purpose of capamtor C, in the power supply? '
_ o What is the purpose of capacitor C, in the power supply?
,' 8. Why is the voltage regulator connected to a heat smk" _

9. What do you think would happen if C’z were open? _____
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B SUMMARY

® The Bohr model of an atom consists of a nucleus containing positively charged protons and i
charged neutrons orbited by negatively charged electrons.

= Atomic shells are energy bands. The outermost shell containing electrons is the valence shell.

® Silicon is the predominant semiconductive material.

= Atoms within a semiconductor crystal structure are held together with covalent bonds.

® Electron-hole pairs are thermally produced.

® A p-type semiconductor is made by adding trivalent impurity atoms to an intrinsic (pure) s
conductor.

® An n-type semiconductor is made by adding pentavalent impurity atoms to an intrinsic (p
semiconductor.

= The depletion region is a region adjacent to the pn junction containing no majority carriers.

® Forward bias permits majority carrier current through the pn junction.

® Reverse bias prevents majority carrier current.

® A pn junction is called a diode.

® Reverse breakdown occurs when the reverse-biased voltage exceeds a specified value.

® Three types of rectifiers are the half-wave, the center-tapped full-wave, and the bridge. The cen
tapped and the bridge are both types of full-wave rectifiers.

® The single diode in a half-wave rectifier conducts for half of the input cycle and has the entire o
put current in it. The output frequency equals the input frequency.

® Each diode in the center-tapped full-wave rectifier and the bridge rectifier conduct for one-half
the input cycle but share the total current. The output frequency of a full-wave rectifier is twice
input frequency.

® The PIV (peak inverse voltage) is the maximum voltage appearing across a reverse-biased di

® A capacitor-input filter provides a dc output approximately equal to the peak of the input.

® Ripple voltage is caused by the charging and discharging of the filter capacitor.

® Three-terminal integrated circuit regulators provide a nearly constant dec output from an un
lated dc input.

® Regulation of output voltage over a range of input voltages is called input or line regulation.

® Regulation of output voltage over a range of load currents is called load regulation.

= Diode limiters (clippers) cut off voltage above or below specified levels.

® Diode clampers add a dc level to an ac signal.

B The zener diode operates in reverse breakdown.

® A zener diode maintains an essentially constant voltage across its terminals over a specified r
of zener currents.

® Zener diodes are used to establish a reference voltage and in basic regulator circuits.
® A varactor diode acts as a variable capacitor under reverse-biased conditions.
® The capacitance of a varactor varies inversely with reverse-biased voltage.

® Diode symbols are shown in Figure 2-74.

.
Sy e e

(a) Rectifier (b) Zener (c) Varactor (d) LED (e) Photodiode

FIGURE 2-74
Diode symbols.
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B GLOSSARY

Key terms are in color. All terms are included in the end-of-book glossary.

Anode (semiconductor diode definition) The terminal of a semiconductor diode that is more posi-
tive with respect to the other terminal when it is biased in the forward direction.

Barrier potential The inherent voltage across the depletion region of a pn junction.

Bias The application of dc voltage to a diode or other electronic device to produce a desired mode
of operation.

Cathode (semiconductor diode definition) The terminal of a diode that is more negative with re-
spect to the other terminal when it is biased in the forward direction.

Center tap A connection at the midpoint of the secondary of a transformer.

Clamper A circuit that adds a dc level to an ac signal; also called a dc restorer.

Conduction electron An electron that has broken away from the valence band of the parent atom
and is free to move from atom to atom within the atomic structure of a material; also called a free
electron.

Covalent bond A type of chemical bond in which atoms share electron pairs.

Crystal A solid in which the particles form a regular, repeating pattern.

Depletion region The area near a pn junction on both sides that has no majority carriers.

Diode An electronic device that permits current in only one direction.

Discrete device An individual electrical or electronic component that must be used in combination
with other components to form a complete functional circuit.

Doping The process of imparting impurities to an intrinsic semiconductive material in order to
control its conduction characteristics.

Electroluminescence The process of releasing light energy by the recombination of electrons in a
semiconductor.

Electron The basic particle of negative electrical charge in matter.

Energy The ability to do work.

Filter A type of electrical circuit that passes certain frequencies and rejects all others.

Forward bias The condition in which a pn junction conducts current.

Full-wave rectifier A circuit that converts an alternating sine wave into a pulsating dc voltage con-
sisting of both halves of a sine wave for each input cycle.

Germanium A semiconductive material.

Half-wave rectifier A circuit that converts an alternating sine wave into a pulsating dc voltage con-
sisting of one-half of a sine wave for each input cycle.

Hole A mobile vacancy in the electronic valence structure of a semiconductor. A hole acts like a
positively charged particle.

Integrated circuit (IC) A type of circuit in which all the components are constructed on a single
tiny chip of silicon. ¢

Intrinsic (pure) An intrinsic semiconductor is one in which the charge concentration is essentially
the same as a pure crystal with relatively few free electrons.

Ion Anatom that has gained or lost a valence electron resulting in a net positive or negative charge.
Light-emitting diode (LED) A type of diode that emits light when there is forward current.
Limiter A circuit that removes part of a waveform above or below a specified level; also called a
clipper.

Line regulation The change in output voltage for a given change in line (input) voltage, normally
expressed as a percentage.

Load regulation The change in output voltage for a given change in load current, normally ex-
pressed as a percentage.
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Photodiode A diode whose reverse resistance changes with incident light.
PN junction The boundary between n-type and p-type materials.

Power supply A device that converts ac or dc voltage into a voltage or current suitable for usel
various applications to power electronic equipment. The most common form is to convert ac from
utility line to a constant dc voltage.

Recombination The process of a free electron in the conduction band falling into a hole in the
lence band of an atom.

Rectifier An electronic circuit that converts ac into pulsating dc.

Regulator An electronic circuit that is connected to the output of a rectifier and maintains an
sentially constant output voltage despite changes in the input, the load current, or the temperature.

Reverse bias The condition in which a pn junction blocks current.

Ripple voltage The variation in the dc voltage on the output of a filtered rectifier caused by &
slight charging and discharging action of the filter capacitor.

Semiconductor A material that has a conductance value between that of a conductor and that of
insulator. Silicon and germanium are examples.

Shell An energy level in which electrons orbit the nucleus of an atom.
Silicon A semiconductive material used in diodes and transistors.
Terminal An external contact point on an electronic device.

Valence electron  An electron in the outermost shell or orbit of an atom.
Varactor A diode that is used as a voltage-variable capacitor.

Voltage regulation The process of maintaining an essentially constant output voltage over var
tions in input voltage or load.

Zener diode A type of diode that operates in reverse breakdown (called zener breakdown) to
vide voltage regulation.

B KEY
FORMULAS

(2-1) Voiouis = Yo DM Half-wave and full-wave rectifier peak
output voltage
(2-2) Vour = Voo = 14V Bridge rectifier peak output voltage
. . AVOUT . .
2-3) Line regulation = AV 100% Line regulation expressed as a
! percentage

Vi — Vi
2-4) Load regulation = (NL—V—FL)IOO% Load regulation expressed as a
EL percentage

#

_ AV

(2-5) Z=3 3

Zener impedance

B SELF-TEST

Answers are at the end of the chapter.
1. When a neutral atom loses or gains a valence electron, the atom becomes
(a) covalent (b) a metal (c) acrystal (d) anion

2. Atoms within a semiconductor crystal are held together by
(a) metallic bonds (b) subatomic particles
(¢) covalent bonds (d) the valence band
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3. Free electrons exist in the
(a) valence band (b) conduction band
(c) lowest band (d) recombination band

4. Aholeis a
(a) vacancy in the valence band (b) vacancy in the conduction band
(¢) positive electron (d) conduction-band electron

5. The widest energy gap between the valence band and the conduction band occurs in
(a) semiconductors (b) insulators (e) conductors (d) a vacuum

6. The process of adding impurity atoms to a pure semiconductive material is called
(a) recombination (b) crystallization (¢) bonding (d) doping
7. In a semiconductor diode, the region near the pn junction consisting of positive and negative ions
is called the
(a) neutral zone (b) recombination region
(¢) depletion region (d) diffusion area
In a semiconductor diode, the two bias conditions are
(a) positive and negative (b) blocking and nonblocking
(¢) open and closed (d) forward and reverse

>

9. The voltage across a forward-biased silicon diode is approximately
(a) 0.7V (b) 0.3V () OV (d) dependent on the bias voltage

10. In Figure 2-75, identify the forward-biased diode(s).
(a) D, (b) D, (c) Dy (d) D, and D,

FIGURE 2-75 1.0 k()

4700 D, 470 Q
&

5V

I +

F

(a) (b)

11. When the positive lead of an ohmmeter is connected to the cathode of a diode and the negative
lead is connected to the anode, the meter reads
(a) a very low resistance
(b) an infinitely high resistance
(c) ahigh resistance initially, decreasing to about 100 £}
(d) a gradually increasing resistance

12. The output frequency of a full-wave rectifier with a 60 Hz sinusoidal input is
(a) 30 Hz (b) 60 Hz (c) 120 Hz (d) O0Hz

13. If a single diode in a center-tapped full-wave rectifier opens, the output is
(a) OV (b) half-wave rectified
(¢) reduced in amplitude (d) unaffected

14. During the positive half-cycle of the input voltage in a bridge rectifier,
(a) one diode is forward-biased (b) all diodes are forward-biased

(c) all diodes are reverse-biased (d) two diodes are forward-biased

15. The process of changing a half-wave or a full-wave rectified voltage to a constant dc voltage is

called
(a) filtering (b) ac to dc conversion
(c) damping (d) ripple suppression

b
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16. Assume a particular IC regulator attenuates the input ripple by 60 dB. The output ripple will
attenuated by a factor of
(a) 60 (b) 600 (c) 1000 (d) 1.000.000

17. The purpose of a small capacitor placed across the output of an IC regulator is to

(a) improve transient response (b) couple the output signal to the load
(c) filter the ac (d) protect the IC regulator

18. A diode limiting circuit
(a) removes part of a waveform
(b) inserts a dc level
(¢) produces an output equal to the average value of the input
(d) increases the peak value of the input

19. A clamping circuit is also known as i
(a) an averaging circuit (b) an inverter
(¢) adc restorer (d) an ac restorer

20. The zener diode is designed for operation in

(a) zener breakdown (b) forward bias
(¢) reverse bias (d) avalanche breakdown
1 5 i

21. Zener diodes are widely used as

(a) current limiters (b) power distributors

(c) voltage regulators (d) variable resistors i
22. Varactor diodes are used as

(a) variable resistors (b) variable current sources !

(¢) variable inductors (d) variable capacitors
23. LEDs are based on the principle of

(a) forward bias (b) electroluminescence

(¢) photon sensitivity (d) electron-hole recombination
24. In a photodiode, light produces

(a) reverse current (b) forward current

(e) electroluminescence (d) dark current

TROUBLESHOOTER’S QUIZ  Answers are at the end of the chapter.

Refer to Fi gure 2-79(a).
U If the power supply voltage is set for 10V instead of 12V,
1. The positive peak voltage of the output will
(a) increase (b) decrease (¢) not change
2. The negative peak voltage of the output will
(a) increase (b) decrease (¢) not change
3. The voltage across the 2.2 k() resistor will
(a) increase (b) decrease (¢) not change
Refer to Figure 2-80(a).
U If the diode is open,
4. The peak-to-peak output voltage wi]l
(a) increase (b) decrease (¢) not change
5. The center of the output waveform wi]]

(a) increase (b) decrease (¢) not change
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: 'ROBLEMS Answers to odd-numbered problems are at the end of the book.

4 SECTION 2-5 Rectifiers
1. Sketch the waveforms for the load current and voltage for Figure 2-76. Show the peak values.
2. Determine the peak voltage and the peak power delivered to R, in Figure 2-77.

3 FIGURE 2-76 o o o

+5V N

Ry
ov 100 Q
5V
FIGURE 2-77 2:1 >

‘] )
.' 115 V rms ’2%00 ’

(e,

3. Consider the circuit in Figure 2-78.
(a) What type of circuit is this?
(b) What is the total peak secondary voltage?
(c) Find the peak voltage across each half of the secondary.
(d) Sketch the voltage waveform across R;.
(e) What is the peak current through each diode?
(f) What is the PIV for each diode?
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FIGURE 2-78 4:1 ”_
| :
)
80 V rms | L
Ry
L = D, 1.0 k)
p— =

4. Show how to connect the diodes in a center-tapped rectifier in order to produce a negative-goi
full-wave voltage across the load resistor.

5. What PIV rating is required for the diodes in a bridge rectifier that produces an average ou
voltage of 50 V?

SECTION 2-6 Rectifier Filters and IC Regulators
6. The ideal dc output voltage of a capacitor-input filter is the (peak, average) value of the recti
input.
7. The minimum ripple rejection for a 7805 regulator is 68 dB. Compute the output ripple vol
for an input that has 150 mV of ripple.
8. If the no-load output voltage of a regulator is 15.5 V and the full-load output is 14.9 V, whali
the percent load regulation?
9. Assume a regulator has a percent load regulation of 0.5%. What is output voltage at full-load
the unloaded output is 12.0 V?
10. For the variable output supply shown in Figure 2-29, what setting of R, would provide an outpl
of 5.0V?

11. For the variable output supply shown in Figure 2-29, what maximum output voltage could
obtained if R, were replaced with a 1.5 k{2 resistor?

SECTION 2-7 Diode Limiting and Clamping Circuits

12. Sketch the output waveforms for each circuit in Figure 2-79.

13. Describe the output waveform of each circuit in Figure 2-80. Assume that the RC time cons
is much greater than the period of the input.

FIGURE 2-79 o My——o
+30V 22kQ 30V 22kQ
Vin 0V ™ Vou Vin OV e Vout
-30V 12V- T 30V 12 v_:f
o o] o = 0
- =
(a) (b)
+30V 2.2k 30V 22kl
Viu ov % - Vom Vfu ov % - Vum
-30V BN 30V 12V=
+ ¥
O O o O

(c) (d)
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£ C I

o E( ® s o o )} @ ® 0 |
+4V +15V

Vi, 0V % RV Vi, 0V ‘%7 RV ll
-4V -15V

o) & L O L2 s ® _L 2o ‘

(a) (b) l

FIGURE 2-80

SECTION 2-8 Special-Purpose Diodes

14. Figure 2-81 shows a zener diode regulator designed to hold 5.0 V' at the output. Assume the \
zener resistance is zero and the zener current ranges from 2 mA minimum (/) to 30 mA max- i
imum (/). What are the minimum and maximum input source voltages for these currents? |

15. A certain zener diode has a V; = 7.5V and an Z, = 5 () at a certain current. Sketch the equiva- ‘
lent circuit.

16. To what value must R be adjusted in Figure 2-82 to make /; = 40 mA? Assume that V; = 12V
at 30 mA and Z; = 30 ().

e V.
=7 <
Ys '_;é— +5.0V

FIGURE 2-81 FIGURE 2-82 \

17. Assume the output of a zener regulator circuit drops from 8.0 V with no load to 7.8 V with a
500 € load. What is the percent load regulation?

18. Figure 2-83 is a curve of reverse voltage versus capacitance for a certain varactor. Determine the
change in capacitance if Vi varies from 5V to 20 V.

19. Refer to Figure 2-83 and determine the value of Vy that produces a capacitance of 25 pF.

FIGURE 2-83 50
T
S
i B
E 2 ey i
g N
S
2 10 B
S ~5
&7
q

“ian WPRIREARG S0 S0 MO n0)
V. reverse voltage (V)




FIGURE 2-86
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20. What capacitance value is required for each of the varactors in Figure 2-84 to produce ar
nant frequency of | MHz?

21. At what value must the control voltage be set in Problem 20 if the varactors have the chara
istic curve in Figure 2-837

22. When the switch in Figure 2-85 is closed, will the microammeter reading increase or decreg
Assume that D, and D, are optically coupled.

23. With no incident light, there is a certain amount of reverse current in a photodiode. What is
current called?

FIGURE 2-84
D,
Vr O—{ 2mH
D,
FIGURE 2-85 R

diode can withstand.
25. Repeat Problem 24 for a IN] 188A.

26. If the peak output voltage of a full-wave bridge rectifier is 50 V, determine the minimum valu
the surge-limiting resistor required when IN1183A diodes are used.

SECTION 2-10 Troubleshooting

27. From the meter readings in Figure 2-86, determine the most likely problem. State how i
could quickly isolate the exact location of the problem.
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28. Each part of Figure 2-87 shows oscilloscope displays of rectifier output voltages. In each case,
determine whether or not the rectifier is functioning properly and, if it is not, what is (are) the
most likely failure(s). Assume all displays are set for the same time per division.

(a) Output of a half-wave  (b) Output of a full-wave (c) Output of a full-wave  (d) Output of same full-
unfiltered rectifier unfiltered rectifier filter wave filter as part (c)

FIGURE 2-87

29. For each set of measured voltages at the points (1, 2, and 3) indicated in Figure 2-88, determine
if they are correct and if not identify the most likely fauli(s). State what you would do to correct
the problem once it is isolated.

(a) V, =110V rms, V,=30Vdc, V3 =12V dc

(b) V, =110V rms, V, =30V dc, Va =30V dc

© Vi=0V,V,=0V,V; =0V

(d) vV, =110V rms, V; = 30V peak full-wave 120 Hz voltage, V5 = 12 V, 120 Hz pulsating
voltage

(e V,=110Vrmms, V, =0V, V; =0V

Poweron F,

110V ac  d —G
P I Ds A IN963A
All IN4001 = -
FIGURE 2-88

30. Determine the most likely failure in the circuit board of Figure 2-89 for each of the following
symptoms. State the corrective action you would take in each case. The normal output of the
transformer is 12.6 V ac. The regulator (IC1) is a 7812.

(a) No voltage between points 1 and 6.

(b) 110V rms between points 1 and 6 but no voltage between points 2 and 5.

(¢) 110V rms between points 1 and 6 but 11.5 V rms between points 2 and 5.

(d) A pulsating full-wave rectified voltage with a peak of 19 V between point 3 and ground.
(e) Excessive 120 Hz ripple voltage between point 3 and ground.

(F) Ripple voltage has a frequency of 60 Hz between point 3 and ground.

(g) 17V dc with 120 Hz ripple at point 3 but no dc voltage at point 4.
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FIGURE 2-89

31. Draw the schematic for the circuit board in Figure 2-90 and determine what the correct oufp
voltages should be.

32. The ac input of the circuit board in Figure 2-90 is connected to the secondary of a transfom
with a turns ratio of 1 that is operating from the 110 V ac source. When you measure the outp
voltages, both are zero. What do you think has failed, and what is the reason for this failure?

FIGURE 2-90 D1-D8: IN4001
D9: IN754
D10: IN970A
RI-R2:220 )

C1-C2: 1000 jF

ac input
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33. Select a transformer turns ratio that will provide the proper secondary voltage compatible with
the circuit board in Figure 2-90.

34. In Figure 2-90, Vours is zero and Vo is correct. What are possible reasons for this?

B ANSWERS
TO REVIEW
QUESTIONS

Section 2-1

i

. Conduction band; valence band

2. An electron is thermally raised to the conduction band leaving a vacancy (hole) in the valence
band.

3. The gap between the valence band and the conduction band is narrower in a semiconductor than
in an insulator.

Section 2-2

1. By the addition of pentavalent impurities into the semiconductive material
2. By the addition of trivalent impurities into the semiconductive material

3. The boundary between p and n materials

4. 0.7V

Section 2-3

1. Forward, reverse

2. Forward

3. Reverse

4. A rapid buildup of current when sufficient reverse bias is applied to the diode

Section 24
1. Forward-bias and reverse-bias
2. The reverse-breakdown region
3. Asaswitch

4. The barrier potential and the forward (bulk) resistance

Section 2-5

1. Bridge

2. Less

3. The peak of the negative alteration
4. 50% (with no filter)

Section 2-6

1. The charging and discharging of the capacitor

2. Increases ripple

3. Much better ripple rejection, line and load regulation, thermal protection

4. Line regulation: Constant output voltage for varying input voltage
Load regulation: Constant output voltage for varying load current
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Section 2-7

1. Limiters clip off or remove portions of a waveform. Clampers insert a dc level.
2. Reversing the diode causes the limiter to clip the other side of the waveform.
3. The bias voltage mustbe 5V — 0.7V =43 V.

4. The capacitor acts as a battery.

Section 2-8
« 1. In breakdown

2. The maximum current, above which the diode may be damaged
3. Itis a variable capacitor.

4. The diode capacitance decreases.

5. Gallium arsenide, gallium arsenide phosphide, gallium phosphide

6. Dark current

Section 2-9
1. The three rating categories on a diode data sheet are maximum ratings, electrical characteristics,
and mechanical data.

2. Vg is the maximum instantaneous forward voltage drop, /i is reverse current, and /g is peak aver-
age forward current.

3. Irsm is maximum forward surge current, Vygy is maximum reverse peak repetitive voltage, and
Virsm s maximum reverse peak nonrepetitive voltage.

The 1N4720 has an I, = 3.0 A, sy = 300 A, and Viggy = 100 V.

- o3

Section 2-10

1. The output would not change as the potentiometer was varied; it would be slightly more
than 1.25 V.

2. Open diode
3. The filter capacitor

Section 2-11
1. Transformer, rectifier, filter, and regulator
It provides all parts of the system with dc voltage and current to operate the circuits,

AC line voltage, 100 V rms (Portable power supplies use a battery.)
. 50V, designated Vipm
. No, they are experiencing approximately 16 V; they are rated for 50 V.

A

i

. Filtering

~N & W

Capacitor C, removes any noise spikes that appear on the line and improves the transient response
of the power supply.

The voltage regulator must dissipate several watts of power. The heat sink helps remove heat pro-
duced, thus protecting the regulator.

ge

*

If capacitor C, is open, noise spikes may appear on the output and the output voltage may have
momentary changes during load changes.
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B ANSWERS 2.1 23V.30V

~ TO PRACTICE 9.3 30V i
EXERCISES & |
for o *
EXAMPLES i

2-5  The peak voltage drops to 8.7V and —0.7 V.

2-6 The output is clipped at +10.7 V and —10.7 V.

2-7  The output would be a sinusoidal wave that goes from approximately —0.7 Vto +47.3 V.
2-8 8Q

29 68Vand289V

2-10 100 kHz to 318 kHz

B ANSWERS L (d) 2. (¢ 3. (b) 4. (a) 5. (b)
TO SELF-TEST 6. () 7. (c) 8. (d) 9. () 10. (@)
11. (b) 12: (c) 13. (b) 14. (d) 15. (a)
16. (c) 17. (a) 18. (a) 19. (c) 20. (a)
21. (c) 22. (d) 23. (b) 24. (a) '
B ANSWERS TO 1. decrease 2. not change 3. increase 4. not change |
TROUBLE- 5. increase 6. not change 7. increase 8. not change i
SHOOTER'S 9. increase 10. increase

QuUIZ |
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CHAPTER OUTLINE

1 Structure of Bipolar Junction
Transistors

Data Sheet Parameters and AC
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Considerations
4 Common-Emitter Amplifiers k:
5 Common-Collector Amplifiers 4
6 Common-Base Amplifiers
7 The Bipolar Transistor as a Switch &
8  Transistor Packages and Terminal

A System Application

CHAPTER OBJECTIVES

operation of bipolar junction transistors (BJTs)

I Explain the operation of the four basic BT~ §&

bias circuits

I Discuss transistor parameters and 3

characteristics and use them to analyze a L
transistor circuit

I Understand and analyze the operation of 3

common-emitter amplifiers
Understand and analyze the operation of
common-collector amplifiers

I Understand and analyze the operation of

| Explain how a transistor can be used as a

common-base amplifiers 4

switch
Identify various types of transistor package
configurations




o Troubleshoot various faults in transistor
circuits

) Apply what you have learned in this chapter
to a system application

B KEY TERMS

- Bipolar junction transistor (BJT)
J Emitter

1 Base

2 Collector

1 dc beta (Bpe)

2 Cutoff

 Saturation

J Negative feedback

 ac beta (Bac)

- Common-emitter (CE)
 Common-collector (CC)
J Common-base (CB)

B CHAPTER INTRODUCTION

Two basic types of transistors are the bipolar
junction transistor (BJT) and the field-effect
transistor (FET). In this chapter, you will be
introduced to the first of these types—the
bipolar junction transistor. The chapter begins
with a discussion of dc operation and bias
circuits. You will see how these various bias
circuits operate and how basic types of discrete
amplifiers work in linear and switching
applications. You will also learn to read
manufacturer’s data sheets. The chapter ends
with a system application. .

B A SYSTEM APPLICATION

Transistors are used in one form or another in
just about every electronic system imaginable. A
simple electronic security system is the focus of
this chapter’s system application section. You
will see how transistors, operating in their
switching modes, are used to perform a basic
function in a system. Also, you will see how the
transistor is used to operate nonelectronic
devices such as, in this case, the
electromechanical relay.

For the system application in Section 3-10, in
addition to the other topics, be sure you
understand
L] How a bipolar junction transistor works
-1 How the currents in a transistor are

calculated
-1 The meaning of saturation and cutoff
1 The principles of biasing a transistor
-1 How to read a data sheet

VISIT THE COMPANION WEBSITE
Study Aids for This Chapter Are Available at
http://www.prenhall.com/floyd
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3-1 B STRUCTURE OF BIPOLAR JUNCTION TRANSISTORS

The basic structure of the bipolar junction transistor (BJT) determines its operating
characteristics. In this section, you will see how semiconductive materials form a BJl
and you will learn the standard transistor symbols. You will see the application of a o
line to a basic transistor circuit for setting up proper dc currents and voltages (bias) ing
fransistor circuit.

After completing this section, you should be able to

U Describe the basic construction and operation of bipolar junction transistors (BJTs)
U Distinguish between npn and pnp transistors
O Define BJT currents and explain how they are related :
O Interpret the characteristic curves for a BJT
O Explain how a dc load line is constructed for a transistor circuit
1 Define the terms curoff and saturation

The bipolar junction transistor (BJT) is constructed with three doped semiconductoref
gions called emitter, base, and collector. These three regions are separated by two pub
Junctions. The two types of bipolar transistors are shown in Figure 3—1. One type consists®
of two n regions separated by a thin p region (npn), and the other type consists of two p et
gions separated by a thin n region (pnp). Both types are widely used; however, because the -
npn type is more prevalent, it will be used for most of the discussion which follows.

FIGURE 3-1 C (collector) 6 4
Construction of bipolar junction
transistors.
Base-Collector
n ; : P
junction
B :
base) £ B i
(base _ Base-Emitter
i junction P
E (emitter) E

(a) npn (b) pnp

The pn junction joining the base region and the emitter region is called the base-
emitter junction. The pn junction joining the base region and the collector region is called
the base-collector junction, as indicated in Figure 3—1(a). These junctions act just like the ©
diode junctions discussed in Chapter 2 and are frequently referred to as the base-emitter
diode and the base-collector diode. Each region is connected to a wire lead, labeled E, B,
and C for emitter, base, and collector, respectively. Although the emitter and collector
regions are made from the same type of material, the doping level and other character-
istics are different. :

Figure 3-2 shows the schematic symbols for the npn and pnp bipolar transistors.
(Note that the arrow on an npn transistor is not pointing in.) The term bipolar refers to the ©
use of both holes and electrons as carriers in the transistor structure.
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FIGURE 3-2
Standard bipolar junction transistor symbols.

(a) npn (b) pnp

Transistor Operation

In order for the transistor to operate properly, the two pn junctions must be supplied with

external dc bias voltages to set the proper operating conditions. Figure 3-3 shows the

proper bias arrangement for both npn and pnp transistors. In both cases, the base-emitter

(BE) junction is forward-biased and the base-collector (BC) junction is reverse-biased.

This is called forward-reverse bias. Both npn and pnp transistors normally use this |
forward-reverse bias, but the bias voltage polarities and the current directions are reversed |
between the two types.

Y. BE I'nn\-urd4+ ~ BCreverse- T + BE forward- H BC reverse- k=
e biased biased — - biased biased =T
+ - - -
!
L =
(a) npn (b) pnp
FIGURE 3-3

Forward-reverse bias of a bipolar junction transistor.

To illustrate transistor action, let’s examine what happens inside an npn transistor .
when the junctions are forward-reverse biased. (The same concepts can be applied to a pnp ]
transistor by reversing the polarities.) The forward bias from base to emitter narrows the |
BE depletion region, and the reverse bias from base to collector widens the BC depletion
region, as depicted in Figure 3—4. The heavily doped n-type emitter region is teeming
with conduction-band (free) electrons that easily diffuse through the forward-biased BE
junction into the p-type base region, just as in a forward-biased diode.

The base region is lightly doped and very narrow so that it has a very limited number
of holes. Thus, only a small percentage of all the electrons flowing through the BE junction
can combine with the available holes in the base. These relatively few recombined elec-
trons flow out of the base lead as valence electrons, forming the small base current, as
shown in Figure 3—4.

Most of the electrons flowing from the emitter into the narrow lightly doped base re-
gion do not recombine but diffuse into the BC depletion region. Once in the region, they
are pulled through the reverse-biased BC junction by the electric field set up by the force
of attraction between the positive and negative ions. Actually, you can think of the elec-
trons as being pulled across the reverse-biased BC junction by the attraction of the collec-
tor supply voltage. The electrons now move through the collector region, out through the

‘ |
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BE junction BC junction
depletion region depletion region

Emitter (n) B Base (p) Collector (n)

- . : et ST
Forward-biased # : : \ Reverse-biased

BE junction BC junction

Base electron current

Emitter electron current Collector electron current

FIGURE 3-4
Hllustration of BJT action. The base region is very narrow, but it is shown wider here for clarity.

collector lead, and into the positive terminal of the external dc source, thereby forming
the collector current, as shown. The amount of collector current depends directly on the
amount of base current and is essentially independent of the de collector voltage.

The bottom line is this: A small base current can control a larger collector curren
Because the controlling element is base current and it controls a larger collector curren,
the bipolar transistor is essentially a current amplifier. This concept of a small contrdl
element for a large current is analogous to deForest’s control grid mentioned in Sec
tion 1-1.

Transistor Currents

Kirchhoft’s current law (KCL) says the total current entering a junction must be equal to i
the total current leaving that junction. Applying this law to both the npn and the pnp trar-t
sistors shows that the emitter current (/i) is the sum of the collector current (/) and base
current (/g), expressed as follows:

IE=IC+IB (3—1)

The base current, /g, is very small compared to /i or I, which leads to the approxi-
mation /g = I, a useful assumption for analyzing transistor circuits. Examples of an nps
and a pnp small-signal transistor with representative currents are shown on the meters it
Figures 3-5(a) and 3-5(b), respectively. Notice the polarity of the ammeters and supply
voltages are reversed between the npn and the pnp transistors. The capital-letter subscripls
indicate dc values.
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+Vee

Ie
1000 pA

I
"""I 1000 pA

I !
1010 pA

(a) npn (b) pnp

FIGURE 3-5
Currents in small-signal transistors.

DC Beta (Bpc)

When a transistor is operated within certain limits, the collector current is proportional to
()= the base current. The dc beta (Bp), the current gain of a transistor, is the ratio of the dc |
collector current to the dc base current. ‘]

Ic

Bpc = g (3-2)

The dc beta (Bpc) represents a constant of proportionality called the current gain and
is usually designated as hy; on transistor data sheets. It is valid as long as the transistor is
operated within its linear range. For this case, the collector current is equal to Bpc multi- i
plied by the base current. For the examples in Figure 3-5, Bpc = 100. |

The values for B vary widely and depend on the type of transistor. They are typi- 5
cally from 20 (power transistors) to 200 (small-signal transistors). Even two transistors of ‘1
the same type can have current gains that are quite different. Although the current gain is |
necessary for a transistor to be useful as an amplifier, good designs do not rely on a partic- |
ular value of Bpc to operate properly.

Transistor Voltages

The three dc voltages for the biased transistor in Figure 3—6 are the emitter voltage (Vg),
the collector voltage (Vc), and the base voltage (V). These single-subscript voltages mean
that they are referenced to ground. The collector power supply voltage, Ve, is shown with i
repeated subscript letters. Because the emitter is grounded, the collector voltage is equal to '
the dc supply voltage, Vi, less the drop across Rc.

Ve = Vee — IcRe

Kirchhoff’s voltage law (KVL) says the sum of the voltage drops and rises around a
closed path is zero. The previous equation is an application of this law.
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FIGURE 3-6
Bias voltages.

As mentioned earlier, the base-emitter diode is forward-biased when the transistor
operating normally. The forward-biased base-emitter diode drop, Vg, is approximat
0.7 V. This means that the base voltage is one diode drop larger than the emitter voltage.
equation form,

VB=VE+VBE:VE+O-7V

In the configuration of Figure 3-6, the emitter is the reference terminal, so Vi = (!
and Vg = 0.7 V.

I EXAMPLE 3-1

Determine Iy, Ic, Iz, Vg, and Vi in Figure 3-7, where Bpc is 50.

FIGURE 3-7

— Vecc

- 20V

Solution Since Vg is ground, Vg = 0.7 V. The drop across Ry is Vgg — Vg, 50 Ig is _
calculated as follows:
VBB_VB 3V—O.7V

I = = =023 mA
;i Ry 10 kQ

*

Now vou can find /¢, I, and V.
Ic = Bpcelg = 50(0.23 mA) = 11.5 mA
Ig =1Ic+ Iz = 11.5 mA + 0.23 mA = 11.7 mA
Ve = Vee = IcRc =20V — (11.5 mA)(1.0k()) = 85V

Practice Exercise* Determine Iy, I, Ig, Vg, and Vg in Figure 3-7 for the following
values: Rg = 22kQ), Rc = 220 ), Vgg = 6V, Ve = 9V, and Bpe = 90.

* Answers are at the end of the chapter.
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Characteristic Curves for a BJT

Base-Emitter Characteristic The characteristic IV curve for the base-emitter junc-
tion is shown in Figure 3-8. As you can see, it is identical to that of an ordinary diode. You
can model the base-emitter junction with any of the three diode models presented in Chap-
ter 2. For most work, the offset model is sufficiently accurate. This means, if you are trou-
bleshooting a bipolar transistor circuit, you can look for 0.7 V across the base-emitter junc-
tion (as in a forward-biased diode) to determine if the transistor is conducting. If the
voltage is zero, the transistor is not conducting; if it is much larger than 0.7 V, it is likely
that the transistor has an open base-emitter junction.

FIGURE 3-8 Base current, I
Base-emitter characteristic.

Base voltage, Vi

Collector Characteristic Recall that the collector current is proportional to the base
current (Ic = Bpclp). If there is no base current, the collector current is zero. In order to
plot the collector characteristic, a base current must be selected and held constant. A circuit
such as that in Figure 3-9(a) can be used to generate a set of collector [V curves to show
how I varies with Vg for a given base current. These curves are called the collector char-
acteristic curves.

Notice in the circuit diagram that both dc supply voltages, Vgg and V¢, are ad-
justable. If Vpg is set to produce a specific value of /g and V¢ is zero, then /- = 0 and
Vee = 0. Now, as V¢ is gradually increased, Vg will increase and so will I, as indicated
on the color-shaded portion of the curve between points A and B in Figure 3-9(b).

When Vg reaches =0.7 V, the base-collector junction becomes reverse-biased and
I reaches its full value determined by the relationship I = Bpclg. Ideally, I levels off to
an almost constant value as Vg continues to increase. This action appears to the right of
point B on the curve. In practice, I increases slightly as Vg increases due to the widening
of the base-collector depletion region, which results in fewer holes for recombination in
the base region. The steepness of this rise is determined by a parameter called the forward
Early voltage, named after J. M. Early.

By setting I to other constant values, you can produce additional /- versus Vg
curves, as shown in Figure 3-9(c). These curves constitute a “family” of collector curves
for a given transistor. A family of curves allows you to visualize the complex situation
when three variables interact. By holding one of them (/g) constant, you can see the rela-
tion between the other two (/- versus Veg).
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0

(a) Circuit (b) I curve for one value of I with V- changing

0

(¢) Family of collector curves (Ig; < Iy, < I3, etc.)

FIGURE 3-9
Collector characteristic curves.

I EXAMPLE 3-2

Sketch the family of collector curves for the circuit in Figure 3-10 for Iy = 5 pAto
25 wA in 5 pA increments. Assume that Bpc = 100.

FIGURE 3-10

Solution Table 3—1 shows the calculations of /. using the relationship /c = Bpclp.
The resulting curves are plotted in Figure 3-11. To account for the forward Early volt-
age, the resulting curves are shown with an arbitrary upward slope as previously
discussed.
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TABLE 3-1 Iz (mA)
4
Iy Ic Ig=25pA
2.5
SpA 0.5 mA

10 pA 1.0 mA & Iy =20 pA
15 uA 1.5 mA //’
20 pA 2.0 mA T Ig=15pA
25 pA 2.5 mA /

1.0 ST AR A Lo 1
| —
0.5 Ig=5pA
|
=V,
0 CE
FIGURE 3-11

Practice Exercise Ideally, where would the curve for Iy = 0 appear on the graph? I

Cutoff and Saturation

When Iz = 0, the transistor is in cutoff and there is essentially no collector current except
for a very tiny amount of collector leakage current, /cgo, Which can usually be neglected.
In cutoff, both the base-emitter and the base-collector junctions are reverse-biased. When
you are troubleshooting a transistor that is in cutoff, you can assume the collector current
is zero; therefore, there is no voltage drop across the collector resistor. As a result, the
collector-to-emitter voltage will be very nearly equal to the supply voltage.

Now let’s consider the opposite situation. When the base-emitter junction in Figure
3-9 becomes forward-biased and the base current is increased, the collector current also
increases and Vg decreases as a result of more drop across Re. According to Kirchhoff’s
voltage law, if the voltage across R increases, the drop across the transistor must decrease.
... Ideally, when the base current is high enough, the entire V¢ is dropped across Rc with no
O—-1- voltage between the collector and emitter. This condition is known as saturation. Satura-
e tion occurs when the supply voltage, Ve, is across the total resistance of the collector cir-
cuit, R The saturation current for this particular configuration is given by Ohm’s law.

IC(%;.H) == @
. Re

Once the base current is high enough to produce saturation, further increases in base
current have no effect on the collector current, and the relationship I = Ppc/g 1S no longer
valid. When Vg reaches its saturation value, Vg, Which is ideally zero, the base-
collector junction becomes forward-biased.

When you are troubleshooting transistor circuits, a quick check for cutoff or satura-
tion provides useful information. Remember a transistor in cutoff has nearly the entire sup-
ply voltage between collector and emitter; a saturated transistor, in practice, has a very
small voltage drop between collector and emitter (typically 0.1 V).
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DC Load Line

Recall from Section 1-3 that a Thevenin circuit is drawn as a voltage source in series wil
a resistor. Consider the circuit in Figure 3—12(a). The collector voltage source, V¢, and the
collector resistor, R, form a Thevenin source; the transistor is the load. The minimum anf
maximum current that can be provided from this source are zero and Vc/R¢. These are, ¢
course, the cutoff and saturation values as previously defined. Note that the saturation and
cutoff points depend only on the Thevenin circuit; the transistor does not affect thes
points. A straight line drawn between cutoff and saturation defines the dc load line for thi
circuit, as shown in Figure 3—12(b). This line represents all possible dc operating points o
the circuit.

The IV curve for any type of load can be added to the same plot as the dc load linelo
obtain a graphical picture of the circuit operation, as shown earlier in Section 1-3. Figure

-~ Saturation

Thevenin circuit

Vee(utoy = Ve

(a) The collector circuit, shown in the colored box,

is a Thevenin circuit. The transistor circuit,
shown in the gray box, is the load.

(b) DC load line for the circuit in (a)

Ic
‘rC(:iat] iy ]BT
Igg
Ins
| — &
\ Iy
e
\ 133
i, \
Iy
s \
T \ Igy
0 ' > Ve

(c) Collector characteristic curves superimposed on the dc load line

FIGURE 3-12

vCE[culufﬁ
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3—12(c) shows a dc load line superimposed on a set of ideal collector characteristic curves.
Any value of /- and the corresponding Vg will fall on this line, as long as dc operation is |
maintained.

Now let’s see how the dc load line and the characteristic curves for a transistor can be
used to illustrate transistor operation. Assume you have a transistor with the characteristic
curves shown in Figure 3-13(a) and you install it in the dc test circuit shown in Figure !‘
3-13(b). A graphical solution can be used to find currents and voltages by drawing a dc i
load line. First, the cutoff point on the load line is determined. When the transistor is
cut off, there is essentially no collector current. Thus, the collector-emitter voltage and
current are |

Vegeuory = Yoo = 12V ‘:
and

IC(culoff‘) = 0 mA '

I (mA) 1
Ig = 35 pA '
s Iy =30 pA
6_.
) Iy =25 A
4 Iy =20 pA
3 Ig=15pA
7] Iz= 10 pA
|- Ig=5pA
| N G R ML AR e A e T Vee (V)
Is2 3 4 5 '6.7:8-9-10 11,12
(a) Characteristic curves (b) DC test circuit
Ic (mA) I (mA)
Ig=35uA Iy = 35 pA
74 =
Iz =30 pA - Ig =30 pA
ICI.\II[I 61 6
54 Ig=125pA i Ig=25pA
Ig=20pA Ig=20pA

4 Load line <1 groint
4 \ oad line 1y Bk 2l \ O poin Ig=15pA
5 | \(\ [B= IO}JA e ST e Mty \(/\ l"B= IUW\ '
" \ =5 1A 14 \ Ig=5pA
* Vep (V) sl Vee (V)

T
I
|
T L LI ) O i I T
P20 31 Ao i5es gy T0 T 12 L @eaid SeSinoing s 8 =0 10°11.12
V(ﬂF,luu[nif»
(¢) Load line and characteristic curves (d) Locating the Q-point

FIGURE 3-13
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Next, the saturation point on the load line is determined. When the transistor is saft-
rated, Vg is nearly zero. Therefore, V¢ is dropped across Rc. The saturation value of the
collector current, Iy, is found by applying Ohm’s law to the collector resistor.

st diaty

Icgan = T = 50k0 = 6.0 mA

This value is the maximum value for Ic. It cannot possibly be increased without changing
Vee or Re.

Next, the cutoff and saturation points are plotted on the same plot as the characteris
tic curves and a straight line, which is the load line, is drawn between them. This represents
all possible operating points for the circuit. Figure 3—13(c) shows the load line and the
characteristic curves for the transistor together on the same plot.

Q-Point

Before the actual collector current can be found, the value of the base current, /i, needs o
be established. Referring to the original circuit, it is apparent that the base power supply.
Vgg. is across the series combination of the base resistor, Ry, and the forward-biased base- =
emitter junction. This means that the voltage across the base resistor is

VRH == VBB N VBE= IZV* 0.7V=113YV
By applying Ohm’s law, you can find the base current.

Ve 113N
A

o AR L S
Ry 1.OMQ H

The point at which the actual base current line intersects the load line is the quiescent =
or Q-point for the circuit. The Q-point is found on the graph by interpolating between
the 10 wA and 15 pA base current lines. The coordinates of the Q-point are the values =
for I and Vg at that point, as illustrated in Figure 3—13(d). Reading these values from &
the plot, you find the value of /¢ to be approximately 2.6 mA and Vg to be approxi- &
mately 7.0 V.

The plot in Figure 3—13(d) completely describes the dc operating conditions for the
amplifier circuit. When troubleshooting, you won’t take the time to draw load lines; rather &
you will learn to apply the basic math for circuits to obtain an idea of what should be oc-
curring with a given circuit. However, the load line provides a useful mental picture for de- %
scribing the dc conditions for the transistor. :

-

ias

3-1 REVIEW QUESTIONS* |

1. What are the three BJT currents called?
2. Explain the difference between saturation and cutoff.
3. What is the definition of Bpc?

* Answers are at the end of the chapter.
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3-2 W BJT BIAS CIRCUITS

In this section, methods for biasing a bipolar junction transistor are presented. Biasing
is the application of the appropriate dc voltages to cause the transistor to operate prop-
erly. It can be accomplished with any of several basic circuits. The choice of biasing cir-
cuit depends largely on the application. You will learn about four biasing methods and
see the advantages and disadvantages of each method.

After completing this section, you should be able to

0 Explain the operation of the four basic BJT bias circuits
O Describe a base bias circuit
O Describe a collector-feedback bias circuit
1 Describe a voltage-divider bias circuit
U Describe an emitter bias circuit

For linear amplifiers, the signal must swing in both the positive and negative directions.
Transistors operate with current in one direction only. In order for a transistor to amplify an
ac signal, the ac signal needs to be superimposed on a dc level that sets the operating point.
Bias circuits set the dc level at a point that allows the ac signal to vary in both the positive
and negative directions without driving the transistor into saturation or cutoff.

Base Bias

The simplest biasing circuit is base bias. For the npn transistor, shown in Figure 3—14(a),
a resistor (Rg) is connected between the base and supply voltage. Note that this is essen-
tially the same circuit that was introduced in Figure 3-9(a) and used to plot the character-
istic curve. The only difference is that the base and the collector power supplies have been
combined into a single supply (referred to as V). Although this bias method is simple, it
is not a good choice for linear amplifiers for reasons that will be discussed.

The pnp transistor can be set up using a negative supply as shown in Figure 3—14(b)
or it can be run with a positive supply by applying the positive supply voltage to the emit-
ter as shown in Figure 3—14(c). Either of these arrangements provide a path for base cur-
rent through the base-emitter junction. In turn, this base current causes a collector current

+Vee -Vee +Vig
O @)

Re R

O ©)

Ry Re
(a) npn bias circuit (b) pnp bias circuit with (c) pnp bias circuit with
a negative supply a positive supply

FIGURE 3-14
Base bias circuits.
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that is Bpc times larger than the base current (assuming linear operation). Thus, the collee™
tor current, for linear operation, is

Ic = Bpclp

The base resistor, Rg, has the base current, /g, through it. From Ohm’s law, you ci
substitute for /i and obtain
Vg,
Ic = BDC( )

Ry

—

fo = BDC(VCCR—VBE)
B

This formula gives the collector current for base bias as long as the transistor is not in sif

uration. It is derived for the case with no emitter resistor, so this formula can only be g

plied to this configuration.

As mentioned previously, transistors can have very different current gains. Typicd
transistors of the same type can have Bpc values that vary by a factor of 3! In addition, cw
rent gain is a function of the temperature; as temperature increases, the base-emitter vo
age decreases and Bpc increases. As a result, the collector current can vary widely betwes
similar circuits with base bias. Circuits that depend on a particular Bpc cannot be expect
to operate in a consistent manner. For this reason, base bias is rarely used for linear i
cuits.

Because it uses only a single resistor for bias, base bias is a good choice in switchi
applications, where the transistor is always operated in either saturation or cutoff. it
switching amplifiers, Equation (3-3) does not apply.

FXAMPLE 3-3

The manufacturer’s specification for a 2N3904 transistor shows that Bpc has a range
from 100 to 300 (given in Fig. 3-25). Assume a 2N3904 is used in the base-biased circuit
shown in Figure 3—15. Compute the minimum and maximum collector current based on
this specification. (Note that this is effectively the same circuit that was solved with load
line analysis in Figure 3-13 except it now is shown with a single power supply.)

Solution The base-emitter junction is forward-biased, causing a 0.7 V drop. The volt-
age across Ry is

Ve, = Voc — Veg = 12V - 07V =113V

FIGURE 3-15 +Vee
+12V
Ry Rc
1.0 MQ 2.0k

)
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The base current can be found by applying Ohm’s law to the base resistor.

VRao 113V
Rg  1LOMQ

]B—

=113 pA

With linear operation, the collector current is B times larger than the base cur-
rent. Therefore, the minimum collector current is
Ieiminy = Bpels = (100)(11.3 pA) = 1.13 mA
The maximum collector current is
Ic(maxy = Bpels = (300)(11.3 pA) = 3.39 mA

Notice that a 300% change in Bpc caused a 300% change in collector current.

Practice Exercise If you measured 2.5 mA of collector current in the circuit of Figure
3-15, what is the By for the transistor?

Collector-Feedback Bias

Another type of bias arrangement is the collector-feedback bias circuit shown in Figure
3-16 for an npn transistor. (A pnp transistor can be operated identically except for a nega-
tive supply voltage.) The base resistor, Ry, is connected to the collector rather than to Vees
as the base bias arrangement discussed previously. The base resistor will be a smaller value
than in base bias because the collector voltage is less than V¢ in normal operation.

FIGURE 3-16 +Vee
Collector-feedback bias.

Re

Collector feedback uses an important idea in electronics called negative feedback to
achieve stability. Negative feedback returns a portion of the output back to the input in a
manner to cancel changes that may occur. The negative feedback connection provides a
relatively stable Q-point as a result.

Let’s see how it works. In Figure 3-16, the collector voltage provides the bias to the
base-emitter junction. The negative feedback creates a compensating effect that tends to
keep the Q-point stable. Assume the Bpc increases due to a temperature increase. This
causes /c to increase and, in turn, more voltage drops across R.. With more voltage
dropped across R, V- will decrease which, in turn, means it will supply less bias current.
Thus, the original increase in Bpc has been compensated for, in part, by a smaller bias cur-
rent. This compensating action is what is meant by negative feedback. Other applications
for negative feedback will be described later.
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The collector current for collector-feedback bias is derived from the application of
Kirchhoff’s voltage law (KVL). By writing a loop equation around the base circuit, the fok
lowing equation for the collector current can be derived:

s e Vo (34
€ Rc+ Rel/Boc

This equation is valid for either an npn or a pnp transistor (be careful of signs). Equation
(3—4) is applied in the next example to show how the effect of a different Bpc is comper
sated for by feedback.

F EXAMPLE 3-4

As you saw earlier, a 2N3904 transistor has a Bpc range from 100 to 300. Assume a
2N3904 is used in the collector-feedback biased circuit shown in Figure 3—17. Compute
the minimum and maximum collector current based on this specification.

FIGURE 3-17 +Vee
+12V

Re
Ry 20kQ

%

Solution  Substitute the values given for Bpe = 100 into Equation (3—4).

VCC == VBE M 12V = 0.7V

Ic(min) = T =32 mA
Re + Rg/Bpe 2.0k + 150 kQ2/100
Repeat the calculation for Bpe = 300.
Vee — =),
cc— Ve 2N =07V = T5 A

1, = = g
Cmad ™ Re + Re/Bpc 2.0k + 150 kQ2/300

Note that a 300% change in Bpe resulted in only a 40% change in collector cur-
rent for this case which is a considerable improvement over the base-bias case in Ex-
ample 3-3.

Practice Exercise Compute the minimum and maximum value of Vg for the range of
Bpc given in the problem. Notice that Vi = 0; therefore, Vg = V.

As illustrated by Example 34, collector feedback bias offers greater stability than
base bias with the same number of components. It still doesn’t have the highest degree of
stability required for many linear circuits. The highest stability for single supply operation
is offered by voltage-divider bias.
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Voltage-Divider Bias

As you have seen, the principal disadvantage to base bias is its dependency on Bpc.
Collector-feedback bias offered greater stability than base bias, but an even higher degree
of stability can be obtained with voltage-divider bias. Voltage-divider bias is the most
widely used form of biasing because it uses only one supply voltage and produces bias that
is essentially independent of Bpc. In fact, looking at the equations for voltage-divider bias
reveals that neither Bpc nor any other transistor parameter is included. Essentially, good
voltage-divider designs are independent of the transistor that is used.

The voltage-divider rule, one of the most useful rules from your basic dc/ac circuits
course, allows you to compute the voltage across a series resistive branch in a circuit. Fig-
ure 3—18(a) illustrates a basic voltage divider. To find the output voltage, a ratio of the re-
sistance to total resistance is set up and multiplied by the input voltage.

R
Vour = (_‘2‘”) Vin

When setting up the ratio for the voltage-divider rule, the resistor (in this case, R») that the
output is taken across is the numerator and the sum of the resistances is the denominator.

FIGURE 3-18 Vin Vin
Voltage dividers.
R
RZ Vl)l T RL V()UT
(a) Unloaded (b) Loaded

When a load resistor is placed across the output of a voltage divider, as in Figure
3—18(b), the output voltage decreases because of the loading effect. As long as the load
resistor is large compared to the divider resistors, the loading effect is small and can be
ignored.

Voltage-divider bias is shown in Figure 3—19. In this configuration, two resistors, R,
and R, form a voltage divider that keeps the base voltage nearly the same for any load that
requires a small current. This voltage forward-biases the base-emitter junction, resulting in
a small base current. With voltage-divider bias, the transistor acts as a high resistance load
on the divider. This will tend to make the base voltage slightly less than the unloaded
value. In actual voltage-divider bias circuits, the effect is generally small, so the loading ef-
fects can be ignored. In any case, this loading effect can be minimized by the choice of R,
and R,. As a rule of thumb, these resistors should have a current that is at least ten times
larger than the base current to avoid variations in the base voltage when a transistor with a
different Bpc is used. This is called stiff bias because the base voltage is relatively inde-
pendent of the base current.

The steps in computing the parameters for a voltage-divider bias circuit are straight-
forward applications of the voltage-divider rule and Ohm’s law. Based on the assumption
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FIGURE 3-19 +Vee
Voltage-divider bias.

Re

of no significant loading effect, you can use the voltage-divider rule described earlier (0}
compute the base voltage. The voltage-divider rule applied to Figure 3-19 is

R
Vi = (—ZW)VCC (3-8

The emitter voltage is one diode drop less than the base voltage. (For pnp transistors, itis
one diode drop higher).

Ve = Vg — Vgg

Ve=Vg— 07V (34

With the emitter voltage known, the emitter current is found by Ohm’s law.

The collector current is approximately the same as the emitter current.

Ic =Ig

The collector voltage can now be found. It is V¢ less the drop across the collector resistor
found by Ohm’s law. Writing this as an equation,

Ve = Vee — IcRc (3'7'F
i

To find the collector-emitter voltage, Vg, subtract the emitter voltage, Vg, from the collec-%
tor voltage, V.

Vep= Yoo Ve

Example 3-5 illustrates this procedure for finding the dc parameters for a circuit. |
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IEXAMPLE 3-5

Find Vi, Vg, I, I, and Vg for the circuit in Figure 3-20.

FIGURE 3-20 +Vee
+18V

2.7k

3.9k 470 O

Solution  Begin by finding the base voltage using the voltage-divider rule.

R, ) ( 39 k) )
g ek T e (ROl T T RO LT L
: (R,+R2 A5 4 3.0 k0 s

The emitter voltage is one diode drop less than the base voltage.
Ve=Vg — Vg =227V —-07V =157V
Next, find the emitter current from Ohm’s law.

Ve 157V
Ig=-E = = 3.34
ARSI T e

Using the approximation [ = [,
Ic = 3.34 mA
Now find the collector voltage.
Ve = Vee — IcRc = 18V — (3.34 mA)(2.7 k()) = 898 V
The collector-emitter voltage is

Vee=Vc— Ve =898V —-157V=741V

Practice Exercise Find Vg, Vg, Ig, Ic, and Vg for the circuit in Figure 3-20 if the

power supply voltage was incorrectly set to +12 V.

Figure 3-21 shows two configurations for voltage-divider bias with a pnp transistor.
As in the case of base bias, either negative or positive supply voltages can be used for bias.
With a negative supply, shown in Figure 3-21(a), the voltage is applied to the collector.
With a positive supply, shown in Figure 3-21(b), the voltage is applied to the emitter. The
transistor is frequently drawn upside down to place the supply voltage on top; this means
that the emitter resistor is also on top. The equations for npn transistors can be applied to

pnp transistors, but you need to be careful of algebraic signs.

. |
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FIGURE 3-21 s
Voltage-divider bias for pnp transistors.

(a) Negative supply (b) Positive supply

EXAMPLE 3-6

Find Vg, Vg, Ig, Ic, and Vg for the pnp circuit in Figure 3-22.

FIGURE 3-22

Solution Begin by finding the base voltage using the voltage-divider rule.

R, ) ( 4.7 kQ )
el il S et 12 V) = —=LT8 Y
G (RM—R: cc=\77xa + a7k ) 2% 8

The equation for Vg, is the same one used for the npn transistor but note the signs. ©
The emitter voltage is one diode drop greater than the base voltage for a forward-biased
pnp transistor. :
VE o VB = VBE = —1.78 — (70.7 V) =-108V
Now find the emitter current using Ohm’s law.
ol LB

ZJE - - —1.08 mA
B O .

Ig

Using the approximation /¢ = I,
IC = —1.08 mA
Now find the collector voltage.

Ve = Vee — IcRe = =12V — (—1.08 mA)(5.6 k() = —5.96 V

—
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The collector-emitter voltage is
Notice that Vg is negative for a pnp circuit.

Practice Exercise Find Vg, Vg, Ig, Ic, and Vg for the circuit in Figure 3-22 if Rg is
changed to 1.2 k().

Emitter Bias

Emitter bias is a very stable form of bias that uses both positive and negative power sup-
plies and a single bias resistor that, in the usual configuration, puts the base voltage near
ground potential. It is the type of bias used in most integrated circuit amplifiers.

Emitter bias circuits for npn and pnp configurations are shown in Figure 3-23. As in
the other bias circuits, the key difference between the npn and pnp versions is that the po-
larity of the power supplies are opposite to each other.

+Vee Ve
Rec Re
Ry Rg Ry Rg
~VEE +Veg
(a) npn (b) pnp

FIGURE 3-23
Emitter bias circuits.

For stable bias, the base resistor is selected to drop only a few tenths of a volt. For
the npn case, the emitter voltage is approximately —1 V due to the small drop across
Ry and the forward-bias drop of the base-emitter junction of 0.7 V. For the pnp ver-
sion, the emitter voltage is approximately +1 V. When troubleshooting, a quick check
of the emitter voltage will reveal if the transistor is conducting and if the bias voltage is
correct.

The emitter current is computed by applying Ohm’s law to the emitter resistor. The
approximation that /- = I is used to calculate the collector current and the collector volt-
age is again found by applying the following equation:

Ve = Ve — IcRe
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I EXAMPLE 3-7 Find Vg, I, Ic, and Vg for the emitter bias circuit in Figure 3-24.
FIGURE 3-24

Solution  Start with the approximation Vi = —1 V. This implies the voltage across Rg
is 11 V. Applying Ohm'’s law to the emitter resistor,

VRE 11V
Iz = - = 0.73 mA
EF R B
The collector current is approximately equal to the emitter current.
Ic = 0.73 mA

Now find the collector voltage.
Ve =Vec — IcRc = 12V — (0.73 mA)(6.8 k(}) = 7.0V
Find Vg by subtracting Vg from V.
Vee=Ve— V=70V —-(-1V)=80V

Practice Exercise Find Vg if the base of the transistor in Figure 3-24 were shorted to_
ground.
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3-3 B DATA SHEET PARAMETERS AND AC CONSIDERATIONS

The backbone of analog electronics is the linear amplifier, a circuit that produces a
larger signal that is a replica of a smaller one. In the last section, you saw how bias is
used to provide the necessary dc conditions for the transistor to operate. In this section,
we look at factors that affect the ac signal.

After completing this section, you should be able to

O Discuss transistor parameters and use them to analyze a transistor circuit
O Compare the notation used for dc and ac quantities
0 Discuss principal characteristics given on manufacturer’s data sheets for BJTs
O Explain the function of coupling and bypass capacitors
QO Explain how an amplifier produces voltage gain

DC and AC Quantities

In the first part of this chapter, dc values were used to set up the operating conditions for
transistors. These dc quantities of voltage and current used the standard italic capital letters
with nonitalic capital-letter subscripts such as Vg, Ig, I, and V. Lowercase italic sub-
scripts are used to show ac quantities of rms, peak, and peak-to-peak voltages and currents
such as V,, I,, I, and V_,. Instantaneous quantities are indicated with both lowercase italic
letters and subscripts such as v,, i,, i, and v,,.

In addition to currents and voltages, resistances often have different values from an
ac viewpoint compared to a dc viewpoint (see Section 1-1 for a review of dc versus ac re-
sistance). Lowercase italic subscripts are used to identify ac resistance values. For exam-
ple, Rc represents a dc collector resistance and R, represents an ac collector resistance. You
will see the need for this distinction as we discuss amplifiers. Internal resistances that are
part of the transistor’s equivalent circuit are written as lowercase italic letters (sometimes
with a prime) and subscripts. For example, . represents the internal ac emitter resistance
and R, represents the total ac resistance that an amplifier presents to a signal source.

One parameter that is different for dc and ac circuits is B. The dc beta (Bpc) for a cir-
cuit was previously defined as the ratio of the collector current, I, to the base current, /5.

(—  The ac beta (p,.) is defined as a small change in collector current divided by a corre-
sponding change in base current. A changing quantity is written using ac notation and is a
ratio of the collector current, I, to the base current, [, (note the lowercase italic subscripts).
On manufacturer’s data sheets, B, is usually shown as /. In equation form,

Bo = ;— (3-8)
b

The difference between B,. and Bpc for a given transistor is normally quite small
and is due to small nonlinearities in the characteristic curves. For almost all designs, these
differences are not important but should be understood when reading data sheets.

Manufacturer’s Data Sheet

Figure 3-25 shows a partial data sheet for the 2N3903 and 2N3904 npn transistors. Notice
that the maximum collector-emitter voltage (Vege) is 40 V. The “O” in the subscript indi-
cates that the voltage is measured from collector (C) to emitter (E) with the base open (O).



146 M BIPOLAR JUNCTION TRANSISTORS (BJTs)

2N3903
Maximum Ratings 2N3904
Rating Symbol Value Unit
Collector-Emitter voltage Vceo 40 Vdc
Collector-Base voltage Vero 60 Vdc
Emitter-Base voltage VERo 6.0 V de 7 3 Collector
Collector current — continuous Ie 200 mA de
Total device dissipation @ T, =25°C| Pp 625 mW 2
Derate above 25°C 5.0 mW/C° Base
Total device dissipation @ Tc=25°C | Py 1.5 Watts L it
Derate above 25°C 12 mW/C° 3 ;
Operating and storage junction T T -55t0 +150 %€
Temperature range i General-Purpose
Transistors
Thermal Characteristics
Characteristic Symbol Max Unit NPN Silicon
Thermal resistance, junction to case Rgic 83.3 Co/W
Thermal resistance, junction to ambient |  Rgja 200 C°IW
Electrical Characteristics (T, = 25°C unless otherwise noted.)
[ Characteristic [ Symbol | Min | Max | Unit |
OFF Characteristics
Collector-Emitter breakdown voltage ViBRriCEO 40 = Vde
(I-=1.0mAdc, Iz =0)
Collector-Base breakdown voltage Vsriceo 60 - Vde
(Ic=10pAde, Iz =0)
Emitter-Base breakdown voltage ViBriEBO 6.0 - Vdc
(lg=10pAde, Ic=0)
Base cutoff current IgL - 50 nA de
(Veg =30V de, Vg =3.0V de)
Collector cutoff current Icpx - 50 nA de
(Veg =30V de, Vg =3.0 V dc)
ON Characteristics
DC current gain hep -
(lc=0.1 mAde, Veg = 1.0V de) 2N3903 20 -
2N3904 40 -
(Ic=10mAdc, Veg = 1.0V do) 2N3903 35 =
2N3904 70 -
(Ic =10mA dc, Vg = 1.0V do) 2N3903 50 150
2N3904 100 300
(Ic =50 mA dc, Ve = 1.0V de) 2N3903 30 -
2N3904 60 =
(Ic =100 mA de, Vg = 1.0V do) 2N3903 15 -
2N3904 30 -
Collector-Emitter saturation voltage VeEsan Vde
(Ic =10 mA dc, Iz = 1.0 mA dc) - 0.2
(Ic =50 mA dc, Iy = 5.0 mA dc) - 0.3
Base-Emitter saturation voltage VBE(san) Vde
(Ic =10 mA dc, Iy = 1.0 mA dc) 0.65 0.85
(Ic = 50 mA dc, Iy = 5.0 mA dc) - 0.95

FIGURE 3-25
Partial data sheet for 2N3903 and 2N3904 npn transistors.
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FIGURE 3-26 |
Variation of Bpc with I for several temperatures. \

In this textbook, we use Vigmax for clarity. Also notice that the maximum collector cur-
rent is 200 mA.

On this data sheet, the dc current gain (Bpc) is given as hgg. Minimum values of Apg
are listed on the data sheet under ON Characteristics. Note that the dc current gain is not
really a constant but varies with the collector current. The current gain also changes with j
temperature as shown in Figure 3-26. The three variables, Bpc, Ic, and temperature, are ”
plotted with a family of curves for a typical transistor. Keeping the junction temperature i
constant and increasing /¢ causes Bpc to increase gradually to a maximum. A further in-
crease in I beyond this maximum point causes Bpc to decrease. If I is held constant and
the temperature is varied, Bpc changes directly with the temperature.

A transistor data sheet usually specifies Bpc at specific I values. Even at fixed val-
ues of /¢ and temperature, B¢ varies from device to device for a given transistor. The Bpc
specified at a certain value of I is usually the minimum value, Bpcmin), although the max-
imum and typical values are sometimes specified.

The dc power dissipated in any component is the product of the current and voltage.
For a transistor, the product of Vg and I gives the power dissipated by the transistor. Like
any other electronic device, the transistor has limitations on its operation. These limitations
are stated in the form of maximum ratings and are normally specified on the manufac-
turer’s data sheet. Typically, maximum ratings are given for collector-to-emitter voltage
(Vcg), collector-to-base voltage (Vp), emitter-to-base voltage (Vgg), collector current
(Ic), and power dissipation (Pp). The product of Vg and /- must not exceed the maximum
power dissipation specification. Both Vg and /- cannot be at their individual maximum
values at the same time. If Vg is maximum, /- can be calculated as

PD(mnx)
IC = ;e
Vee
If I is maximum, Vg can be calculated as f
PD(max) 1
Ve =m |
Ic

For a given transistor, a maximum power dissipation curve can be plotted on the col-
lector characteristic curves, as shown in Figure 3-27(a). These values are tabulated in Fig-
ure 3-27(b). For this transistor, Ppmax) i 500 mW, Vegmax i 20V, and Ioqnax) 18 50 mA.

i s
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[C (mA)

IC(ITIAX)

Poawy | Ve | K

500mW | 10V 50 mA
Veg (V) 500 mW 15V 33mA

500mW [ 20V 25 mA

(a) (b)

FIGURE 3-27
Maximum power dissipation curve.

The curve shows that this particular transistor cannot be operated in the shaded portion
the graph. Ic(may) is the limiting rating between points A and B, Pp(max) is the limiting ra
ing between points B and C, and Veggmax is the limiting rating between points C and D.

[EXAMPLE 3-8

The transistor in Figure 3-28 has the following maximum ratings: Pp(max) = 800 m‘J\T!
Vergmax = 15 Vi Icmaxy = 100 mA, Vepmaxy = 20V, and Vepmax) = 10 V. Determine | '
the maximum value to which V¢ can be adjusted without exceeding a rating. Which |
rating would be exceeded first? ‘ !

FIGURE 3-28

Solution  First, find I so that you can determine /c.

VBB o VBE 5 V T 07 V ‘
= 2998 wA
Rs 22 kQ B

Ic = Bpcls = (100)(195 pA) = 19.5 mA

Iy

I is much less than Jc(max, and will not change with Vec. It is determined only by

IE and BDC'
The voltage drop across Rc is

V. = IcRc = (19.5 mA)(1.0 k() = 195V

Now you can determine the maximum value of Vec when Veg = Vegmax) = 15V,

VRC = Vee — Ver
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Thus,
VCC(max) . VCE(max) =g VRC =15V+195V=345V

Ve can be increased to 34.5 V, under the existing conditions, before Vegmax) 1S
exceeded. However, at this point it is not known whether or not Ppmay has been ex-
ceeded.

Pp = Vepmaole = (15 V)(19.5 mA) = 293 mW

Since Pp(max) is 800 mW, it is nor exceeded when Ve = 34.5 V. Thus, Vegmay = 15V
is the limiting rating in this case. If the base current is removed causing the transistor to
turn off, Viepmax) Will be exceeded because the entire supply voltage, Ve, will be
dropped across the transistor.

Practice Exercise Assume the transistor in Figure 3-28 has the following maximum
ratings: Ppmaxy = 300 mW, Vegmaxy = 25 V. Igmaxy = 200 mA, Vepmaxy = 30V,
VER(max) = 15 V. Determine the maximum value to which V¢ can be adjusted without
exceeding a rating. Which rating would be exceeded first? I

AC and DC Equivalent Circuits

In Section 3-2, you solved the dc bias conditions necessary to set the operating conditions
for the transistor. The first step in analyzing or troubleshooting any transistor amplifier is to
find the dc conditions. After checking that the dc voltages are correct, the next step is to
check ac signals. The equivalent ac circuit is quite different from the dc circuit. For exam-
ple, a capacitor prevents dc from passing; thus, it appears as an open circuit to dc but looks
like a short circuit to most ac signals. For this reason, you need to be able to look at the dc
and ac equivalent circuits quite differently.

Recall from your dc/ac circuits course that the superposition principle allows you to
find the voltage or current anywhere in a linear circuit due to a single voltage or current
source acting alone. This is done by reducing all other sources to zero. To compute ac
parameters, reduce the dc power supply to zero by mentally replacing it with a short and
computing the ac parameters as if they were acting alone. Replacing the power supply with
a short means that V¢ is actually at ground potential for the ac signal. This is called an ac
ground. The concept of a ground point that is an ac signal ground but not a dc ground may be
new to you. Just remember that an ac ground is a common reference point for the ac signal.

Coupling and Bypass Capacitors

A basic BIT amplifier is shown in Figure 3-29. The difference between this circuit and
the one in Figure 319 is the addition of an ac signal source, three capacitors, and a load
resistor. In addition, the emitter resistor is divided into two resistors.

The ac signal is brought into and out of the amplifier through series capacitors (C,
and C;) called coupling capacitors. As mentioned previously, a capacitor normally ap-
pears as a short to the ac signal and an open to dc. This means that coupling capacitors can
pass the ac signal while simultaneously blocking the dc voltage. The input coupling capac-
itor, Cy, passes the ac signal from the source to the base while isolating the source from the
dc bias voltage. The output coupling capacitor, Cs, passes the signal on to the load while
isolating the load from the power supply voltage. Notice that the coupling capacitors are in
series with the signal path.
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FIGURE 3-29 +Vee

A basic transistor amplifier. ¢ \/\
S

Capacitor C, is different; it is connected in parallel with one of the emitters resistors.
This causes the ac signal to bypass the emitter resistor; thus, it is called a bypass capaci-
tor. The purpose of the bypass capacitor is to increase the gain of the amplifier for reasons
you will learn later. Since the bypass capacitor is an ac short, both ends of the capacitor
are at ac ground. Whenever one side of a capacitor is connected to ground, the other
side is also a ground to the ac signal. Remember this if you are troubleshooting; you
shouldn’t find an ac signal on either side of a bypass capacitor. If you do, the capacitor may
be open.

Amplification

The signal source, V,, shown in Figure 3-29 causes variations in base current which, in
turn, cause the much larger emitter and collector currents to vary about the Q-point in
phase with the base current. However, when the collector current increases, the collector
voltage decreases and vice-versa. Thus, the sinusoidal collector-to-emitter voltage varies
above and below its Q-point value 180° out of phase with the base voltage. A transistor al
ways inverts the signal between the base and the collector. Amplification occurs becausea
small swing in base current produces a large variation in collector voltage.
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3-4 @ COMMON-EMITTER AMPLIFIERS

a) Schematic

FIGURE 3-30

The common-emitter (CE) is a type of BJT amplifier configuration in which the emitter
is the reference for the input and output signals. In this section, a specific CE amplifier
is introduced and used to illustrate certain ac parameters.

After completing this section, you should be able to

O Understand and analyze the operation of common-emitter amplifiers
[ Draw the equivalent ac circuit for a CE amplifier
O Compute the voltage gain and the input and output resistances for a CE amplifier
1 Discuss why the ac load line differs from the dc load line
QO Draw the ac load line for a CE amplifier and find the Q-point

The common-emitter (CE) amplifier, the most widely used type of BJT amplifier, has the
emitter as the reference terminal for the input and output signal. Figure 3-30(a) shows a
CE amplifier that produces an amplified and inverted output signal at the load resistor. The
input signal, V;,, is capacitively coupled to the base through C;, causing the base current to
vary above and below its dc bias value. This variation in base current produces a corre-
sponding variation in collector current. The variation in collector current is much larger
than the variation in base current because of the current gain through the transistor. This
produces a larger variation in the collector voltage which is out of phase with the base sig-
nal voltage. This variation in collector voltage is then capacitively coupled to the load and
appears as the output voltage, V,,,,.

Now let’s look closely at the amplifier in Figure 3-30(a) and examine its dc and ac
parameters. The dc parameters were worked out in Example 3-5 (Figure 3-20) and the
method is briefly reviewed here. Notice that the original 470 {) emitter resistor is now com-
posed of two series resistors, Rg; and Rg», that add to the same 470 (). This has no effect
on the dc currents or voltages, but because of the presence of the bypass capacitor, C5, the
ac resistance of the emitter circuit is different.

There is voltage-divider bias, so first find the dc base voltage by applying the voltage-
divider rule. The emitter voltage is 0.7 V less than the base voltage due to the base-emitter

+VCC

5.68 mA 4

Q-point

]CQ =33mA ="

1
0 Vepg=T41V 18V

(b) DC load line

A basic common-emitter amplifier.
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diode drop. Next, find the emitter current by applying Ohm’s law to the emitter resistor. This
calculates to 3.34 mA of emitter current, which is approximately the same as the collector
current; therefore, the voltage drop across R can also be found by Ohm’s law. The results
from Example 3-5 showed that V- is 8.98 V and that Vg is 7.41 V. Recall that /- and Vg de-
fine the Q-point for the circuit. Because these are the values of I and Vg at the Q-point,
they are given special labels: I and Vg, respectively.

A graphical picture of the parameters just reviewed may help you visualize the dc
parameters. You can determine the load line by finding the saturation current and the
collector-emitter cutoff voltage for the circuit. Recall that the saturation current is the cur-
rent when the collector-to-emitter voltage is approximately zero. Thus,

i 18V

Bl v - = 568 mA
S " ¥ Ry + Ry 2.7k0 + 20000 +270 0 o

At cutoff, there is no current, so the entire supply voltage, V¢, is across the collec-
tor to emitter. These two points, saturation and cutoff, allow you to construct the dc load
line, as shown in Figure 3-30(b). All possible operating points, with no ac signal, are
shown. The Q-point is located on the load line using the earlier calculation.

The AC Equivalent Circuit

Recall that the ac signal “sees” a different circuit than does the dc source for several
reasons. If you apply the superposition theorem to the circuit in Figure 3-3(0(a) and show
the capacitors as shorts, you can redraw the CE amplifier from the perspective of the ac sig-
nal. This is shown in Figure 3-31. The power supply has been replaced with an ac ground,
shown in color. The capacitors have been replaced with shorts, and Rg,, is eliminated be-
cause it is bypassed with C,.

FIGURE 3-31
AC equivalent circuit for Figure
3-30(a).

The ac equivalent circuit also shows an internal resistance in the base-emitter diode
(using the offset-resistance model described in Section 2—4). This internal resistance, called
r., plays arole in the gain and input impedance of the amplifier so is generally included in the
ac equivalent circuit. Because it is an ac resistance, it is sometimes called the dynamic emit-
ter resistance. The value of this ac resistance is related to the dc emitter current as follows:

.

S my

4 (39

The derivation of this formula is in Appendix B.
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I EXAMPLE 3-9

1

Solution The emitter current was found to be 3.34 mA (see Example 3-5). Substitut-
ing into Equation (3-9),

Find the dynamic emitter resistance, r, for the circuit in Figure 3-30(a).

re

_25mV _ 25mV

= =150
I 3.34 mA

Practice Exercise Compute r,, for a transistor with an emitter current of 100 pA. J

Voltage Gain

The voltage gain, A,, of the CE amplifier is the ratio of the output signal voltage to the in-
put signal voltage, V,,,/V,,. The output voltage, V,,,, is measured at the collector and the
input voltage, V,,, is measured at the base. Because the base-emitter junction is forward-
biased, the signal voltage at the emitter is approximately equal to the signal voltage at the
base. Thus, since V;, = V,, the voltage gain is

Since I, = I,, the voltage gain reduces to the ratio of ac collector resistance to ac emitter
resistance.

I

R
A - 3-10
v R, (3-10)

The negative sign in the gain formula is added to indicate inversion, meaning
the output signal is out of phase with the input signal. Note that the gain is written as a
ratio of two ac resistances; you will see this idea again with the other amplifier configu-
rations.

The gain formula is a useful and simple way to quickly determine what the voltage
gain of a CE amplifier should be. When you're troubleshooting, you need to know what
signal to expect; remember that the collector and emitter resistances used in calculating
gain are the total ac resistance. The following summarizes these ideas:

[ The emitter ac circuit In the emitter circuit, you need to include the internal base-
emitter diode resistance (r.) and the fixed resistor that is not bypassed with a capac-
itor. The internal r., appears to be in series with the unbypassed emitter resistance in
the ac emitter circuit. Incidentally, this unbypassed resistor, shown as Rg, in Figure
3-30(a), serves an important role in determining the gain and keeping the gain stable.
It also increases the input resistance of the amplifier as you will see later. Some-
times it is called a swamping resistor because it tends to “swamp” out the uncertain
value of r..

[ The collector ac circuit From the vantage point of the collector, the collector resistor
and the load resistor appear to be in parallel. Thus the ac resistance, R,, of the collector
is simply R¢ || R;. An example should clarify this.
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I EXAMPLE 3-10

Find A, for the circuit in Figure 3-30(a).

Solution The ac resistance in the emitter circuit, R,, is composed of r, in series with
the unbypassed Rg;. From Example 3-9, r, = 7.5 (). Therefore,

R.=r.+ Rg =750+ 2000 = 2075

Next, find the ac resistance as viewed from the transistor’s collector.
R.=Rc IR, =27k |l 4.7k} = 1.71 kQ

Substituting into Equation (3—10),

iR o 1T
A

-8.3
Again, the negative sign is used to show that the amplifier inverts the signal.

Practice Exercise Assume the bypass capacitor in Figure 3-30(a) were open. What
effect would this have on the gain?

Input Resistance

The input resistance for an amplifier, R, (called the input impedance when capacitive
or inductive effects are included) was introduced in Section 1-4 and Figure 1-19. It is an
ac parameter that acts like a load in series with the source resistance. As long as the inpul
resistance is high compared to the source resistance, most of the voltage will appear at the
input and the loading effect is small. If the input resistance is small compared to the source
resistance, most of the source voltage will drop across its own series resistance, leaving lit-
tle for the amplifier to amplify.

One of the problems with the CE amplifier is that the input resistance is dependent
on B,.. As you have seen, this parameter is highly variable, so you can’t calculate input
resistance exactly for a given amplifier without knowing the .. Despite this, you can min-
imize the effect of B,. and increase the total input resistance by adding a swamping resis-
tor to the emitter circuit. You can then obtain a reasonable estimate of the input resistance,
which for most purposes will enable you to determine if a given amplifier is appropriate for
the job at hand.

The input circuit for the CE amplifier in Figure 3-30(a) has been redrawn in Figure
3-32 to eliminate the output circuit. Rc is not part of the input circuit because of the
reverse-biased base-collector junction. For the input ac signal, there are three parallel
paths to ground. Looking in from the source, the three paths consist of R;, R,, and a path
through the transistor’s base-emitter circuit. It is these three parallel paths that comprise
the input resistance of the circuit. We define this resistance as R;,,.,) because it represents
the total input resistance including the bias resistors. The base-emitter path, however, has
B.. dependency because of the transistor’s current gain. The equivalent resistances, Ry
and r., appear to be larger in the base circuit than in the emitter circuit because of this cur-
rent gain. The resistors in the emitter circuit must be multiplied by B,. to obtain their
equivalent resistance in the base circuit. Therefore, the formula for calculating total input
resistance is

Ringory = Ry || Ry Il [Bac(re + Re)] (3-11)

EX
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FIGURE 3-32 R &
Egquivalent ac input circuit for the CE \; * * | »
amplifier in Figure 3-30(a). 600 0

v R, R, Rg

i 27k} 3.9k 200 Q2

'EXAMPLE 3-11

Find R;, 0 for the circuit in Figure 3-30(a). Assume the B,. is 120.

Solution The internal ac emitter resistance, r,, was found to be 7.5 () in Example
3-9. Substituting into Equation (3—11),

Ringory = Ry || Ry |l [Bac(r + Rgy)]
=27k 1 3.9kQ || [120 (7.5 Q + 200 )] = 3.0 kQ

Practice Exercise Compute R, for the circuit in Figure 3-30(a) if B, is 200.

Output Resistance

Recall that the model for an amplifier (Section 1-4) includes a Thevenin voltage source driv-
ing a series resistance or a Norton current source driving a parallel resistance. In both of these
models, the resistance is the same. It is the equivalent output resistance of the amplifier.

To find the output resistance of any CE amplifier, look back from the output coupling
capacitor as illustrated in Figure 3-33. The transistor appears as a current source in paral-
lel with the collector resistor. This is the same as the equivalent Norton circuit in Figures
1-11 and 1-19(b).

FIGURE 3-33
Egquivalent ac output circuit for the CE =
amplifier. B

c B

I

I\

Current
source Ry

Recall that the internal resistance of an ideal current source is infinite. With this in
mind, you can see that the output resistance for the CE amplifier is simply the collector re-
sistance, Rc.

The AC Load Line

For most troubleshooting work, it is useful to be able to quickly estimate a circuit’s voltage
and current values. Although technicians seldom use them in their normal work, load lines
are a useful tool for understanding a transistor’s operation and may offer insight into a cir-
cuit’s limitations, such as clipping levels.
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As discussed in Section 3—1, a dc load line can be drawn for a basic transistor circl
that consists of a series collector resistor, R, and a voltage source, Vcc. As shown in Fig
ure 3—12(a), this series combination formed a Thevenin circuit that was represented grapk
ically by a dc load line that crossed the y-axis at saturation. Recall that the load line in Fig
ure 3—12(b) was independent of the transistor, which served as the load.

For ac, the Thevenin resistance is more complicated because of the presence of
pacitors and an internal emitter resistance, r,. In high-frequency circuits, inductors ma
also play a role. Even though r, is internal to the transistor, it is considered part of i
Thevenin resistance. Capacitive coupling and bypass capacitors are also present in mog
practical ac circuits. Capacitors are normally treated as shorts for the ac signal, meaning
that the ac resistance (R,,) of the collector-emitter circuit is reduced. Example 312 willi
lustrate this concept.

A dc and an ac load line are shown together in Figure 3-34 for a capacitively couple
amplifier. The Q-point is the same for both load lines because when the ac signal is reduc
to zero, operation must still occur at the Q-point. Notice that the ac saturation current i
greater than the dc saturation current (because the ac resistance is smaller). In addition,
ac collector-emitter cutoff voltage is less than the dc collector-emitter cutoff voltage. Th
ac load line locates all possible operation points (collector current versus collector-emitig
voltage) for the ac signal.

Ic

‘rc(sur)T

Veeg

AC load line

Q-point

DC load line

’._;r?‘
<

Ve

|<—— VCEQ —b|<— '{CQR(H' —b’ VCE{CU[Off)

Vv,

celcutoff )

FIGURE 3-34
The dc and ac load lines.

The ac saturation and ac cutoff points can be computed for the ac load line. The ac
load line crosses the y axis at /... This point is found by starting at the dc Q-point (/cg)
and adding a term that includes the ac resistance of the collector-emitter circuit, R, &
shown on Figure 3-34. The equation for ac saturation is

Ic(sur) = ICQ =

The ac load line touches the x axis at V.. (c.op- This point is also found by starting at
the dc Q-point (Vcgg) and adding a term that includes the ac resistance, R,,.. The equation
for ac cutoff is

V(‘e(c‘u!oﬁ'] = VCEQ & ICQRac
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EXAMPLE 3-12

Draw the ac load line for the circuit in Figure 3-30(a).

Solution The dc load line for this circuit was shown in Figure 3-30(b) and is shown
in Figure 3-35 for reference. The Q-point coordinates are Vepg = 7.41 V and Ipg =
3.34 mA.

Before locating the ac load line, it is necessary to find the ac resistance of the col-
lector-emitter circuit. As you know, the emitter circuit has r, + Ry, in series. The
collector circuit has the parallel combination of R || R;. The total ac resistance of
the collector-emitter circuit is

Rac = r:_, + RE] =+ (RC I RL)

In Example 3-9, 7, was found to be 7.5 (). Substituting this value and the other
fixed resistors into the previous equation results in

R,.=750+2000+ 27k 1l 4.7k0D) = 1.92 k()
Now, find the ac collector saturation current.

741V
1.92 kQ

V.
IC‘(J‘GI} = Icq -+ % = 3.34 mA +

ac

= 7.20 mA

Next, find the ac collector-emitter cutoff voltage.

Veetcurogy = Vera + IcoRae = 741V + (3.34 mA)(1.92 k) = 13.8 V

Together, the ac collector saturation current, the Q-point, and the ac collector-emitter
cutoff voltage establish a straight line. The ac load line can now be drawn and is shown
in Figure 3-35.

! AC load line

cl(sat)

=7.20mA

Iogsay = 5-68 mA
Q-point

g = e e X DC load line
I
|
|
[
: : Vee
741V 138V I8V
Ve EQ Vre(cu toff ) VCE( cutoff)
FIGURE 3-35

DC and ac load lines for the circuit in Figure 3-30(a).

Practice Exercise 'What happens to the Q-point and the ac load line if the load resis-
tor is changed from 4.7 k() to 2.7 k2?
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One interesting way of viewing the operation of an amplifier is to superimpose as

of characteristic curves for the transistor on the ac load line. This is shown in Figure 3-%
for a typical transistor that could be used with the CE amplifier from Figure 3-30(a). Lin
projected from the peaks of the base current across to the /¢ axis and lines from the ac lo#
line down to the Vi axis indicate the peak-to-peak variations of the collector current anf
collector-to-emitter voltage, as shown. For the transistor in this example, if an input signd
causes the base current to vary from approximately 13 pA to 18 WA, the output collect
current will vary from approximately 2.9 mA to 3.9 mA. In addition, Vg varies from g
proximately 6.3 V to 8.1 V for this same signal. The ac load line also gives a quick visul
indication when the signal exceeds the linear range of the amplifier and shows the curren
and voltage range that a particular signal will encompass.

FIGURE 3-36 Ic (mA)
AC load line superimposed on a
typical transistor characteristic. 8- Iy = 35 A
2 Iy =30 pA
6 -
! Ig=25pA
\ Q-point Iy = 20 pA

R o
oy 3 \ Iy = 10 A
1- e \\

0

AV, E e

3-4 REVIEW QUESTIONS
el - 1. Which tgrmiua_l'of a CE amplifier is the input terminal? Which is the output
terminal? !
2. What is the advantage of a high input resistance in an amplifier?
‘3. How is the gain determined in a CE amplifier?

3-5 M COMMON-COLLECTOR AMPLIFIERS

The common-collector (CC) amplifier, commonly referred to as an emitter-follower, is
the second of the three basic amplifier configurations. The input is applied to the base
and the output is at the emitter. The CC amplifier provides current gain; the voltage gain
is approximately 1. It is frequently used as a buffer or driver because of its high input re-
sistance.

After completing this section, you should be able to

0 Understand and analyze the operation of common-collector amplifiers
[ Draw the equivalent ac circuit for a CC amplifier
0O Explain why the voltage gain for a CC amplifier is approximately 1
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Q Compute the current gain and the input and output resistances for a CC amplifier
0O Explain why a darlington pair has a very high 3

Figure 3-37(a) shows a common-collector (CC) circuit with a voltage-divider bias. The
collector is connected directly to the dc power supply which is an ac ground. Notice that
the input is applied to the base and the output is taken from the emitter. The output signal
is in phase with the input signal. Looking from the input coupling capacitor to the base, the
equivalent ac circuit has the bias resistors and the resistors in the emitter circuit as shown
in Figure 3-37(b).

(a) Typical common-collector (CC) or emitter-follower (b) Equivalent ac circuit

amplifier

FIGURE 3-37

Voltage Gain

The ac circuit of Figure 3-37(b) can be simplified by combining the parallel emitter and
load resistors into one equivalent resistor (Rg || R;), as shown in Figure 3-38. This circuit
is used to analyze the voltage gain of the CC amplifier.

FIGURE 3-38
Eguivalent ac input circuit for the CC
amplifier.

As in all linear amplifiers, the voltage gain in a CC amplifier is A, = V,,,,/ Vi, In the
analysis of the gain, the bias resistors are not included because they do not directly affect
the input signal (although they do cause a loading effect on the source). Notice in Figure
3-38 that the input voltage is across r, in series with Rg || R,. The output is across only
Rg |l R;. As long as r. is small compared to Rg || R, (the usual case), you can ignore the
small drop across r,. This means that the input and output voltages are nearly the same.
Therefore,

A, =1 (3-12)
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Because of the small drop across r,, the actual gain is slightly less than 1. For pract:
cal circuits, this difference is not important. If you are checking the input and output oft
CC amplifier with an oscilloscope, expect to see nearly identical signals. Since the outpu
voltage on the emitter follows the input voltage, the CC amplifier is often called @
emitter-follower. There is no phase inversion in a CC amplifier.

You might wonder, if the CC amplifier has unity voltage gain, what is its value? Th
answer is that it has current gain. CC amplifiers are used when it is necessary to drived
low-impedance load, such as a speaker. In order to solve for current gain, you need to fird
analyze the input and output ac resistance.

Input Resistance

The emitter-follower is characterized by a high input resistance, which makes it a very ust
ful circuit. Because of the high input resistance, the emitter-follower can be used as#
buffer to minimize loading effects when one circuit is driving another. The derivation of
the input resistance viewed from the base is similar to that for the CE amplifier. Lookingin
from the source, the CC amplifier has the same parallel paths as in the CE amplifier wit
voltage-divider bias, as shown in the equivalent circuit in Figure 3-38. In this case, how-
ever, there are no bypass capacitors in the emitter circuit. The total input resistance hasa
similar equation as in the CE case but with a different ac emitter resistance (Rg || Ry).

Rin(rar) o~ Rl ” R‘Z “ [Bac(r; ok RE ” RL)] (3'13)

In most practical circuits, 7, is much smaller than Rg || R, and is ignored in the cal
culation. Further, the ac resistance of the transistor’s emitter circuit is generally much
larger than the paths through the bias resistors (because of B,.). For a quick approximation
of the total input resistance, you can just find the equivalent resistance of R; in paralldl
with R,.

Output Resistance

The equivalent CC amplifier output circuit is shown in Figure 3-39 with the perspective of
looking back from the output coupling capacitor. Resistor R}.s. Tepresents the source and
bias resistors in the base circuit. From the vantage point of the emitter circuit, these appear
to be very small (their value is divided by Bac). In practical circuits, they can be ignored;
from the emitter’s perspective, the base appears to be nearly at ac ground. This leaves only
r. in parallel with Rg. Since Rg is much larger than r., it also can be ignored.' For basic
analysis purposes, the output resistance for the CC amplifier is quite simple—it’s just r!

FIGURE 3-39 ‘E
Equivalent ac output circuit for the CC d) B
amplifier.

Rbuse

! Notice that the small equivalent series base resistor tends to be cancelled by the larger parallel emitter resistor,
justifying the simplifying assumptions.
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Current Gain

The signal current gain for the emitter-follower is Lipaa! I; Where I}, 1s the ac current in the
load resistor and I, is the ac signal current from the source. The current /; is calculated us-
ing Ohm’s law as V;,/ R, 0n- Since the voltage gain is approximately 1, the input voltage
is also across the load. Thus, the load current is V;,,/R;. Taking the ratio of the currents re-

sults in the current gain.
s Iload anfRL

A = =
; Is Vin/Rin(ror)
R; o]
A = e (3-14)
Ry

This is a useful result and shows that the current gain, A;, for the loaded CC ampli-
fier is a ratio of the total input resistance to the load resistance. As noted with the earlier
voltage gain equations, current gain can also be written as a ratio of resistances.

EXAMPLE 3-13

Determine the total input resistance, Ry, and the approximate voltage gain and cur-
rent gain to the load of the emitter-follower in Figure 3—40. Assume the B, is 140.

FIGURE 3-40 +Vee
+12V

1.0V rnﬁ

Solution Although r. can be ignored for the calculation of the total input resistance, it
is useful to review the method for finding r.. The value of r; is determined from I, so
the first step is to find the dc conditions. The base voltage is found from the voltage-

divider rule.
R> ) ( 27 k() )
N (Rl + R,/ ¢ \10kQ + 27k0 i

The emitter voltage is approximately Vs — Vgg = 8.06 V. The emitter current is found
from Ohm'’s law.

Ve _ 806V

= — 144 mA
Re 560 Q )

IE=
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The value of r} is

i

25 mV 25 mV
= = = ] ﬂ
Ig 14.4 mA 4

Since this value is small compared to the emitter and load resistors, it can be ignored.
The total input resistance is

Rinton = Ry | Ry |l [Bac(Re Il Rp)]
10 kQ 1| 27 kQ || [140(560 £ || 560 £2)] = 6.15 kQ

Neglecting ., the voltage gain is
A, =1
The current gain (to the load resistor) is

AL R:‘u(mr) S5 615 kﬂ )

11
3 Ry 560 Q

Practice Exercise Assume R, and R, were both doubled in value. How would this
change affect the voltage gain? How would the change affect the current gain?

The Darlington Pair

One reason for using a CC amplifier is that it offers high input resistance. The input resis
tance of the CC amplifier is limited by the size of the bias resistors and the B, of the tran-
sistor. If B,. could be made higher, larger-value bias resistors can still supply the necessary
base current and the transistor’s input resistance would look higher still.

One way to boost input resistance is to use a darlington pair, as shown in Figure
3-41. A darlington pair consists of two cascaded transistors with the collectors connected;
the emitter of the first drives the base of the second. This configuration achieves B, multi-
plication. In effect, the darlington pair is a “super beta” transistor that looks like a single
transistor with a beta equal to the product of the individual betas.

Bac 75 Bacl Bac2

The main advantage of the darlington pair is that the circuit can achieve high inpul
resistance and high current gain. Darlington pairs can be used in any circuit in which a very

FIGURE 3-41
Darlington pair.

FIGL
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high B is desirable. Darlington transistors are available in a single package configuration
that look like any other transistor. For example, the 2N6426 is a small-signal darlington
transistor with a minimum 3 of 30,000.

REVIEW QUESTIONS

y 1. What is another name for a common-collector amplifier?

2. What is the ideal maximum voltage gain of a CC amplifier?

3. What are the most important characteristics of the CC amplifier?

3-6 B COMMON-BASE AMPLIFIERS

The third basic amplifier configuration is the common-base (CB). The CB amplifier pro-
vides high voltage gain but has low input resistance. For this reason, it is not as widely
used as other types but is used in certain high-frequency applications and in a circuit
called a differential amplifier that we will discuss in Chapter 6.

After completing this section, you should be able to

O Understand and analyze the operation of common-base amplifiers
QO Draw the equivalent ac circuit for a CB amplifier
QO Compute the voltage gain and the input and output resistances for a CB amplifier

(== A typical common-base (CB) amplifier using voltage-divider bias is shown in Figure
—_— 3-42(a). The base is at signal (ac) ground due to Cs, and the input signal is applied to the
emitter. The output is coupled through C, from the collector to the load resistor. Figure
3-42(b) shows the equivalent ac circuit. Capacitors and the dc source have been replaced
with shorts. This causes the bias resistors to be shorted in the equivalent circuit. The basic
difference between this circuit and the common-emitter circuit is how the signal is fed to

the amplifier.

FIGURE 3-42 el
+15V

(a) Typical common-base (CB) amplifier (b) Equivalent ac circuit




164 M BIPOLAR JUNCTION TRANSISTORS (BJTs)

Voltage Gain

As in the CE and CC amplifiers, the voltage gain of the CB amplifier is the ratio
Vout! Vi For the CB amplifier, V,,,, is the ac collector voltage, V., and V), is the ac emift
voltage, V,. With this in mind, the voltage gain formula is developed as follows:
4o Ve LR IRY
SVl R
The ac collector and emitter currents are nearly the same, so they cancel. Sin
R >> rl, you can approximate r, || Rg as just r,. Further, Rc || R, represents the ac resis
tance of the collector, R... Thus, the voltage gain is again a ratio of resistances.

Rc I R
A,,=—,C| =
r. |l Rg

or

It

| &

Ay

This equation says the voltage gain is approximately equal to the ratio of the ac cot
lector resistance to the internal ac emitter resistance. In this case, the emitter resistance
composed only of ».. The more general case is when a swamping resistor is added in the
emitter circuit, considered next.

Voltage Gain with a Swamping Resistor One problem with the basic CB amplifir§8
in Figure 3-42 is that it tends to distort larger signals because the only resistance on the n-
put side is ., which depends, to some extent, on the signal amplitude. A large signal causes
changes in r, and therefore the gain. Figure 3—43 shows a modification of the basic ampl:
fier with typical values for a small-signal transistor shown. The modification is the addition
of a small-value swamping resistor, Rg,, in series with .. As in the case of a CE amplifie,
this additional fixed resistor produces greater gain stability and increases the input resis
tance but at the price of reduced gain. For the CB amplifier, it can also significantly im-
prove linearity because the swamping resistor is a fixed quantity, independent of the signd
amplitude.

FIGURE 3-43 +Vee
CB amplifier with swamping +15V
resistor.
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Since the swamping resistor is in series with r2, its value is added to r, to obtain the
approximate ac emitter resistance (ignoring the much larger parallel Ri,). The voltage gain
of the CB amplifier is still the ac collector resistance, R.., divided by the ac emitter resis-
tance, R,, but now includes the swamping resistor.

= r:_,+RE]

A

I

R,
s (3-15)
R,
Note that this gain equation is the same as that for the CE amplifier except that the CB am-
plifier does not invert the signal so the sign of the gain is positive.

Input Resistance

For the basic amplifier without a swamping resistor (Figure 3-42), R appears in parallel
with r, when viewed from the source. However, r, is normally small compared to R, so
you can generally ignore Rg when finding the input resistance. Therefore, the total input re-
sistance of a CB amplifier without a swamping resistor is approximately r,. This is the
main disadvantage to the CB amplifier. Although the input resistance is small compared to
the CE and CC amplifiers, in certain high-frequency applications, this can be an advantage.

As in the case of the CE amplifier, a swamping resistor increases the input resistance.
With a swamping resistor, the input resistance is approximately r, + Rg,. This approxima-
tion again ignores the contribution of resistor Rg,, which appears to be a large parallel path
for the input signal. Thus,

Rn‘n(ro:) =r, + Rg (3-16)

Output Resistance

The output circuit of the CB amplifier is identical to that of the CE amplifier; therefore, the
output resistance is the same (see discussion in Section 3—4). When looking back from the
output coupling capacitor, the output resistance for both the CB and CE amplifiers is sim-
ply the collector resistance, R.

an e RC

I EXAMPLE 3-14

|
|

Find the total input resistance and the voltage gain for the CB amplifier in Figure 3-43.

Solution  In order to determine r,, it is first necessary to find /.. Find the dc voltage on
the base using the voltage-divider rule.

R, 15 kQ )
Vg=|—""——Vec=|—"-—=)15V =4,
= (R,+R2) e (36kﬂ+15kﬂ i sl

The emitter voltage is one diode drop less than the base.

Ve=Vg— Vg =441V —-07V =371V
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From Ohm’s law, the emitter current is

S i

Igp=—=——
e 133310

= 2.43 mA

The value of r, can now be found.

a2hmyie, C 23my
B 243 mA

r

Fe

=1030Q

Looking from the input coupling capacitor, the total input resistance is the sum of the
swamping resistor and 7. -

Rinony = 7o + Rgy =103 Q + 270 =373 O

The signal voltage gain is the ratio of the collector ac resistance to the emitter ac
resistance. The collector ac resistance, R,, is equal to R || R;.. The emitter ac resistance
is equal to r, + Rg;. Therefore, the voltage gain is
R, Rc | Ry, 36kQ I13.6 kO

—< = = 48

A =
WA PR % 1030 +27Q

I

Practice Exercise What is the output voltage if the input voltage at the coupling ca-
pacitor is a 50 mV peak-to-peak sinusoidal wave? |

The bias methods introduced in Section 3-2 can be applied to CB amplifiers. Emii-t= |
ter bias requires fewer components but requires dual power supplies. With emitter bias o
a CB amplifier, the base can be connected directly to ground, rather than through a capac:
tor and there are no bias resistors. Example 315 illustrates emitter bias with a CB ampli
fier using a pnp transistor. Try estimating the dc parameters and the gain before you look
the solution.

I EXAMPLE 3-15 Find the total input resistance and voltage gain for the CB amplifier in Figure 3-44.
FIGURE 3-44 Vo
-15V
‘ TA
Re Co
56k G, B in
\ =
/ :
1.0 pF R, ==
10 kO
& ‘ 3
G R 2 ]
] ]
Ry 47TuF 600 2 i ]
10 k) % i3
E <
+Vig o 1
+15V 3 —
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Solution Since the base is grounded, the emitter voltage is 0.7 V above ground. It can
be shown with an equation as

VE=Vp —Vgg =0V — (=0.7V) = +0.7V
Applying Ohm’s law for the emitter current,

ISV =07V
10 kQ)

I _VRE_VEE_VE_
57 Re R

= 1.43 mA

The value of . is

_25mV _ 25mV
% 1.43 mA

!

r, = 1750

Since there is no swamping resistor, the total input resistance (looking from the input
coupling capacitor) is just .. Therefore, the total input resistance is
Ringory = 1re = 17.5 Q
The signal voltage gain, measured from the input coupling capacitor to the load
resistor, is
RcIIR 5.6 k2 || 10 k)
€L - = 205
r 17.5 Q)

Practice Exercise What dc collector voltage should be observed for the circuit in Fig-
ure 3-447

I

R.
A, =—"
R,

Summary of AC Parameters for CE, CC, and CB Amplifiers

Table 3-2 summarizes the important ac characteristics of each of the three basic voltage
amplifier configurations. Also, relative values are indicated for general comparison of the
amplifiers. The input resistance depends on the particular circuit including the type of bias.
Voltage-divider bias is assumed for all amplifiers with an unbypassed emitter resistor (Rg,)
in the CE and CB configurations. These configurations are the same as have been discussed
in the previous sections.

TABLE 3-2

Comparison of amplifier ac parameters. Voltage-divider bias is assumed for all amplifiers with an unbypassed emitter resistor

in the CE and CB configurations.

CE cc CB
R R,
Volt i A, =—— A, = A w—t
bltage gain | R. v=1 il
High Low High
Il'lpl.l[ resistance Rin(mr) = RI Il RZ Il [Bm-(r{'r + REI)] Rr’u(!or) = Rl ” RZ [Bar(r; + RE Il RL)] Riﬂ(t‘ﬂ-’) = I‘; + REI
Low High Very low
Output resistance Rc =r, Rc
High Low High




168 M BIPOLAR JUNCTION TRANSISTORS (BJTs)

3-7 M THE BIPOLAR TRANSISTOR AS A SWITCH

In the previous sections, we discussed the transistor as a linear amplifier. Another mq
application area is switching applications used in digital systems. The first large-sil
use of digital circuits was in telephone systems. Today, computers form the most imp
tant application of switching circuits using integrated circuits (ICs). Discrete transi
switching circuits are used when it is necessary to supply higher currents or operatel
different voltage than can be obtained from ICs.

After completing this section, you should be able to

O Explain how a transistor can be used as a switch
1 Compute the saturation current for a transistor switch
O Explain how a transistor switching circuit with hysteresis changes states

Figure 3-45 illustrates the basic operation of a transistor as a switch. A switch is a ti
state device that is either open or closed. In part (a), the transistor is in cutoff because
base-emitter pn junction is not forward-biased. In this condition, there is, ideally, an op
between collector and emitter, as indicated by the open switch equivalent. In part (b),
transistor is in saturation because the base-emitter pn junction is forward-biased and i
base current is large enough to cause the collector current to reach its saturated value. |
this condition, there is, ideally, a short between collector and emitter, as indicated by fi
closed-switch equivalent. Actually, a voltage drop of a few tenths of a volt normally occu
across the transistor when it is saturated.

(a) Cutoff — open switch (b) Saturation — closed switch

FIGURE 3-45
Ideal switching action of a transistor.
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Conditions in Cutoff

As mentioned before, a transistor is in cutoff when the base-emitter pn junction is not for-
ward-biased. Neglecting leakage current, all of the currents are zero, and Vg is equal to Vec.

VCE(cutuﬁ‘) = Vee

Conditions in Saturation

When the emitter junction is forward-biased and there is enough base current to produce a
maximum collector current, the transistor is saturated. Since Vg is very small at satura-
tion, the entire power supply voltage drops across the collector resistor. An approximation
for the collector current is

I = Vee
C(sat) = R
C

The minimum value of base current needed to produce saturation is

IC(sa[)

Tp(miny =
(min) B
DC

Iy should be significantly greater than /gy, to keep the transistor well into saturation and
to account for beta variations in different transistors.

EXAMPLE 3-16

(a) For the transistor switching circuit in Figure 3-46, what is Vg when Vi, = 0V?

(b) What minimum value of /g is required to saturate this transistor if Bpc is 200? As-
sume Veggan = 0 V.

(¢) Calculate the maximum value of Ry when Vg = 5V,

FIGURE 3-46 +Vee
+10V
Rc<= 1.0k
Ry
Vin
Solution

(a) When Vi = 0V, the transistor is in cutoff (acts like an open switch) and
(b) Since VCE(sat} =0 V,

Vg 0%

j Al =< = 10 mA
o R R T St
IC(sa:) 10 mA
I i = = —— = ().
B(min) BDC 200 0.05 mA
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This is the value of I necessary to drive the transistor to the point of saturation. | E
Any further increase in /g will drive the transistor deeper into saturation but will not |
increase Ic.

(¢) When the transistor is saturated, Vg = 0.7 V. The voltage across Ry is ‘

Ve, =Vin—Vag =5V — 07V =43V ‘ ]

The maximum value of R needed to allow a minimum /g of 0.05 mA is calculated ‘

by Ohm’s law as follows: 3

Ve
B 29 cigpnn

Iy 0.05 mA

RB=

Practice Exercise Determine the minimum value of Iy required to saturate the tran-
sistor in Figure 3—46 if Bpc is 125 and Vegay 18 0.2 V.

Improvements to the One-Transistor Switching Circuit

The basic switching circuit shown in Figure 3-45 has a threshold voltage at which it changs
from off to on or on to off. Unfortunately, the threshold is not an absolute point because
transistor can operate between cutoff and saturation, a condition not desirable in a switching
circuit. A second transistor can dramatically improve the switching action, providing a shap
threshold. The circuit is shown in Figure 347, designed with a light-emitting diode (LED)
output so that you can construct it if you choose and observe the switching action. The ci-
cuit works as follows. When Vi is very low, Q, is off since it does not have sufficient bas
current. O, will be in saturation because it can obtain ample base current through R and e
LED is on. As the base voltage for Q, is increased, Q; begins to conduct. As Q, approach
saturation, the base voltage of 0, suddenly drops, causing it to go from a saturated to cutoff &=
condition rapidly. The output voltage of O, drops and the LED goes out.

Another improvement for basic switching circuits is the addition of hysteresis. Fu
switching circuits, hysteresis means that there are two threshold voltages depending o
whether the output is already high or already low. Figure 3-48 illustrates the situation
When the input voltage rises, it must cross the upper threshold before switching takes
place. It does not switch at A or B because the lower threshold is inactive. When the signd
crosses the upper threshold at point C, the output switches, and immediately the threshold

FIGURE 3-47 +Vee
A two-transistor switching circuit with
a sharp threshold.
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Vin
) <
> ey i i S e Upper threshold
3 s o N LRET (RN | C S O =——- Lower threshold
B gy )
Switching points ;

FIGURE 3-48
Hysteresis causes the circuit to switch at points C and E but not at the other points.

changes to a lower value. The output does not switch back at D but instead must cross the
lower threshold at £ before returning to the original state. Again, the threshold changes to
the upper level, so switching does not take place at point F. The major advantage of hys-
teresis in a switching circuit is noise immunity. As you can see from this example, the out-
put only changed twice despite a very noisy input.

The schematic for a transistor circuit with hysteresis is shown in Figure 3—49. As the
potentiometer is turned in one direction, the output will switch once, even if the potentiome-
ter is “noisy.” When the output switches, the common-emitter resistor, Ry, causes the thresh-
old voltage to change. This is caused by the different saturation currents for the two transis-
tors; the threshold is different when the output is in cutoff than when the output is saturated.

FIGURE 3-49
A discrete transistor switching circuit
with hysteresis.




172 M BIPOLAR JUNCTION TRANSISTORS (BJTs)

3-8 H TRANSISTOR PACKAGES AND TERMINAL IDENTIFICATION

Transistors are available in a wide range of package types for various application: /

Those with mounting studs or heat sinks are usually power transistors. Low-poy

and medium-power transistors are usually found in smaller metal or plastic cases. SiE }
another package classification is for high-frequency devices. You should be famis
iar with common transistor packages and be able to identify the emitter, base, ui (@T
collector terminals. This section is about transistor packages and terminal identi

cation.

After completing this section, you should be able to

Q List three broad categories of transistors
O Recognize various types of cases and identify the pin configurations 3,5

O Identify various types of transistor package configurations ] /

Transistor Categories _, N

Manufacturers generally classify their bipolar junction transistors into three broad cat
gories: general-purpose/small-signal devices, power devices, and RF (radio frequency
microwave) devices. Although each of these categories, to a large degree, has its oy

unique package types, you will find certain types of packages used in more than one d&
vice category. While keeping in mind there is some overlap, we will look at transisto
packages for each of the three categories, so that you will be able to recognize a transis
tor when you see one on a circuit board and have a good idea of what general categoryl
is in.

General-Purpose/Small-Signal Transistors General-purpose/small-signal transis
tors are generally used for low-or medium-power amplifiers or switching circuits. The
packages are either plastic or metal cases. Certain types of packages contain multiple trar:
sistors. Figure 3-50 illustrates common plastic cases, Figure 3-51 shows packages callel
metal cans, and Figure 3-52 shows multiple-transistor packages. Some of the multiple
transistor packages such as the dual-in-line (DIP) and the small-outline (SO) are the san
as those used for many integrated circuits. Typical pin connections are shown so you ca:
identify the emitter, base, and collector.

3 Collector \\ 3 Collector

“a y

Base Base

3 Collector

Base

I I Emitter | Emitter 2 Emitter

2
" '% 1 l+
g 5 3
3 B FIG
(a) TO-92 or TO-226AA (b) TO-92 or TO-226AE (c) SOT-23 or TO-236AB Typ
FIGURE 3-50 ;
Plastic cases for general-purpose/small-signal transistors. Both old and new JEDEC TO
numbers are given. Pin configurations may vary. Always check the data sheet.
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3 Collector 3 Collector 3 Collector Il
|
I
2 2 I
cple Base |
il

Base |

i

I Emitter | Emitter I Emitter ,

3 5 |

< I ;I

(2) TO-18 or TO-206AA (b) TO-39 or TO-205AD (c) TO-46 or TO-206AB I
|

3 Collector 3 Collector 2 Base l |
1
7 / 2 A es 1 Emitter 3 Collector i
Base / Base
| Emitter 3 2 0] 1 Emitter |
1) TO-52 or TO-206AC (e) TO-72 or TO-206AF (f) Pin configuration (bottom view).

Emitter is closest to tab. !
GURE 3-51 :
elal cans for general-purpose/small-signal transistors. ‘ a
i

|

o5 14 l .

6 I %ﬁ

Collector 1 7 Collector

2 , \ 6
Bu\c Base

Emitter 3 5 Emitter
(a) Dual metal can. Tab indicates pin 1. (b) Quad dual-in-line (DIP) and quad
flat-pack. Dot indicates pin 1. | |

1g 16 i
2 EM:‘ 15 !
30 014 Il
4Ej\£j 13
500 1112
{1Ej-\1£] 11 Collector 9 7 Collegetor
70 g10
16 \ XEM:] 9 I
i Base | 5 Base il
(¢) Quad small outline (SO) package for Emitter 2 4 Emitter i
surface- mount technology (d) Dual ceramic flat-pack il
i i
URE 3-52 i
ical multiple-transistor packages. i
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Power Transistors Power transistors are used to handle large currents (typically me
than 1 A) and/or large voltages. For example, the final audio stage in a stereo system us
a power transistor amplifier to drive the speakers. Figure 3-53 shows some common pa&
age configurations. In most applications, the metal tab or the metal case is common 0§
collector and is thermally connected to a heat sink for heat dissipation. Notice in part (¢
how the small transistor chip is mounted inside the much larger package.

RF Transistors RF transistors are designed to operate at extremely high frequence
and are commonly used for various purposes in communications systems and other high
frequency applications. Their unusual shapes and lead configurations are designed to opt
mize certain high-frequency parameters. Figure 3-54 shows some examples.

0

Y

E
(a) TO-3 or TO-204AE (b) TO-218 (c) TO-218AC (d) TO-220AB

%/

E B

C B B
(e) TO-225AA () Surface-mount technology (g) Cutaway view of tiny transistor chip mounted in the encapsulated packag &
FIGURE 3-53

Typical power transistors.

(a)

FIGURE 3-54
Examples of RF transistors.
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REVIEW QUESTIONS

1. List the three broad categories of bipolar junction transistors.
2. In a single-transistor metal case, how do you identify the leads?

3. In power transistors, the metal mounting tab or case is connected to which transistor
region?

3.9 B TROUBLESHOOTING

As you already know, a critical skill in electronics is the ability to identify a circuit malfunc-
tion and to isolate the failure to a single component if possible. In this section, the basics of
troubleshooting transistor bias circuits and testing individual transistors are covered.

After completing this section, you should be able to

1 Troubleshoot various faults in transistor circuits
O Define floating point
O Use voltage measurements to identify a fault in a transistor circuit
O Use a DMM to test a transistor
W Explain how a transistor can be viewed in terms of a diode equivalent
[ Discuss in-circuit and out-of-circuit testing
U Discuss point-of-measurement in troubleshooting
U Discuss leakage and gain measurements

Troubleshooting a Biased Transistor

Several faults can occur in a simple transistor bias circuit. Possible faults are open bias re-
sistors, open or resistive connections, shorted connections, and opens or shorts internal to
the transistor itself. Figure 3-55 is a basic transistor bias circuit with all voltages refer-
enced to ground. The two bias voltages are Vg = 3 V and Ve = 9 V. The correct voltages
at the base and collector are shown. Analytically, these voltages are determined as follows.
A Bpc = 200 is taken as midway between the minimum and maximum values of Agg given
on the data sheet for the 2N3904 in Figure 3-25. A different Ay (Bpc), of course, will pro-
duce different results for the given circuit.

VB - VBE == 0.7 V

] 7VBB_VBE_3V_O'7V72'3V

. Ry 56 kQ 56 k()
[c = BDCIB == 200(41] p..A) = 8.2 mA

Ve = Vee — IcRc = 9V — (8.2 mA)560 Q) = 4.4V

= 41.1 pA

Several faults that can occur in the circuit and the accompanying symptoms are il-
lustrated in Figure 3-56. Symptoms are shown in terms of measured voltages that are in-
correct. The term floating point refers to a point in the circuit that is not electrically con-
nected to ground or a “solid” voltage. Normally, very small and sometimes fluctuating
voltages in the wV to low mV range are generally observed at floating points. The faults in
Figure 3-56 are typical but do not represent all possible faults that may occur.
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FIGURE 3-55

A basic transistor bias circuit.

+Vee
9V

560 £
9V
2N3904

(a) Fault: Open base resistor.
Symptoms: Readings from pV to a

few mV at base due to floating point.

9V at collector because transistor is
in cutoff.

(d) Fault: Collector internally open.
Symptoms: 0.5V —-0.7V at base
lead due to forward voltage drop
across base-emitter junction. 9 V at
collector because the open prevents
collector current.

FIGURE 3-56

+Vgp

+3V 561(00'_"V

OPEN
uv
+Vgp
+3V 2N3904

05V-07V

(b) Fault: Open collector resistor.
Symptoms: Readings from pV to a
few mV at collector due to floating
point. 0.5 V — 0.7 Vat base due to
forward voltage drop across the base-
emitter junction.

+Vee
+H9V

+Vgp
+3V

(e) Fault: Emitter internally open.
Symptoms: 3V at base lead. 9 V
at collector because there is no
collector current. 0 'V at the emitter
as normal.

Typical faults and symptoms in the basic transistor bias circuit.

+Vee
+9V

Re
560 ()
44V

2N3904

+Vee
+9V

5600
9V
+Vgg
3V 2N3904

(c) Fault: Base internally open.
Symptoms: 3V at base lead.
9 V at collector because transistor
is in cutoff.

+Vgg
+3V

(f) Fault: Open ground connection.
Symptanis: 3V at base lead. 9V
at collector because there is no
collector current. 2.5 V or more at the
emitter due to the forward voltage
drop across the base-emitter junction.
The measuring voltmeter provides a
forward current path through its
internal resistance.
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Testing a Transistor with a DMM

A digital multimeter can be used as a fast and simple way to check a transistor for open or
shorted junctions. For this test, you can view the transistor as two diodes connected as
shown in Figure 3-57 for both npn and pnp transistors. The base-collector junction is one
diode and the base-emitter junction is the other.

npn pnp npn pnp
(a) Both junctions should read (b) Both junctions should

0.7V 0.2V when ideally read OPEN when

forward-biased. reverse-biased.

FIGURE 3-57
A transistor viewed as two diodes.

Recall that a good diode will show an extremely high resistance (or open) with re-
verse bias and a very low resistance with forward bias. A defective open diode will show an
extremely high resistance (or open) for both forward and reverse bias. A defective shorted
or resistive diode will show zero or a very low resistance for both forward and reverse bias.
An open diode is the most common type of failure. Since the transistor pn junctions are, in
effect diodes, the same basic characteristics apply.

The DMM Diode Test Position Many digital multimeters (DMMs) have a diode test
position that provides a convenient way to test a transistor. A typical DMM, as shown in
Figure 3-58, has a small diode symbol to mark the position of the function switch. When
set to diode test, the meter provides an internal voltage sufficient to forward-bias and
reverse-bias a transistor junction. This internal voltage may vary among different makes of
DMM, but 2.5V to 3.5 V is a typical range of values. The meter provides a voltage reading
to indicate the condition of the transistor junction under test.

When the Transistor Is Not Defective In Figure 3-58(a), the V Q (positive)
lead of the meter is connected to the base of an npn transistor and the COM (negative) lead
is connected to the emitter to forward-bias the base-emitter junction. If the junction is
good, you will get a reading of between 0.5 V and 0.9 V, with 0.7 V being typical for
forward bias.

In Figure 3-58(b), the leads are switched to reverse-bias the base-emitter junction, as
shown. If the transistor is working properly, you will get a voltage reading based on the
meter’s internal voltage source. The 2.6 V shown in the figure represents a typical value
and indicates that the junction has an extremely high reverse resistance with essentially all
of the internal voltage appearing across it.

The process just described is repeated for the base-collector junction as shown in
Figure 3-58(c) and (d). For a pnp transistor, the polarity of the meter leads are reversed for
each test.




(a) Forward-bias test of
BE junction

FIGURE 3-58

Typical DMM test of a properly functioning npn transistor. Leads are reversed for a pnp test.
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[ =

(b) Reverse-bias test of (c) Forward-bias test of (d) Reverse-bias test of
BE junction BC junction BC junction

When the Transistor Is Defective When a transistor has failed with an open jur
tion or internal connection, you get an open circuit voltage reading (2.6 V is typical ful
many DMMs) for both the forward-bias and the reverse-bias conditions for that jun:
tion, as illustrated in Figure 3—59(a). If a junction is shorted, the meter reads 0 V in bot
forward- and reverse-bias tests, as indicated in part (b). Sometimes, a failed junction myf
exhibit a small resistance for both bias conditions rather than a pure short. In this case, i}
meter will show a small voltage much less than the correct open voltage. For example, ar-
sistive junction may result in a reading of 1.1 V in both directions rather than the corred
readings of 0.7 V forward and 2.6 V reverse.
Some DMMs provide a test socket on their front panel for testing a transistor for the
hee (Bpe) value. If the transistor is inserted improperly in the socket or if it is not functioning

1WA mA C©

(a) Forward-bias test and reverse- (b) Forward- and reverse-bias tests
bias test give the same reading for a shorted junction give the
(2.60 V is typical) for an open same 0V reading. If the junction
BC junction. is resistive, the reading is less

than 2.6 V.

FIGURE 3-59
Testing a defective npn transistor. Leads are reversed for a pnp.

LS




1) Curve tracer

IGURE 3-60
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properly due to a faulty junction or internal connection, a typical meter will flash a I or display
a (0. If a value of B¢ within the normal range for the specific transistor is displayed, the device
is functioning properly. The normal range of Bpc can be determined from the data sheet.

Checking a Transistor with the OHMs Function DMM:s that do not have a diode
test position or an Ag socket can be used to test a transistor for open or shorted junctions
by setting the function switch to an OHMs range. For the forward-bias check of a good
transistor pn junction, you will get a resistance reading that can vary depending on the me-
ter’s internal battery. Many DMMs do not have sufficient voltage on the OHMs range to
fully forward-bias a junction, and you may get a reading of from several hundred to several
thousand ohms.

For the reverse-bias check of a good transistor, you will get an out-of-range indica-
tion on most DMMs because the reverse resistance is too high to measure. An out-of-range
indication may be a flashing 1 or a display of dashes, depending on the particular DMM.

Even though you may not get accurate forward and reverse resistance readings on a
DMM, the relative readings are sufficient to indicate a properly functioning transistor pn
junction. The out-of-range indication shows that the reverse resistance is very high, as you
expect. The reading of a few hundred to a few thousand ohms for forward bias indicates
that the forward resistance is small compared to the reverse resistance, as you expect.

Transistor Testers

A comprehensive test of a transistor can be performed with a transistor curve tracer, shown
in Figure 3-60(a). The curve tracer can show the characteristic curve for all types of tran-
sistors, as well as other solid-state devices. It can measure most of the important parame-
ters for these devices. Some advanced curve tracers can perform these measurements auto-
matically and include automated setup and sequencing through a variety of measurements,
data storage, and direct hard copy output of measurements for documentation.

In-circuit
test leads

Qut-of-circuit
test socket

(b) Transistor tester

ansistor curve tracer and tester. Part (a) copyright 2000, Tektronix, Inc. Reprinted with
rmission. All rights reserved. Part (b) courtesy of BK Precision, Maxtec International Corp.




FIGURE 3-61

The indication of an open, when it is in dc supply voltage.
the external circuit, depends on where

Yyou measure.
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There are various reasons for measuring the characteristics of a device. In engines
ing work, it is useful to know certain parameters to completely understand a circuit’s ps
formance. Component manufacturers measure characteristics in order to develop belid
products and to characterize production runs. Sometimes a curve tracer is used for incon
ing test, quality control, or to sort components. Finally, of course, there are educational et
sons to study the parameters of various active devices.

Although a curve tracer is the ultimate transistor tester, a simpler device is often s
ful for checking bipolar transistors. It is handy to be able to test a transistor in the circul
particularly if it is soldered in place. Good troubleshooting practice dictates that you don
unsolder a component unless you are reasonably sure it is bad or you simply cannot isoli
the trouble any other way. The basic tester in Figure 3-60(b) allows you to test a bipol
transistor while it is still in the circuit board. The three clip-leads are connected to the tra
sistor and give a positive indication if the transistor is good. A circuit that is not working
may have a good transistor or a bad one as illustrated in the simplified circuit in the fo
lowing two cases.

Case 1 If the transistor tests defective, it should be carefully removed and replaced will
a known good one. An out-of-circuit check of the replacement device is usually a goa
idea, just to make sure it is OK. The transistor is plugged into the socket on the transisia
tester for out-of-circuit tests.

Case 2 If the transistor tests good in-circuit but the circuit is not working properly, er
amine the circuit board for a poor connection at the collector pad or for a break in the cor

necting trace. A poor solder joint often results in an open or a highly resistive contact. A’

troubleshooter can isolate the problem with voltage measurements. The physical pointa
which you actually measure the voltage is very important in this case. For example, if you
check the collector lead when there is an external open at the collector pad, you will gets
floating point. If you measure on the connecting trace or on the R lead, you will read Ve
This situation is illustrated in Figure 3-61.

Importance of Point-of-Measurement in Troubleshooting In case 2, if you ha
taken the initial measurement on the transistor lead itself and the open were internal
the transistor as shown in Figure 3-62, you would have measured V. This would haw

At this location, meter reads

At this location, meter reads
a few UV to a few mV. This
indicates a floating point.

Common
lead

OPEN connection
at pad

FIC

wit
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FIGURE 3-62 Meter reads dc
lllustration of an internal open. Compare supply voltage.
vith Figure 3-61. |
Common
lead

indicated a defective transistor even before the tester was used. This simple concept em-
phasizes the importance of point-of-measurement in certain troubleshooting situations.

IEXAMPLE 3-17 What fault do the measurements in Figure 3-63 indicate? (The probe is shown in three .
different locations.) |

Common
lead

FIGURE 3-63 |

Solution The transistor is in cutoff, as indicated by the 10 V measurement on the col-
lector lead. The base bias voltage of 3 V appears on the PC board contact but not on the
transistor lead as indicated by the floating point measurement. This shows that there isan
open external to the transistor between the two measured base points. Check the solder
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joint at the base contact on the PC board. If the open were internal, there would be 3V on |
the base lead. ‘l
Practice Exercise If the meter in Figure 3-63 that now reads 3 V indicates a floating I‘
point when touching the circuit board pad, what is the most likely fault? ‘

Leakage Measurement

Very small leakage currents exist in all transistors and, in most cases, are small enoughto
neglect (usually nA). When a transistor is connected as shown in Figure 3—64(a) wih
the base open (Iz = 0), it is in cutoff. Ideally Ic = 0; but actually there is a small cur
rent from collector to emitter, as mentioned earlier, called Icgo (collector-to-emitter cur
rent with base open). This leakage current is usually in the nA range for silicon. A fauly
transistor will often have excessive leakage current and can be checked in a transistor tester
which connects an ammeter as shown in part (a). Another leakage current in transistors is
the reverse collector-to-base current, Icpo- This is measured with the emitter open, &
shown in Figure 3-64(b). If it is excessive, a shorted collector-base junction is likely.

:

(a) Circuit for Icpq test (b) Circuit for Icpq test

= |
1

FIGURE 3-64
Leakage current test circuits.

Gain Measurement

In addition to leakage tests, the typical transistor tester also checks the Bpc. A known value
of Iy is applied and the resulting I is measured. The reading will indicate the value of the
I/ 1 ratio, although in some units only a relative indication is given. Most testers provide
for an in-circuit Bpc check, so that a suspected device does not have to be removed from
the circuit for testing.

1. If a transistor on a circuit board is suspected of being faulty, what shauld. you do?
2. In a transistor bias circuit, such as the one in Figure 3-55, what happens if Ry opens?

3. In a circuit such as the one in Figure 3-55, what are the base and collector voltages
if there is an external open between the emitter and ground?
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3-10 M A SYSTEM APPLICATION

A basic electronic security system has several parts, but in this section we are concerned
with the transistor circuits that detect an open in the loops containing remote sensors for
windows and doors. In this particular application, the transistors are used as switching
devices.

After completing the section, you should be able to

O Apply what you have learned in this chapter to a system application
O See how transistors are used in a switching application
O See how a transistor is used to activate a relay
O See how one transistor is used to drive another transistor
QO Translate between a printed circuit board and a schematic
O Troubleshoot some common transistor circuit failures

A Brief Description of the System

The circuit board shown in the system diagram in Figure 3—-65 contains the transistor circuits
for detecting when one of the remote switch loops is open. There are three remote zones in
this particular system. Zone 1 protects all window/doors in one area of the structure, and
Zone 2 protects all windows/doors in a second area. Zone 3 protects the main entry door.
When an intrusion occurs, a switch sensor at the point of intrusion breaks contact
and opens the zone loop. This causes the input to the monitoring circuit for that zone to go

Power supply with
battery backup

Central Unit

[—6\02?“5\0—0\

Remote switch loop

Zone 2
Remote switch loop /
e
S R R

Zone 3
Remote switch loop

Zone-monitoring circuits board
Audible
alarm
L Dialer
Keypad and entry Time-delay Status indicators

code circuit circuit

IGURE 3-65
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to a 0V level and activate the circuit which, in turn, energizes the relay. The closure of t
relay sets off an audible alarm and/or initiates an automatic telephone dialing sequence. Er
ther of the monitoring circuits for zone 1 or zone 2 can energize the common relay.

For zone 3, which is the main entry, the output of the monitoring circuit goes to
time-delay circuit to allow time for keying in an entry code that will disarm the system. i
after a sufficient time, no code or an incorrect code has been entered, the time-delay cireu
will set off an alarm and/or the telephone dialing sequence.

There are many aspects to a security system and a system can range from very st
ple to very complex. However, in this application we are concentrating only on the zone
monitoring circuits board.

Now, so you can take a closer look at the monitoring circuits, let’s take the board out
the system and put it on the troubleshooter’s bench.

TROUBLESHOOTER’S BENCH

Identifying the Components

There are three separate monitoring circuits on the board in Figure 3-66, each consistin
of two transistors and their associated resistors. The transistors are labeled Q1, Q2, and
so forth. There is one relay labeled RY1 and a diode D1 for suppression of negative tra

FIGURE 3-66
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sients across the relay coil. As shown in Figure 3-67(a), the transistors are housed in
TO-18 (TO-206AA) metal cans (remember, the emitter is closest to the tab). A detail
of the relay is shown in Figure 3-67(b). You are already familiar with resistors and
diodes.

1 3 ]
o o) | 4
|
4 P
g 1
2 5 %
o o)
2
Top view Unenergized
(a) Transistor, 2N2222A (b) Relay, pin numbering, and schematic

FIGURE 3-67

B ACTIVITY 1 Relate the PC Board to the Schematic

Carefully follow the traces on the PC board to see how the components are interconnected.
Compare each point (A through X) on the circuit board with the corresponding point on the
schematic in Figure 3-68. For each point on the PC board, place the letter of the corre-

sponding point or points on the schematic.

B ACTIVITY 2 Analyze the Circuits

Calculate the amount of base current and collector current for each transistor when it is sat-
urated. Refer to the Bpc (Apg) information on the data sheet for the 2N2222 in Appendix A
to make sure there is sufficient base current to keep the transistor well in saturation. Assume
that the relay has a coil resistance of 24 () and requires a minimum of 400 mA to operate.

B ACTIVITY 3 Write a Technical Report

Discuss the detailed operation of the zone-monitoring circuits on the PC board. Also, de-
scribe the inputs and outputs indicating what other areas of the system they connect to and
describe the purpose served by each one.

B ACTIVITY 4 Develop a Complete Test Procedure

Someone with no knowledge of how this circuitry works should be able to use your test
procedure and verify that all of the circuits operate properly. The circuit board test is to be
done on the test bench and not in the functional system, so you must simulate operational
conditions.

Step 1: Begin with the most basic and necessary thing—power.
Step 2: Develop a detailed step-by-step procedure for simulating the external remote
loops.

Step 3:  For each loop-monitoring circuit, specify the points at which to measure voltage,
the value of the voltage, and under what conditions it is to be measured. Detail
each step required to fully check out all the circuits.

Step 4:  Specify in detail any other tests in addition to voltage measurements.
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FIGURE 3-68
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" B ACTIVITY 5 Troubleshoot the Circuit Board for Each of the Following
i Problems by Stating the Probable Cause or Causes in Each Case
1. Approximately 5.65 V at the collector of O, with the remote loop switch closed.
Relay is energized (contact from pin 10 to pin 1 1) continuously and independent of re-
mote switches.
. Collector lead of Q, floating.
Pin 9 is always at 12 V. Qg collector lead is also at 12V
When 12V is applied to pin 5 with the closed-loop switch, the base of Q3 is O V.
. Approximately 3.6 V at the collector of Qs when 12 V is applied to pin 7.

=

L

~ 3-10 REVIEW QUESTIONS
1. State the basic purpose of the zone-monitoring circuits board in the security system.
2. How many of the circuits on the board are identical?
3. When is there a contact closure between pins 10 and 11 on the PC board?
4. Based on your knowledge of coils and diodes, why do you think D, is in the circuit?

B SUMMARY ® A bipolar junction transistor (BJT) consists of three regions: emitter, base, and collector. The term
bipolar refers to two types of current: electron current and hole current.

® The three regions of a BJT are separated by two pn junctions.
= The two types of bipolar transistor are the npn and the pnp.
® In normal operation, the base-emitter (BE) junction is forward-biased and the base-collector (BC)
junction is reverse-biased. ‘
a The three currents in a BJT are base current, emitter current, and collector current. They are related l
to each other by this formula: Iz = Ic + Ig.
s Characteristic collector curves for a BIT are a family of curves showing I versus Vg for a given
set of base currents.
® When a BIT is in cutoff, there is essentially no collector current except for a very tiny amount of |
collector leakage current, Icgo. Ve is @ maximum. |
= When a BIT is saturated, there is maximum collector current as determined by the external circuit. |
® A load line represents all possible operating points for a circuit, including cutoff and saturation.
The point at which the actual base current line intersects the load line is the quiescent or Q-point
for the circuit.
= Base bias uses a single resistor between the power supply and the base terminal. |

m Voltage-divider bias is a very stable form of bias that uses two resistors to form a voltage divider
in the base circuit.

= Emitter bias is a very stable form of bias that uses both positive and negative power supplies and a
single resistor between the base terminal and ground.

= DC values are identified with capital-letter nonitalic subscripts; ac values are identified with low-
ercase italic subscripts.

m Collector-feedback bias uses a single resistor between the collector and base terminals.
i
i

e
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® Manufacturer’s data sheets typically show maximum voltage, current, and power ratings for var
ous parameters.

m Coupling capacitors are connected in series with the ac signal to bring it into and out of
amplifier.

= Bypass capacitors are connected in parallel with a resistor to provide an ac path around i
resistor.

® Common-emitter (CE), common-collector (CC), and common-base (CB) designations refer to i
common terminal for the ac signal.

= Voltage gain for CE, CC, and CB amplifiers can be found using a ratio of ac resistances.

® A darlington pair is a two-transistor configuration that is equivalent to a single very high-beta trar
sistor. : 2

® In switching circuits, transistors are designed to operate at either cutoff or saturation, the equivi
lent of an open or closed switch.

B GLOSSARY

Key terms are in color. All terms are included in the end-of-book glossary.
ac beta (B,.) The ratio of a change in collector current to a corresponding change in base cureil
in a bipolar junction transistor.

Base One of the semiconductor regions in a BJT.
Base bias A form of bias in which a single resistor is connected between a BIJT’s base and Ve

Bipolar Characterized by two pn junctions.
Bipolar junction transistor (BJT) A transistor constructed with three doped semiconductor e
gions separated by two pn junctions.
Bypass capacitor A capacitor connected in parallel with a resistor to provide the ac signal withi
low impedance path.

Collector One of the semiconductor regions in a BJT.
Collector characteristic curves A set of collector [V curves that show how I varies with Vg for
a given base current.
Collector feedback bias A form of bias, used in CE and CB amplifiers, in which a single resistor
is connected between a BJT’s base and its collector.
Common-base (CB) A BJT amplifier configuration in which the base is the common terminal o
an ac signal or ground.
Common-collector (CC) A BJT amplifier configuration in which the collector is the common e
minal to an ac signal or ground.
Common-emitter (CE) A BIT amplifier configuration in which the emitter is the common termi-
nal to an ac signal or ground.
Coupling capacitor A capacitor connected in series with the ac signal and used to block de voltagss
Cutoff The nonconducting state of a transistor.

dec beta (Bpe)  The ratio of collector current to base current in a bipolar junction transistor.
Dynamic emitter resistance (r;) The ac resistance of the emitter; it is determined by the dc emit
ter current.

Emitter One of the three semiconductor regions in a BJT.
Emitter bias A very stable form of bias requiring two power supplies. The emitter is connected
through a resistor to one supply; another resistor is connected between a BJT’s base and ground.
Floating point A point in the circuit that is not electrically connected to ground or a “solid”
voltage.
Hysteresis Characteristic of a circuit in which two different trigger levels create an offset or lagin
the switching action.
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Negative feedback The process of returning a portion of the output back to the input in a manner
to cancel changes that may occur at the input.

Saturation The state of a BJT in which the collector current has reached a maximum and is inde-
pendent of the base current.

Switch An electrical or electronic device for opening and closing a current path.

Transistor A semiconductor device used for amplification and switching applications in electronic
circuits.

Voltage-divider bias A very stable form of bias in which a voltage divider is connected between

Vee and ground; the output of the divider supplies bias current to the base of a BIT.

B KEY

(3-1) ge=Ilc+1 Relationship of key transistor currents
FORMULAS :
(3-2) Boc = ]—° Definition of Bpe
B
L Vee — VBE .
(3-3) Ic = Bpc R Collector current for base bias
B
V £
(3-4) Ic = R Cj z YBE Collector current for collector-
5 B/ Boc feedback bias
Rz . . -
(3-5) Vg = TR Vee Base voltage for voltage-divider bias
1 L )
(3-6) Ve=Vg — 07V Emitter voltage for voltage-divider
bias
(3-7) Ve = Vee — IcRe Collector voltage for CE and CB
amplifiers
I s
(3-8) Bae = & Definition of B,
b
25 mV
(3-9) r.= Im AC emitter resistance
E
R, A :
(3-10) A, = N Voltage gain for CE amplifier
(3-11) Rinion = Ry Il Ry |l [Bac(re + Rip)] Input resistance for CE amplifier with
voltage-divider bias (Rg; is not
bypassed) "
(3-12) A=l Voltage gain for CC amplifier
(3-13) Rinioy = Ry | Ry |l [Bac(rl + Re | Rp] Input resistance for CC amplifier with
voltage-divider bias and load resistor
Rr‘n(mr) . o ok
(3-14) A = T Current gain for CC amplifier
L
R, _ 2
(3-15) A, = o Voltage gain for a CB amplifier
(3-16) Ringon =1l + Rpy Input resistance for CB amplifier with
swamping resistor
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B SELF-TEST Answers are at the end of the chapter.

1. The n-type regions in an npn bipolar junction transistor are
(a) collector and base (b) collector and emitter
(¢) base and emitter (d) collector, base, and emitter

2. The n-region in a pnp transistor is the
(a) base (b) collector (¢) emitter (d) case

3. For normal operation of an npn transistor, the base must be
(a) disconnected
(b) negative with respect to the emitter
(¢) positive with respect to the emitter
(d) positive with respect to the collector

4. Beta (B) is the ratio of
(a) collector current to emitter current
(b) collector current to base current
(¢) emitter current to base current
(d) output voltage to input voltage

5. Two currents that are nearly the same in normal operation are
(a) collector and base (b) collector and emitter
(¢) base and emitter (d) input and output

6. If the base current for a transistor operating below saturation is increased, the colle
current
(a) increases and the emitter current decreases
(b) decreases and the emitter current decreases
(¢) increases and the emitter current does not change
(d) increases and the emitter current increases

7. A saturated bipolar transistor can be recognized by
(a) avery small voltage between the collector and emitter
(b) Ve between collector and emitter
(¢) abase emitter drop of 0.7V
(d) no base current

i

8. The voltage gain for a common-emitter (CE) amplifier can be expressed as a ratio of
(a) ac collector resistance to ac input resistance
(b) ac emitter resistance to ac input resistance
(¢) dc collector resistance to dc emitter resistance
(d) none of the above

9. The voltage gain for a common-collector (CC) amplifier
(a) depends on the input signal
(b) depends on the transistor’s 3
(c) is approximately 1
(d) none of the above

it Sk T

10. In a CE amplifier, the capacitor from emitter to ground is called the
(a) coupling capacitor (b) decoupling capacitor
(¢) bypass capacitor (d) tuning capacitor
11. If the capacitor from emitter to ground in a CE amplifier is removed, the voltage gain

(a) increases (b) decreases
(¢) is not affected (d) becomes erratic

12. When the collector resistor in a CE amplifier is increased in value, the voltage gain
(a) increases (b) decreases
(c) is not affected (d) becomes erratic
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13. The input resistance of a CE amplifier is affected by
(a) the bias resistors (b) the collector resistor
(¢) answers (a) and (b) (d) neither (a) nor (b)

14. The output signal of a CB amplifier is always
(a) in phase with the input signal (b) out of phase with the input signal
(¢) larger than the input signal (d) equal to the amplitude of the input signal

15. The output signal of a CC amplifier is always
(a) in phase with the input signal (b) out of phase with the input signal
(¢) larger than the input signal (d) exactly equal to the input signal

16. A darlington pair is two transistors connected to give
(a) very high voltage gain (b) very high B
(¢) very low input resistance (d) very low output resistance

17. Compared to CE and CC amplifiers, the common-base (CB) amplifier has
(a) alower input resistance (b) a much larger voltage gain
(c) alarger current gain (d) a higher input resistance
18. Compared to a normal transistor switch, a transistor switch with hysteresis has
(a) high input impedance (b) faster switching time
(c) higher output current (d) two switching thresholds

TROUBLESHOOTER’S QUIZ  Answers are at the end of the chapter.

Refer to Figure 3-75.
A If R, is open,
1. Vp will
(a) increase (b) decrease (¢) not change
2. Vo will
(a) increase (b) decrease (¢) not change

(1 If R¢ is open,

3. Ve will

(a) increase (b) decrease (¢) not change
4. Ve will

(a) increase (b) decrease (¢) not change

Refer to Figure 3-78.
[ If Ry is 560 ) instead of 390 (),
5. The dc collector voltage will
(a) increase (b) decrease (¢) not change
6. The voltage gain will
(a) increase (b) decrease (¢) not change
Q If G, is open,
7. The dc emitter voltage will
(a) increase (b) decrease (¢) not change
8. The voltage gain will
(a) increase (b) decrease (¢) not change
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B PROBLEMS

Answers to odd-numbered problems are at the end of the book.
SECTION 3-1 Structure of Bipolar Junction Transistors

1. What is the exact value of Ic for Iz = 5.34 mA and Iy = 47.5 pA?

2. A certain transistor has an I = 25 mA and an I = 200 pA. Determine the Bpc-

3. In a certain transistor circuit, the base current is 2% of the 30 mA emitter current. Determine th
approximate collector current.

4. Find Vg and I¢ in Figure 3-69.

5. Determine the Iy, I, and V for the transistor circuit in Figure 3-70. Assume Bpc = 75.
6. Draw the dc load line for the transistor circuit in Figure 3-71.

7. Determine Iy, I, and V¢ in Figure 3-71.

FIGURE 3-69

FIGURE 3-70

FIGURE 3-71 +10V

1.0 k€2

22k
PBpc =250
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SECTION 3-2 BJT Bias Circuits

8. For the base-biased npn transistor in Figure 3-72, assume Bpc = 100. Find Ic and Vcg.
9. Repeat Problem 8 for Bpc = 300. (Hint: The transistor is now saturated!).
10. For the base-biased pnp transistor in Figure 3-73, assume Bpc = 200. Find /c and Vcg.
11. For each of the following conditions in the circuit of Figure 3-73, determine if the collector cur-
rent will increase, decrease, or remain the same:
(a) the base is shorted to ground (b) Rc is smaller
(c) the transistor has a higher B (d) the temperature increases
(e) Rgissmaller
12. For the collector-feedback bias circuit in Figure 3-74, determine I and Vcg. Assume
BDC = 100.
+Vee =Vee
+10V -15V
O Q
Ry Re Rc
680 k{2 2.7kQ) 3.3k0

1)

FIGURE 3-72

13. For the voltage-divider biased circuit in Figure 3-75, determine I and Vcg.
14. For the voltage-divider biased (pnp) circuit in Figure 3-76, determine /¢ and Vcg.
15. Determine the end points for the dc load line, ¢y and Vg eurosr for Figure 3-76.

(‘

FIGURE 3-73

16. For the emitter-bias circuit in Figure 3-77, determine /¢ and V.

+Vee
+15V
O
Rc
6.2 k()
@
R, Rg
6.8 k() 1.0 kQ

FIGURE 3-75

FIGURE 3-76

+VCC
+10V

Ry LOkQ

68 k)

FIGURE 3-74

FIGURE 3-77
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SECTION 3-3 Data Sheet Parameters and AC Considerations

17. For the circuit in Figure 3-77, determine dc power dissipated in the transistor.

18. Assume the transistor in Figure 3-77 is a 2N3904. Can the power supplies be increased to 24
without exceeding Ppnay,? (Data sheet is Figure 3-25).

19. Assume that R in Figure 3-77 was replaced with a 330 () resistor.
(a) What is the new value of /- and Vg?
(b) What is the power dissipated in R as a result of this change?
(c) What is the power dissipated in the transistor as a result of this change?

20. A certain transistor is to be operated at a collector current of 50 mA. How high can Vg go will
out exceeding a Ppmax) 0f 1.2 W?

SECTION 3-4 Common-Emitter Amplifiers
21. Determine the dc voltages, Vi, Vg, and V., with respect to ground in Figure 3-78.
22. Determine the voltage gain for the CE amplifier in Figure 3-78.

23. The amplifier in Figure 3-79 has a variable gain control, using a 100 () potentiometer foi
Rg with the wiper ac grounded. As the potentiometer is adjusted, more or less of Rg is bypassel
to ground, thus varying the gain. The total R remains constant to dc, keeping the bias fixed. D¢
termine the maximum and minimum gains for this amplifier.

24, If a load resistance of 600 () is placed on the output of the amplifier in Figure 3-79, what is the
maximum gain?

FIGURE 3-79

SECTION 3-5 Common-Collector Amplifiers

25. For the CC amplifier in Figure 3-80, compute the total ac input resistance and the current gainto
the load. Assume B,. = 150.

26. Draw the ac equivalent circuit for the CC amplifier in Figure 3-80.

27. Compute the ac saturation current (/s,) and ac cutoff voltage (V... curp ) for the CC amplifier
in Figure 3-80.
28. For the pnp CC amplifier in Figure 3-76, show where the input and output signals should be
connected.

Al
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FIGURE 3-80

4V rms
1.0 kHz fLo A
+15V
Ry
20kQ SEkG
o
] RB
VIN
1%
FIGURE 3-81 FIGURE 3-82

SECTION 3-6 Common-Base Amplifiers

29. What is the main disadvantage of the CB amplifier compared to the CE a;nd the emitter-
follower?

30. For the CB amplifier in Figure 3-81, compute the following: Vg, Vg, Ve, Ve, re, A,

31. For the CB amplifier in Figure 3-81, compute the input resistance, R,

32. For the CB amplifier in Figure 3-81, what is the purpose of Rg;? |

SECTION 3-7 The Bipolar Transistor as a Switch

33. Determine Icsqr) for @ and Q5 in Figure 3—47.
34. The transistor in Figure 3-82 has Bpc = 100. Determine the maximum value of Ry that will en-
sure saturation when Vi is 5 V.
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SECTION 3-8 Transistor Packages and Terminal Identification

35. Identify the leads on the transistors in Figure 3-83. Bottom views are shown.

36. What is the most probable category of each transistor in Figure 3-847

FIGURE 3-83

(a) (b) (©)

FIGURE 3-84 N\

(a) (b) (©) (d) (e)

/ SECTION 3-9 Troubleshooting
37. In an out-of-circuit test of a good npn transistor, what should an analog ohmmeter indicate whe
its positive probe is touching the emitter and the negative probe is touching the base? Whenis
positive probe is touching the base and the negative probe is touching the emitter?
38. What is the most likely problem, if any, in each circuit of Figure 3-857 Assume a Bpc =15

39, What is the value of the dc beta of each transistor in Figure 3-867

SECTION 3-10 A System Application

ircuit board and schematic in Figure 3-68. A remote switch loopis
When the remote switches are closed, the relay (RY1) contacs
rmally open. When a remote switch is opened, the relay cor
ssible causes of this malfunction.

ontacts remain closed between pins 10 and I
that the relay is energized continuously. Wh:

40. This problem relates to the ¢
connected between pins 2 and 3.
between pin 10 and pin 11 are no
tacts do not close. Determine the po

41. This problem relates to Figure 3-68. The relay ¢
no matter what any of the inputs are. This means
are the possible faults?

42. This problem relates to Figure 3_68. Pin 9 stays at approximately 0.1 v, regardless of the inpit
at pin 7. What do you think is wrong? What would you check first?

@
 FIGL




197 MW ANSWERS TO REVIEW QUESTIONS

foring
AR

1.0 k€2

Wy

I5V—=

|+

IGURE 3-86
| ANSWERS Section 3-1
{z%gslg_l\_il(g‘ﬁs 1. Emitter, base, collector

2. Saturation means there is maximum conduction and the voltage from collector to emitter is close
to zero. Cutoff is essentially when there is no collector current and the power supply voltage ap-
pears between the collector and the emitter.

3. The ratio of collector current to base current in a bipolar junction transistor
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Section 3-2
1. Base, collector-feedback, voltage-divider, and emitter

2. The following steps are for an npn transistor with a positive supply voltage:
(a) Compute the base voltage using the voltage-divider rule.
(b) Subtract 0.7 V to obtain the emitter voltage.
(¢) Apply Ohm’s law to the emitter resistor to obtain the approximate collector current.
(d) Using the collector current, find the voltage across the collector resistor by Ohm’s law.
(e) Subtract the drop across the collector resistor from the power supply to obtain the ¢

voltage.

(f) Subtract the emitter voltage from the collector voltage to obtain V.

3. Approximately +1 V. (This result assumes the base resistor is connected to ground and
few tenths of a volt.)

Section 3-3

1. Increases

2. Bpc increases with I to a certain value and then decreases.
3. Multiply /¢ by Vcg.

4. 40 mA

5. A coupling capacitor is in series with the signal and passes it to or from a transistor. A b
pacitor is in parallel with the signal and provides an ac path around a resistor.

Section 3-4

1. The input terminal is the base; the output terminal is the collector.
2. High input resistance reduces the loading effect on a source.

3. The ac collector resistance is divided by the ac emitter resistance.

Section 3-5
1. Emitter-follower

2. 1.0
3. Current gain, high input resistance, low output resistance

Section 3-6

1. Yes

2. Very low

3. Improved linearity, gain stability, increased input impedance

Section 3-7

1. Saturation (on) and cutoff (off)

2. At saturation

3. At cutoff

4. At cutoff

5. Two different switching thresholds

Section 3-8

1. Three categories of BJT are small signal/general purpose, power, and RF.
2. Going clockwise from tab: emitter, base, and collector (bottom view).

3. The metal mounting tab or case in power transistors is connected to the collector terminal.
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Section 3-9

1. First, test it in-circuit.

2. If R opens, the transistor is in cutoff.

3. The

base voltage is +3 V and the collector voltage is + 9 V.

Section 3-10

1. To detect when there is an open in one of the remote loops

2. Two, zone 1 and zone 2 are identical.

3. When the relay is activated as a result of an open switch in zone 1 or zone 2 loops

4. To clip off any negative voltage induced in the coil to prevent possible damage to a transistor

- B ANSWERS 31 Ig=0241mA, Ic=21.7mA, Iz =21.9mA, Veg = 423V, Vg = 3.53V
TO PRACTICE 3-2  Along the x-axis
EXERCISES e
E(X)AMPLES 3-4 When Bpc is 100, Vg is 5.6 V; when Bpc is 300, Vg is 3.0 V.
35 Veg=151V, V=081V, Ig=173mA, Ic = 1.73mA, Vg = 6.51V
36 Vg=—178V,Vg=—108V, /=090 mA, Il = 0.90mA, Vcg = —5.88V
3-7 Vg=-07V
38  Vecman = 44.5 V; Vegmax) 18 exceeded first.
39 2500
3-10 Gain is reduced to —3.65.
3-11 3.15kQ)
3-12 No effect on Q-point but the ac load line is steeper; Isun = 8.1 mA and Ve (curop = 12.6 V.
3-13 The voltage gain is still 1.0. The current gain rises to 19.
3-14 24Vpp
3-15 699V
3-16 78.4 pA
3-17 Ry is open (this can be due to a broken trace or pad at the contact).
B ANSWERS L. (b) 2. (a) 3. (c) 4. (b) 5. (b)
TO SELF-TEST 6. (o) 7. (a) 8. (d) 9. () 10. (¢)
11. (b) 12. (a) 13. (a) 14. (a) 15. (a)
16. (b) 17. (a) 18. (d)
B ANSWERSTO 1. increase 2. decrease 3. decrease 4. decrease
TROUBLE- 5. increase 6. decrease 7. not change 8. decrease
%IL(I)ZOTER’S 9. increase 10. not change 11. not change
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CHAPTER OUTLINE
1 Structure of Field-Effect Transistors

_2  JFET Characteristics

JFET Biasing
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5  MOSFET Biasing

1.6 FET Linear Amplifiers

FET Switching Circuits
A System Application

CHAPTER OBJECTIVES

| Describe the basic classifications for field-

effect transistors (FETs)

| Describe the construction and operation of

junction field-effect transistors (JFETs)
Describe three bias methods for JFETs and
explain how each method works

Explain the operation of metal-oxide
semiconductor field-effect transistors
(MOSFETs)

Discuss and analyze MOSFET bias circuits
Describe the operation of FET linear
amplifiers

Discuss two switching applications of FETs
Apply what you have learned.in this chapter
to a system application
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B KEY TERMS

 Field-effect transistor (FET)
J Source

 Drain

J Gate

_ Junction field-effect transistor (JFET)
1 Ohmic region

J Constant-current region

2 Pinch-off voltage

1) Transconductance

J MOSFET

J Depletion mode

) Enhancement mode

| Common-source (CS)

- Common-drain (CD)

J Common-gate (CG)

B CHAPTER INTRODUCTION

This chapter introduces the field-effect transistor
(FET), a transistor that works on an entirely
different principle than the bipolar junction
transistor (BJT). Although the idea for the FET
precedes the invention of the BJT by decades, it
wasn't until the 1960s that commercial
production of FETs was possible. For certain
applications, the FET is superior to the BJT. In
other applications, a mix of the two types
produces a circuit with optimum characteristics.
A circuit that takes advantage of the best
characteristics of both types is presented in the
system application in Section 4-8.

W A SYSTEM APPLICATION

The system for this chapter is a small
preamplifier that uses both field-effect and
bipolar transistors to take advantage of the best
characteristics of both types. The input circuit
uses a field-effect transistor because of the
extremely high input resistance it offers; it has
current-source biasing provided by another FET.
The signal is then amplified by two BJTs to
provide reasonably high gain with good
linearity. The amplifier in this system application
is dc coupled; for this reason, it needs no bias
resistors or coupling capacitors, thus reducing
the parts count and cost. A preamp such as this
can serve as an “active antenna” for a radio
receiver in outlying areas.

For the system application in Section 4-8, in
addition to the other topics, be sure you
understand
1) How a JFET works
) What a common-drain amplifier with current-

source biasing is
1 How to estimate the dc and ac voltages in an

amplifier
1) How to relate a schematic to a printed circuit
(PC) board layout

VISIT THE COMPANION WEBSITE

Study Aids for This Chapter Are Available at
http://www.prenhall.com/floyd
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Recall that the bipolar junction transistor (BJT) is a current-controlled device; that i
the base current controls the amount of collector current. The field-effect transisit
(FET) is a voltage-controlled device in which the voltage at the gate terminal control
the amount of current through the device. Both the BJT and the FET can be used asa
amplifier and in switching applications.

After completing this section, you should be able to

0O Describe the basic classifications for field-effect transistors (FETSs)
O Discuss principal differences between FETs and BJTs

The FET Family

Field-effect transistors (FETs) are a class of semiconductors that operate on an entir}
different principle than bipolar transistors. In a FET, a narrow conducting channel is col
nected to two leads called the source and the drain. This channel is made from eithera
n-type or p-type material. As the name field-effect implies, conduction in the channel§
controlled by an electric field, established by a voltage applied to a third lead called i
gate. In a junction FET (or JFET), the gate forms a pn junction with the channel. The othe
type of FET, called the MOSFET (for Metal Oxide Semiconductor FET), uses an insulated
gate to control conduction in the channel. (The terms insulated gate and MOSFET referl
the same type of device.) The insulation is an extremely thin layer (<1 pm) of glass (typi
cally Si0,). Figure 4-1 is an overview of the FET family, showing the various types avil:
able. All of these types are discussed in this chapter.

FETs were actually thought of long before bipolar junction transistors (BJTs). L.E
Lilienfeld applied for a patent for a FET in 1925 (granted in 1930), but it wasn’t until the
1960s that FETs became commercially available. Today, FETs are used in most compu

Field-effect 1
transistors
: ; - 4-2
L 1 i
Junction Insulated-gate E
(JFET) (MOSFET) b
| l
& &
Depletion 2
Depletion Enhancement
. .
[ I s | [ |
p-channel n-channel p-channel n-channel p-channel n-channel
FIGURE 4-1

Classification of field-effect transistors.
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integrated circuits (ICs) because of several important advantages they have over BJTs, par-
ticularly with respect to manufacturing of large-scale 1Cs. For digital circuits, MOSFETSs
have become the dominant type of transistor for several reasons. They can be fabricated in
much smaller areas than BITs, they are relatively easy to manufacture on ICs, and they
produce simpler circuits with no resistors or diodes. Most microprocessors and computer
memories use FET technology. A brief look at how FETs are used in certain ICs is in-
cluded in Section 4-7.

Compared to the BJT, the FET family is more diverse. A characteristic that differs
between various types of FETs is their dc behavior. For example, JFETSs are biased differ-
ently than E-MOSFETSs. For this reason, the dc bias characteristics for each type are dis-
cussed in this chapter separately. Fortunately, bias circuits are fairly easy to understand.
Before proceeding to bias circuits, the characteristics of the transistors that make up the
FET family will be discussed.

Common to all FETs is very high input resistance and low electrical noise. In addi-
tion, both JFETs and MOSFETSs respond the same way to ac signals and have similar ac
equivalent circuits. JFETs achieve their high input resistance because the input pn junction
is always operated with reverse bias; MOSFETs achieve their high input resistance be-
cause of the insulated gate. Although all FETs have high input resistance, they do not have
the high gain of bipolar junction transistors. BJTs are also inherently more linear than
FETs. For certain applications, FETs are superior; for other applications, BJTs are supe-
rior. Many designs take advantage of both types and include a mix of FETs and BJTs. You
need to understand both types of transistors.

:

" 4-1 REVIEW QUESTIONS*

€

4 1. What are the three terminals of a FET called?

i 2. What is another name for an insulated-gate FET?

3. Why are MOSFETs the dominant type of transistor used in ICs?
b 4. What are some important differences between BJTs and FETs?
i

k * Answers are at the end of the chapter.

4-2 B JFET CHARACTERISTICS

In this section, you will see how the JFET operates as a voltage-controlled, constant-
current device and study the drain characteristic curve and the transconductance curve.
You will also learn about cutoff and pinch-off as well as JFET input resistance and ca-
pacitance. .

After completing this section, you should be able to

O Describe the construction and operation of junction field-effect transistors (JFETSs)
O Draw the symbol for an n-channel or a p-channel JFET
Q Interpret the drain characteristic curve for a JFET including the ohmic and constant-
current regions
QO Explain the parameters g,,, Ipss. Igss: Ciss» Vasofn» and Vp
O Describe the transconductance curve for a JFET and explain how it relates to the
drain characteristic curve
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JFET Operation

Figure 4-2(a) shows the basic structure of an n-channel junction field-effect transistt
(JFET). Wire leads are connected to each end of the n channel; the drain is shown at ti
upper end, and the source is at the lower end. This channel is a conductor: for an n-cha
JFET, electrons are the carrier; for a p-channel JFET, holes are the carrier. With no extemi
voltages, the channel can conduct current in either direction.

FIGURE 4-2
Basic structure of the two types of JFET.

Source Source

(a) n channel (b) p channel

In an n-channel device, a p material is diffused into the n-channel to form a pn junc
tion and is connected to the gate lead. The diagram in Figure 4-2(a) shows p-material di
fused into two regions that are normally connected internally by the manufacturer to fom:
a single gate. (A special-purpose JFET, called a dual-gate JFET, has a separate lead to ea
of these regions.) In the structure diagrams, the interconnection of both p regions is omi
ted for simplicity, with a connection to only one shown. A p-channel JFET is shown in Fig:
ure 4-2(b).

As previously stated, the channel in a JFET is a narrow conduction path between ti
gate and the source. The width of the channel, and therefore its ability to conduct curres
is controlled by the gate voltage. With no gate voltage, the channel conducts the maximug
current. When reverse bias is applied to the gate, the channel width narrows, and the cor
ductivity drops.

To illustrate this operation, Figure 4-3(a) shows normal operating voltages applie
to an n-channel device. Vi3, provides a positive drain-to-source voltage, causing electron
to flow from the source to the drain. For an n-channel JFET, reverse-biasing of the gae
source junction is done with a negative gate voltage. Vg sets the reverse-biased voltag
between the gate and the source, as shown. Notice that there should never be any forwark
biased junctions in a FET; this is one of the principal differences between FETs and BIT§

The channel width, and thus the channel resistance, is controlled by varying the g
voltage, thereby controlling the amount of drain current, /. This concept is illustratedi
Figure 4-3(b) and (c). The white areas represent the depletion region created by the reverst
bias. It is wider toward the drain end of the channel because the reverse-biased voltage be
tween the gate and the drain is greater than that between the gate and the source.

JFET Symbols

The schematic symbols for both n-channel and p-channel JFETSs are shown in Figure 44
Notice that the arrow on the gate points “in” for n-channel and “out” for p-channel.

(i

FIGL
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Rp Ry

WP, | Wy,

il
Vpp = Voo
(a) JEET biased for conduction (b) Greater Vg narrows the channel which increases the
resistance of the channel and decreases /.
Rp Tnax = Ipss
Vos

. Veg=0

| +

|

FIGURE 4-3

+*

(c) Less Vg widens the channel which decreases the resistance of
the channel and increases I,.

Effects of Vs on channel width, resistance, and drain current (Vg = Vgg).

FIGURE 4-4 Drain (D) Drain (D)
JFET schematic symbols.
Gate (G) Gate (G)
Source (S) Source (S)
n channel p channel

Drain Characteristic Curve

The drain characteristic curve is a plot of the drain current, I, versus the drain-to-source
voltage, Vg, which corresponds to a BJT’s collector current, /-, versus collector-to-emitter
voltage, Vg. There are, however, some significant differences between BJT characteristics
and FET characteristics. Since the FET is a voltage-controlled device, the third variable on
the FET characteristic (V(;5) has units of voltage instead of current (/) in the case of the BJT.




FIGURE 4-5
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The characteristics for n-channel devices are introduced in this section. P-channel devig
operate in the same way but with opposite polarities. Generally, n-channel JFETs have beig
specifications than their p-channel counterparts, so they are more popular.
Consider an n-channel JFET where the gate-to-source voltage is zero (Vg =0

This zero voltage is produced by shorting the gate to the source, as in Figure 4-5(a) whe
both are grounded. As Vpp, (and thus Vps) is increased from 0 V, I, will increase propa
tionally, as shown in the graph of Figure 4-5(b) between points A and B. In this region,
channel resistance is essentially constant because the depletion region is not large enow
to have a significant effect. This region is called the ohmic region because Vps and I &
related by Ohm'’s law. The value of the resistance can be changed by the gate voltage; t
it is possible to use a JFET as a voltage-controlled resistor. An application will be sho
later in Figure 10-11 (Wien bridge). Further applications are found in Experiments 14§
and 27 in the accompanying Laboratory Exercises Manual.

Ip

B Vos =0 C
Ipss |- — — — 4— —9
| I
| |
I I
1 I
I |
I I
| |
| |
| |
| |
I I
| I
Vb ; |'
Ohmic! ; I

P Constant-current region ——— Breakdown
region; |
I |

4o IS
= = -~ 0 Vp (pinch-off voltage)
(@) JEET with Vigs = 0'V and a variable Vbs (Vo) (b) Drain characteristic

The drain characteristic curve of a JFET for Ve =0 V showing pinch-off.

At point B in Figure 4-5(b), the curve levels off and I, becomes essentially consta
As Vpg increases from point B to point C, the reverse-bias voltage from gate to drain (Vg
produces a depletion region large enough to offset the increase in Vg, thus keeping I;, re-
atively constant. This region is called the constant-current regien.

Pinch-Off Voltage

For Vs = 0V, the value of Vs at which I, becomes essentially constant (point B on tk
curve in Figure 4-5 (b)) is the pinch-off voltage, V. Notice that the pinch-off voltage s
positive value for an n-channel JFET. For a given JFET, V; has a fixed value. As you ci
see, a continued increase in Vg above the pinch-off voltage produces an almost consta
drain current. This value of drain current is Ipgs (Drain to Source current with gile
Shorted) and is always specified on JFET data sheets. Ipss is the maximum drain curren
that a specific JFET can produce regardless of the external circuit, and it is always speci
fied for the condition, Ves =0V.
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Continuing along the graph in Figure 4-5(b), breakdown occurs at point C when I,
begins to increase very rapidly with any further increase in Vps. Breakdown can result in
irreversible damage to the device, so JFETSs are always operated below breakdown and
within the constant-current region (between points B and C on the graph).

Vs Controls I |

Let’s connect a bias voltage, Vg, from gate to source as shown in Figure 4-6(a). As Vgg

is set to increasingly more negative values by adjusting Vg, a family of drain characteris- } ‘
tic curves is produced as shown in Figure 4-6(b). Notice that I, decreases as the \
magnitude of Vg is increased to larger negative values because of the narrowing of the

channel. Also notice that, for each increase in Vs, the JFET reaches pinch-off (where

constant current begins) at values of Viyg less than Vp. So, the amount of drain current is

controlled by Vgs.

Vs =0 :

Vgs==1V I
i

Vgs=-2V 1

Vs =3V

Vs =-4V

Vas = Vason Vs

Pinch-off when Vg=-1V

(@) JFET biased at Vgg=-1 V (b) Family of drain characteristic curves

FIGURE 4-6
inch-off occurs at a lower Vg as Vg is increased to more negative values.

Cutoff Voltage

The value of Vg that makes /;, approximately zero is the cutoff voltage, Vgsom. The
JFET must be operated between Vs = 0V and Vas(otn- For this range of gate-to-source
voltages, I, will vary from a maximum of I;yss to a minimum of almost zero. :

As you have seen, for an n-channel JFET, the more negative Vg is, the smaller In |8
becomes in the constant-current region. When Vs has a sufficiently large negative value, |8
Ip is reduced to zero. This cutoff effect is caused by the widening of the depletion region to
a point where it completely closes the channel as shown in Figure 4-7.

Comparison of Pinch-Off and Cutoff

the positive voltage at which the drain current becomes constant when Vas = 0 V. Cutoff
can also be measured on the drain characteristic and represents the negative gate-to-source
voltage that reduces the drain current to zero.

: !

The pinch-off voltage is measured on the drain characteristic. For an n-channel device, it is ‘ ‘
b

|
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FIGURE 4-7
JFET at cutoff.

0A

s,
k:w’?;"“%ﬂ ;2?1?!5?#

Vasiorn and Vp are always equal in magnitude but opposite in sign. A data sheet
ally will give either Visofn or Ve, but not both. However, when you know one, you
the other. For example, if Vgsom = —35 V. then Vp = +5 V.

I EXAMPLE 4-1

For the n-channel JFET in Figure 4-8, Vo = —4 V and Ipss = 12 mA. Det
the minimum value of Vpp, required to put the device in the constant-current region
operation.

FIGURE 4-8
Solution  Since Vs, = —4 V. Vp = 4 V. The minimum value of Vps for the
to be in its constant-current region is

Vs =Vp =4V
In the constant-current region with Vgs = 0V,
Iy =Thss = 12 mA
The drop across the drain resistor is
Vi, = (12 mA)(560 Q) = 6.7V -
Applying Kirchhoff’s law around the drain circuit gives
Voo = Vps + Vg, =4V + 67V =107V

This is the minimum value of Vpp to make Vg = Vp and to put the device in the
stant-current region.

Practice Exercise* If Vpp is increased to 15V, what is the drain current?

*  Answers are at the end of the chapter.
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JFET Transconductance Curves

A useful way of looking at any circuit is to show the output for a given input, as done ear-
lier in Section 1-4 for an amplifier. This characteristic is called a transfer curve.

Since the JFET is controlled by a negative voltage on the input (gate) and the output
is drain current, the transfer curve is a plot of Ip,, plotted on the y-axis, as a function of Vg,
plotted on the x-axis. When the output unit (mA) is divided by the input unit (V), the result
is the unit of conductance (mS). You can think of a voltage at the input being transferred to

- the output as a current; thus, the prefix “trans” is added to the word conductance forming
O‘-g . the word transconductance. The transconductance curve is a plot of the transfer charac-
“%  teristic (Ip versus Vgs) of a FET. Transconductance is listed in data sheets as g, or yg.

A representative curve for an n-channel JFET is shown in Figure 4-9(a). Generally,
all types of FETs have a transconductance curve with this same basic shape. The curves
shown are typical for the MPF102', a general-purpose n-channel JFET.

Ip (mA) I (mA)
3.0
1 Vgg=0V
|
’ —Vgs=-1V
{Ves=-2V
m|
Vs (V) - Vs ==3V o ¥
<3 Bl Y V=AY
(a) Transconductance curve (b) Drain curves
FIGURE 4-9

Representative characteristic curves for an MPF102 n-channel JFET.

The transconductance characteristic is directly related to the drain characteristic as
shown in Figure 4-9(b). Notice that both plots have the same vertical axis, representing Ip,.
Transconductance is an ac parameter so its value is found at any point on the curve by di-
viding a small change in drain current by a small change in gate-to-source voltage.

Al

gl?} R

This equation can be written with ac notation as simply

= —£ 4-1
Ly (4-1)

gs

The transconductance curve is not a straight line, implying that the relation between
the output current and the input voltage is nonlinear. This is an important point: FETs have
a nonlinear transconductance curve. This means that they tend to add distortion to an input
signal. Distortion is not always a bad thing; for example, in radio frequency mixers, JFETs
have an advantage over BJTs because of this characteristic. However, some JFETs (such as

! Data sheet for MPF102 available at http://www.onsemi.com

;
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the 2N4339) are designed with physical geometries that minimize distortion for audiog
plications. In addition, the designer can minimize distortion by keeping the signal levellog
(below about 100 mV). Other design techniques (such as the biasing method used in
system application in Section 4-8) have been used to minimize distortion.

F EXAMPLE 4-2

For the curve in Figure 4-10, determine the transconductance at /p, = 1.0 mA.

FIGURE 4-10 Ip (mA) ‘ fict !
3.0 e
!
/2.5 f -
/ 2.0 ‘
1.5 s
I EX
4 1.0 A-’p .
/—:—-- —————— 0.75 ,
| /‘. . 0.5 f
1527
v V) - ] | |
as (V) 5 -4 -3 24 To
e
L 1R L]

Solution Select a small change in I, and divide it by the corresponding change in Vgg
at 1.0 mA. The graphical method is shown in Figure 4-10. From the graph, the |

transconductance is

Al, _ 125mA — 0.75 mA

= = = 0.714 mS
B AVag ) SN = RV

Practice Exercise Find the transconductance at I, = 1.5 mA.

JFET Input Resistance and Capacitance

As you know, a pn junction has a very high resistance when it is reverse-blased A
operates with its gate-source junction reverse-biased; therefore, the mput resistance at
gate is very high. This very high input resistance is a major advantage of the JFET over the
bipolar junction transistor with its forward-biased base-emitter junction.

JFET data sheets often specify the input resistance by giving a value for the gate re
verse current, I ggs, at a certain gate-to-source voltage. The input resistance can then be de-
termined using the following equation. The vertical lines indicate an absolute value (an u-

signed value).

I

@2
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For example, the 2N54577 data sheet lists a maximum Igss of —1 nA for Vgg = —15V at
25°C. Using these values, you find that the input resistance is \
Mesad 15V

= = 15 GO
IGSS 1 nA

Ry =

As you can see from this result, the input resistance of this JFET is incredibly high. How-
ever, Ryy drops considerably as temperature increases (as shown in Example 4-3). |

The reverse-biased pn junction at the input provides the high input resistance associ-
ated with a reverse-biased diode, but it also means that a JFET will generally have higher
input capacitance than a bipolar junction transistor. Recall that a reverse-biased pn junction
acts as a capacitor whose capacitance depends on the amount of reverse voltage (see Sec-
tion 2-8). The input capacitance, C;y, of a JFET is greater than that of a BIT because of
this reverse-biased pn junction. For example, the 2N5457 has a maximum C,,, of 7 pF for
Vas = 0V

EXAMPLE 4-3 The data sheet for an MPF3821 n-channel JFET shows a maximum /5gg of —0.1 nA at
25°C for Vgs = —30 V and a maximum Iggg of —100 nA at 150°C for Vgs = —30 V.
Determine the minimum input resistance at 25°C.

30V

= ——— = 300 GQ
0.1 nA

Solution Vas

Ry =

]GSS

Practice Exercise Determine the minimum input resistance for the MPF3821 JFET at
a temperature of 150°C,

4-2 REVIEW QUESTIONS

1. What is another name for the transfer curve for a JFET?
2. Does a p-channel JFET require a positive or a negative voltage for Vss?
3. How is the drain current controlled in a JFET?

4. The drain-to-source voltage at the pinch-off point of a particular JFET is 7 V. If the
gate-to-source voltage is zero, what is Vp?

5. The Vgs of a certain n-channel JFET is increased negatively. Does the drain current
increase or decrease?

6. What value must V5 have to produce cutoff in a p-channel JFET witha Vp = —3V?
.

4-3 W JFET BIASING

Using some of the JFET characteristics discussed in the previous section, we will now
see how to dc bias JFETs. The purpose of biasing is to select a proper dc gate-to-source
voltage to establish a desired value of drain current. Because the gate is reverse-biased,
the methods for applying bias with a bipolar junction transistor do not work for JFETs.

* Data sheet for 2N5457 available at http://www.onsemi.com

—
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After completing this section, you should be able to

QO Describe three bias methods for JFETs and explain how each method works
Q Use a transconductance curve to choose a reasonable value for a self-bias resisio

Q Explain how voltage-divider bias or current-source bias produces a more si
Q-point than self-bias

Self-Biasing a JFET

Biasing a FET is relatively easy. An n-channel JFET is shown for the following exampl
Keep in mind that a p-channel JFET just reverses the polarities. To set up reverse biasr
quires a negative Vgs for an n-channel JFET. This can be achieved using the self-bi
arrangement shown in Figure 4-11. Notice that the gate is biased at 0 V by resistor Rg oo
nected to ground. Although reverse leakage current, Igsg, does produce a very tiny voliz
across Rg, it is neglected in most cases; it can be assumed that Rg has no current 0
no voltage drop across it. The purpose of Rg is to tie the gate to a solid 0 V without affes
ing any ac signal that will be added later. Since the gate current is negligible, R can¥
large (typically 1.0 M{) or more), resulting in very high input resistance to low frequens
ac signals.3

FIGURE 4-11 +Vop
Self-biased n-channel JFET. T

If the gate is at zero volts, how do you obtain the required negative bias on the g
source junction? The answer is that you make the source positive with respect to the gate
producing the required reverse bias. For the n-channel JFET in Figure 4-11, 1 produces
voltage drop across Rg with the polarity shown, making the source terminal positive wi
respect to ground. Since Vg = 0V, and Vs = IpRs, the gate-to-source voltage is

Vos = Vg — Vs = 0 — IpRg i L_

Thus,
Vas = —IpRs ,
This result shows that the gate-to-source voltage is negative, producing the requir
reverse bias. In this analysis, an n-channel JFET was used for illustration. Again, the

channel JFET also requires reverse bias, but the polarity of all voltages is opposite thosed
the n-channel JFET.

% The capacitance effect at high frequencies can significantly reduce the effective input impedance.
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The drain voltage with respect to ground is determined as follows:
Vb = Vob — IpRp 4-3)

Since Vg = IpRs, the drain-to-source voltage is

Vos =Vp — Vs

Vbs = Vop — In(Rp + Rs) (4-4)

EXAMPLE 4-4

Find Vi and Vgs in Figure 4-12. For the particular JFET in this circuit, the internal
parameter values such as g,,, Vgsorn, and Ipss are such that a drain current (I,) of
approximately 5.0 mA is produced. Another JFET, even of the same type, may not
produce the same results when connected in this circuit due to variations in parameter
values.

FIGURE 4-12 +10V

Solution Vs = IpRs = (5.0 mA)(220 Q) = 1.10V
Vop — IpRp = 10V — (5.0 mA)(1.0 k() =500V

o
I

Therefore,
VDS = VD o VS — SOOV - 110V = 3.90V

and

VGS:V6~VS=OV—110V:—1-10V x

Practice Exercise Determine Vg and Vgs in Figure 4-12 when I, = 3.0 mA.

Graphical Methods

Recall that the IV curve for a resistor, R, is a straight line with a slope of 1/R. To compare
the plot of the self-bias resistor with the transconductance curve, both lines are plotted in
the second quadrant; the resistance is plotted with a slope of —1/R.

The transconductance curve for the MPF3821 can be used to illustrate how a reason-
able value of a self-bias resistor (Rs) is selected. Assume you have an MPF3821 with the
transconductance curve shown in Figure 4-13. Draw a straight line from the origin to the
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FIGURE 4-13 Iy (mA)

Graphical analysis of self-bias. (-4 V, 2.5 mA) A0
™ 2.5 Frgs

N / 2.0

1.5

Q-point N

+==tll0.95

/’ i N0.5

Vos (V)= '

6 5 4-3-2-1 1o
Vas(ofty =1.5

point where Visior, (—4 V) intersects Ipgs (2.5 mA). The reciprocal of the slope of {

line represents a reasonable choice for Rs. i

_ Vosam) . AV
IDSS 2.5 mA

Rs = 1.6 k(2
The absolute (unsigned) value of Vg is used. The resulting 1.6 k() resistor
available as a standard 5% value, or you could select a 1.5 k€ standard 10% resi
instead. The point where the two lines cross represents the Q-point.* This Q-point rep
sents Vg and I, for this particular case; it shows that Vgs = —1.5V at I, = 0.95mA.

Self-bias produces a form of negative feedback to help compensate for different(
vice characteristics between various JFETs. For instance, assume the transistor is repla
with one with a lower transconductance. As a result, the new drain current will be l¢
causing a smaller voltage drop across Rs. This reduced voltage tends to turn the JFET
more, compensating for the lower transconductance of the new transistor. The effectol
range of transconductance curves is best illustrated by two examples.

I EXAMPLE 4-5

A 2N5457 general-purpose JFET has the following specifications: Ipssiminy = 11
IDSS(max) =35 mA, VGS(oﬁ')(min) =—0.5 V, VGS(oﬁ')(max) = —6 V. Select a self-bias resis-
tor for this JFET.

Solution Typical of small-signal JFETs, the range of Ipgs and Vs, 15 very large

IDSS'

e | Vasottymin | s 05V
IDSS(min) 1.0 mA

= 500 Q

5 | Vasoftyman) | = 6V
IDSS(max) 5.0 mA

A good choice is 820 €2, a standard value between these extremes. To see whal
this looks like on the transconductance curve, sketch the curves with this resistor and
plot the maximum and minimum Q-points. This is done in Figure 4-14. Despite the ex-

= 1.2k}

* This is a form of load line analysis. This type of load line is called the bias load line.
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FIGURE 4-14 I, (mA)
Effect of a wide range of transconductance 6
curves on the Q-point. i |
820 01N | 7 ?
; nEn" 4 At
Max Q—puml-_‘}/ v
N
Pl e
" |1 Min Q-point
Vv, .
8o T T TR [

treme variation between the minimum and maximum specification, the 820 () resistor
represents a good choice for either.

Practice Exercise Estimate the largest and smallest I, expected for a 2N5457 that is
self-biased with an 820 (} resistor.

EAMPLE 4-6

+Vpbp
+9V
Rp
2.7kQ)
MPF3821
Rg Ry
1.0 MQ) 2.0k
(a) Circuit
FIGURE 4-15

The MPF3821 JFET shown in the circuit of Figure 4-15(a) has the transconductance
curve shown in Figure 4-15(b). From the transconductance curve, determine Vg and Ip,.
Using this result, determine the value of Vpg.

In (mA) I (mA)
3.0 ‘ ‘ I —1 3.0
|
2.5 ] —t 2507
R5Y (-4 V,2mA) 3 Ioss
20 | 2.0
2.0k |
1.5 . 1.5
7 1.0 - fo-pninli =N 11055
= Bl b pall
Vgg (V) = Vs (V .
eV r e 3 3 -1 D w00~ e 4 oA -2 -1 o
VGS(om VGS(ofﬂ -1.8
(b) Transconductance curve (¢) Transconductance curve with self-bias resistor
plotted

Solution  Plot the line representing a 2.0 k() resistor by selecting the origin and any
point on the resistor’s line. A convenient point is Vgs = —4 V, Ip = 2 mA. The line
between the origin and this point represents a 2.0 k() self-bias resistor as shown in
Figure 4-15(c).

The intersection of the 2.0 k() resistor and the transconductance curve represents
Vs and I, for this case. Reading the plot, you can see that Vgs = —1.8 V and I, is
0.8 mA. Since Vg =0V, Vg = +1.8 V.

The voltage across the drain resistor is found by Ohm’s law.

Vg, = IpRp = (0.8 mA)(2.7 k{)) = 2.16 V
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To obtain the drain voltage, subtract the previous result from Vpp,.
VD = VDD = VRD = 90V % 216 V — 684V
VDSZVD*VS:684V—1.8V:5.04V

Interestingly, this result can be obtained graphically by load line analysis. The
load line for the circuit is superimposed on the drain curves (from Figure 4-9(b)) as

shown in Figure 4-16.

FIGURE 4-16 I (mA)
W _
2.5 — = o - Vgs=0V
20 i pd 8! | ]
1.5 b = V=¥
L i :Q"’m,m T
0.5 W~ s i T2 0 Vas=-2V
| : : ———— Vas=-3V
> Vi (V
T T T T R L3, SR
I
5.04

Practice Exercise Confirm that the load line, drawn in Figure 4-16 represents the cir-

cuit in Figure 4-15(a).

Voltage-Divider Bias

Although self-bias is satisfactory for many applications, the operating point is dependent
on the transconductance curve as you have seen. The bias can be made more stable with the
addition of a voltage divider on the gate circuit, forcing the gate to a positive voltage. Since
the JFET must still operate with a negative gate-source bias, a larger source resistor is used
than in normal self-bias. The circuit is shown in Figure 4-17.

The gate voltage is found by applying the voltage-divider rule to R, and R.

FIGURE 4-17
Voltage-divider bias and self-bias.

_I_?_g__) VDD (4-5)

EXAN
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Remember, if you are troubleshooting any JFET circuit, the source voltage has to be equal
or larger than the gate voltage. The drain current is in both Ry, and Rg. Since Iy, is depen-
dent on the transconductance of the JFET, the precise value of V}, and Vg cannot be deter-
mined from the circuit values alone because of the manufacturing spread of FETs. In gen-
eral, a JFET linear amplifier should be designed such that Vg is in the range from about
25% to 50% of Vpp. Even without knowing the parameters for the transistor, you can ver-
ify that the bias is set up correctly by checking Viys.

EXAMPLE 4-7

Assume you are troubleshooting the 2N5458 JFET shown in Figure 4—18. You do not

know the transconductance of the transistor, but you need to find out if the circuit is

working properly.

(a) Estimate the expected Vg and V.

(b) Assume you measured the source voltage and found it was +5.4 V. Is the circuit
functioning as expected? Based on this measurement, what is the drain voltage?

(¢) Assume you replace the transistor. The measured source voltage for the new tran-
sistor is +4.0 V. From this measurement, what is the expected drain voltage?

FIGURE 4-18 +Vpp
+12V
8]

Ry
22k0

C- 2N5458

R, Rg
330 k2 1.8 k)

Solution
(a) Start with Vg because this value can be computed accurately and quickly with the
voltage-divider rule. The gate voltage is about one-fourth of Vj,, as shown in the

following equation:

R, ) _( 330 kQ
DD, —

— V=298V
R, +R, 1.0Mﬂ+330kﬂ)]2 <

VG e (
You know immediately that if the circuit is operating properly, the source voltage
must be more positive than this value. Your estimate of the source voltage should be
about +4 V.

(b) The measured value of +5.4 V may indicate a problem. This is larger than the ex-
pected 4 V and is nearly half of V. Since Ry, is even larger than Rg, it should drop
even more of the total voltage. A quick check of Vg shows that it is 0 V! This con-
firms a problem with the circuit; there is probably a drain-to-source short in the
transistor, causing Vy, to also be 5.4 V.

° Data sheet for 2N5458 available at http://www.fairchildsemi.com
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(¢) The drain current for the new transistor can be found by applying Ohm’s law to the |
source resistor.
Ip = - 20 2.2 mA
1y
Subtracting Vg, from Vpp, gives Vp,.
Vo = Voo — IpRp = 12V — (22 mA)(2.2 k() =716V

Practice Exercise Assume the drain resistor were open in the circuit of Figure 4-18,
What voltage do you expect in this case for Vg, Vs, and Vp?

Current Sources

Before discussing current-source biasing, let’s review current sources. An ideal curren
source is a device that provides a fixed current that is independent of any load connectedto
it. The IV curve for an ideal current source is shown with a horizontal line in Figure
4-19(a). Recall that the slope of an IV curve is inversely proportional to resistance. A hor
izontal line implies that the internal resistance of the ideal source is infinite. A circul
model of an ideal current source is shown in Figure 4-19(b).

I(mA)
1 Internal resistance
is infinite
Ideal Ideal
current current R;,
source source
4 V()
(a) IV curve for an ideal (b) Ideal circuit model (¢) Practical circuit model

current source

FIGURE 4-19
Current sources. The arrow in the current source symbol always points to the positive side of the

source.

As you have seen, both FETs and BJTs have a region called the constant-current r¢-
gion on their characteristic curves. This region is depicted with a nearly horizontal line,
representing the internal resistance of the source, which is very high, indeed. For mos
applications, a FET or a BJT can be assumed to be an ideal current source. In those
cases where the internal resistance is taken into account, the Norton model, discussed
in Section 1-3, is used. The Norton model for a practical current source is shown in
Figure 4-19(c) with the Norton resistance representing the internal resistance of the cur-

rent source.

Current-Source Biasing

This form of bias is widely used in ICs but requires an extra transistor. One transistor acts
as a current source to force I, to stay constant, creating a very stable form of bias. Current-
source biasing also can improve the gain, as you will see later.

EX
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Two examples of current-source biasing are shown in Figure 4-20. In Figure ‘
4-20(a), O, is a FET constant-current source that provides a current to Q,. The amount of
current is determined by the Ipgs of Q5 and the value of Rs. Since Ipss varies between tran- ‘
sistors, the amount of current depends on the particular transistor that is selected. The cur-
rent source must not provide more current than the Ipgs of Q, to ensure that the Vg of O, |
is negative.

FIGURE 4-20 +Vbp +Vpp
Current-source biasing.

Rp Rp

Q, 0

0 0,

Rs Rg

~Vss ~Veg
(a) FET (Q,) as a current (b) BJT (@) as a current
source source
For consistency between transistors, the arrangement in Figure 4-20(b) is better.

Here the current is provided by a BJT. Since the base is grounded, the emitter voltage will
be —0.7 V due to the forward-biased base-emitter junction. This means there is a constant
voltage across Ry; thus, a constant current in the FET. Again, it is important that this cur-
rent is less than the Ings of Q.

[EXAMPLE 4-8 Figure 4-21 shows a current-source biasing circuit. What is Ip?

FIGURE 4-21 +Vpp
+15V

2N5458

&)
2N3904
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Solution You should recognize emitter bias for the bipolar junction transistor but with
no base resistor. Since the base is connected directly to ground, the emitter voltage is
—0.7 V due to the forward-biased base-emitter pn junction. This means that the voltage
across Rg is 14.3 V and the current in R is constant. From Ohm’s law, find the emitter cur-
rent as

AL ) SR
B T 18 '

This current is provided to the FET. Therefore, I, = 0.95 mA.

Practice Exercise What is the minimum /p,gg for the FET (for proper operation) in _
Figure 4-217?

4-3 REVIEW QUESTIONS

1. What two parameters for a JFET could you use to choose a reasonable value of self-
bias resistor?

2. Why can’t the bias circuits for BJTs be used for JFETs?

3. In a certain self-biased n-channel JFET circuit, I, = 8 mA and Rg = 1.0 k{). What
is Vqs?

4. For a JFET with current-source biasing, what parameter must not be exceeded by the
current source?

4-4 B MOSFET CHARACTERISTICS

The metal-oxide semiconductor field-effect transistor (MOSFET) is the other major cat
egory of field-effect transistors. The MOSFET differs from the JFET in that it has nopn
junction structure; instead, the gate of the MOSFET is insulated from the channel bya
very thin silicon dioxide (Si0,) layer. The two basic types of MOSFETs are depletion (D)
and enhancement (E).

After completing this section, you should be able to

O Explain the operation of metal-oxide semiconductor field-effect transistors (MOS-
FETs)
O Describe the differences in the construction of MOSFETSs
Q Draw the symbol for an n-channel or a p-channel D-MOSFET or E-MOSFET
Q Explain how a MOSFET functions in the depletion and the enhancement modes
O Interpret the drain characteristic curve for a MOSFET
O Describe the transconductance curve for a MOSFET and explain how it relates to the
drain characteristic curve
0O Discuss specific handling precautions for MOSFET devices

Depletion MOSFET (D-MOSFET)

(= One type of MOSFET is the depletion MOSFET (D-MOSFET) and Figure 4-22 illus-
trates its basic structure. The drain and source are diffused into the substrate material and
then connected by a narrow channel adjacent to the insulated gate. Both n-channel and
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Drain

P

Channel

Sorce
(a) n channel (b) p channel

FIGURE 4-22
Basic structure of D-MOSFETs.

p-channel devices are shown in the figure; however, p-channel D-MOSFETs are not widely
used. The basic operation is the same for both types, except the voltage polarities for the p-
channel device are opposite those of the n-channel. For simplicity, n-channel devices are
described in this section. i

The D-MOSFET can be operated in either of two modes—the depletion mode or the
enhancement mode—and is sometimes called a depletion-enhancement MOSFET. Since
the gate is insulated from the channel, either a positive or a negative gate voltage can be ap-
plied. The n-channel D-MOSFET operates in the depletion mode when a negative gate-to-
source voltage is applied and in the enhancement mode when a positive gate-to-source
voltage is applied. These devices are generally operated in the depletion mode.

Depletion Mode Visualize the gate as one plate of a parallel-plate capacitor and the
channel as the other plate. The silicon dioxide insulating layer is the dielectric. With a neg-
ative gate voltage, the negative charges on the gate repel conduction electrons from the
channel, leaving positive ions in their place. Thereby, the n-channel is depleted of some of
its electrons, thus decreasing the channel conductivity. The greater the negative voltage on
the gate, the greater the depletion of n-channel electrons. At a sufficiently negative gate-
to-source voltage, Vs, the channel is totally depleted and the drain current is zero. This
depletion mode is illustrated in Figure 4-23(a). Like the n-channel JFET, the n-channel
D-MOSFET conducts drain current for gate-to-source voltages between Vg om and 0 V. In
addition, the D-MOSFET conducts for values of Vg above 0 V.

Enhancement Mode With an n-channel device and with a positive gate voltage, more
conduction electrons are attracted into the channel, thus increasing (enhancing) the chan-
nel conductivity, as illustrated in Figure 4-23(b).

D-MOSFET Symbols  Figure 4-24 shows the schematic symbols for both the n-channel
and the p-channel D-MOSFETSs. The substrate, indicated by the arrow, is normally (but not
always) connected internally to the source. Sometimes the substrate is brought out as another
lead. An inward substrate arrow is for n-channel, and an outward arrow is for p-channel.
Because the MOSFET is a field-effect device like the JFET, you might expect it to
have similar characteristics as the JFET. This is indeed the case. The transfer characteristic
(I versus Vs) for the 2N3631, an n-channel D-MOSFET, is shown in Figure 4-25. It has
the same shape as the one given earlier for the n-channel JFET (Figure 4-9(a)), but note
that both negative and positive values of Vg are shown on the transfer characteristic rep-
resenting operation in the depletion region and the enhancement region respectively. This
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+ml
+N-
ca + - ez B,
- I v = Voo
+ 8-
+N-
L_ e
Voo = n
= _— I =
(a) Depletion mode: Vg negative and less than Vg o (b) Enhancement mode: Vg positive
FIGURE 4-23
Operation of n-channel D-MOSFETs.
FIGURE 4-24 Drain Drain
D-MOSFET schematic symbols.
Gate Gate
Source Source
n channel p channel
FIGURE 4-25 I, (mA)
Transfer characteristic for a 2N3631 x
: D —l=Enhanc
D-MOSFET (typical values shown). b= e,ﬁff&:m I* 4 ﬁ?;j;n i

15.0
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particular curve indicates the [}, is approximately 4.0 mA when Vs is 0 V. Since Vs is
0V, the point is Ings. Notice that operation with currents higher than Ij,gg is permissible
with a D-MOSFET but not with a JFET.

Enhancement MOSFET (E-MOSFET)

This type of MOSFET operates only in the enhancement mode and has no depletion mode.
It differs in construction from the D-MOSFET in that it has no physical channel. Notice in
Figure 4-26(a) that the substrate extends completely to the SiO, layer.

Drain Rp

Induced
channel

Source — ——;

(a) Basic construction (b) Induced channel (Vg > Vgsin))

FIGURE 4-26
E-MOSFET construction and operation (n-channel).

For an n-channel device, a positive gate voltage above a threshold value, Vggn), in-
duces a channel by creating a thin layer of negative charges in the substrate region adjacent
to the SiO, layer, as shown in Figure 4-26(b). The conductivity of the channel is enhanced
by increasing the gate-to-source voltage, thus pulling more electrons into the channel. For
any gate voltage below the threshold value, there is no channel.

The schematic symbols for the n-channel and p-channel E-MOSFETS are shown in
Figure 4-27. The broken lines symbolize the absence of a physical channel.

Because the channel is closed unless a voltage is applied to the gate, an E-MOSFET
can be thought of as a normally off device. Again the transfer characteristic has the same
shape as the JFET and D-MOSFET, but now the gate of an n-channel device must be made
positive in order to cause conduction. This means that the Vggos, specification will be a

FIGURE 4-27 Drain Drain
E-MOSFET schematic symbols.

Gate Gate

Source Source

n channel p channel
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FIGURE 4-28 Iy (mA)
Transfer characteristic for a typical

E-MOSFET. g ol Enhancement mode

4-5 H

12:5.
10.0
1.5
5.0

25—

Vas (V)

0 +2 +4 +6 +8 +10 +12

positive voltage for an n-channel E-MOSFET. A typical characteristic is shown in Figure
4-28. Compare it to the D-MOSFET characteristic in Figure 4-25.

Handling Precautions

Because the gate of a MOSFET is insulated from the channel, the input resistance is ex
tremely high (ideally infinite). The gate leakage current, Igss, for a typical MOSFET isin
the pA range, whereas the gate reverse current for a typical JFET is in the nA range. The
input capacitance, of course, results from the insulated gate structure. Excess static charg
can accumulate because the input capacitance combines with the very high input resistance
and can result in damage to the device as a result of electrostatic discharge (ESD). In fact
ESD is the single largest cause of failure with MOSFET devices. To avoid ESD and possi
ble damage, the following precautions should be taken:

1. Metal-oxide semiconductor (MOS) devices should be shipped and stored in conductive
foam.

2. All instruments and metal benches used in assembly or testing should be connected o
earth ground (round prong of wall outlets).

3. The assembler’s or handler’s wrist should be connected to earth ground with a lengthof
wire and a high-value series resistor.

4. Never remove a MOS device (or any other device, for that matter) from the circuit while
the power is on.

5, Do not apply signals to a MOS device while the dc power supply is off.

4-4 REVIEW QUESTIONS
1. Name two types of MOSFETs, and describe the major difference in construction.
2.0 the gate-to-source voltage in a D-MOSFET is zero, is there current from drain to
source?
3. If the gate-to-source voltage in an E-MOSFET is zero, is there current from drain to
source? .
4. Can a D-MOSFET have a higher current than /pss and remain within the speciﬁe&l
drain current? ',\
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45 B MOSFET BIASING

As with BJTs and JFETs, bias establishes the appropriate dc operating conditions that
provide a stable operating point for centering the ac signal. MOSFET biasing circuits
are similar to those you have already seen for BJTs and JFETs. The particular bias cir-
cuit depends on whether one or two supplies are used and the type of MOSFET (deple-
tion or enhancement).

After completing this section, you should be able to

O Discuss and analyze MOSFET bias circuits
0 Explain why a D-MOSFET has more bias options than any other type of transistor
O Explain zero bias
[ Discuss three methods for biasing an E-MOSFET

D-MOSFET Bias

As you know, D-MOSFETs can be operated with either positive or negative values of Vgs.
When Vg is negative, operation is in the depletion mode; when it is positive, operation is
in the enhancement mode. A D-MOSFET has the advantage of being able to operate in
both modes; it is the only type of transistor that can do this.

Zero Bias The most basic bias method is to set Vg = 0V so that an ac signal at the gate
varies the gate-to-source voltage above and below this bias point. Figure 4-29 shows the
circuit. Because it is effective and simple, it is the preferred method for biasing a
D-MOSFET. The operating point is set between depletion and enhancement operation.
Since Vgs = 0V, Ip = Ipss, as indicated. The drain-to-source voltage is expressed as
follows:

Vs = Vbp — IpssRp

FIGURE 4-29
A zero-biased D-MOSFET.
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3
EXAMPLE 4-9 Determine the drain-to-source voltage in the circuit of Figure 4-30. The MOSFET daia |
sheet gives Inss = 12 mA. 1
FIGURE 4-30 Vo
+18V
Rp
560 ()
-
Vbs
Rg
10 M2
Solution Since I, = Ipgs = 12 mA, the drain-to-source voltage is
Vs = Voo — InssRp = 18 V — (12 mA)(560 Q) = 1128V
Practice Exercise Find Vps in Figure 4-30 when Ipss = 20 mA. J
PES

Other Bias Arrangements As you know, the D-MOSFET can operate in the deple
tion or enhancement mode. Because of this versatility, any of the bias circuits you ha
studied for the BJT and the JFET can also be applied to D-MOSFETs. Figure 4-31 il
trates three popular methods for biasing, but you may see other methods in practice.

The bias circuit in Figure 4-31(a) uses a combination of voltage divider and self-bi
as seen earlier with JFETs. The voltage at the gate is computed by the voltage-divider for
mula, which is quite accurate for any FET device because of the negligible loading effet
The gate voltage is the same as given for JFETs (see Equation (4-5):

Ve = (_RZ__)V
G R, + R, DD
The resistors that form the voltage divider are usually quite large (in the megoht

range) because of the high input resistance of the gate terminal. The voltages at the othr
terminals depend on specific device parameters.

FIGURE 4-31 +Vpp
Other D-MOSFET 9 +Vbp
bias circuits.
Rp
Rg Ry
= —Vss
(a) Voltage-divider (b) Source bias

with self-bias
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When positive and negative supplies are used, the source-bias arrangement in Figure
4-31(b) is frequently used. This is similar to emitter bias seen with BJTs. Ideally, the gate cir-
cuit looks like an open circuit, so you would expect the gate voltage to be at ground potential.

Current-source biasing is a form of bias that is common in operational amplifiers and
is shown with a BJT current source in Figure 4-31(c). Other current sources, including
FETs can be used. The current source sets the value of the source and drain current. By
analyzing the current source (as in Example 4-8), the expected drop across the drain resis-
tor can be computed from Ohm’s law.

E-MOSFET Bias

E-MOSFETs must have a Vg greater than the threshold value, Vg Any of the bias cir-
cuits developed for BITs (except base bias) could be used with appropriate values for
E-MOSFETs. Figure 4-32 shows two common ways to bias an n-channel E-MOSFET.
(D-MOSFETS can also be biased using these methods.) In either the drain-feedback or the
voltage-divider bias arrangement, the purpose is to make the gate voltage more positive
than the source by an amount exceeding Vs en)-

FIGURE 4-32 +Vbp
E-MOSFET biasing arrangements.

(a) Drain-feedback bias (b) Voltage-divider bias

In the drain-feedback bias circuit in Figure 4-32(a), there is negligible gate current
and, therefore, no voltage drop across Rg. As a result, Vgs = Vps.

The voltage-divider bias is a straight-forward application of the voltage-divider rule
you have already seen. Again, the voltage divider appears to be unloaded because of the high
input resistance, so you can compute the gate voltage accurately using Equation (4-5).

l EXAMPLE 4-10

Determine the amount of drain current in Figure 4-33. The E-MOSFET has a Vg of 3 V.

FIGURE 4-33
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Solution The meter indicates that Vgs = 8.5 V. Since this is a drain-feedback config-
uration, Vps = Vgs = 8.5 V. l

o

VDD T4 Vps) IS5V - 85V ‘
Yob ” 'ps)_ Z =138 mA |
( Ro 47 kO N

Practice Exercise Determine Ip, if the meter in Figure 4-33 reads 5 V.

1. For a D-MOSFET biased at Vgs = 0V, is the drain current equal to 0, I5ss, ot Ipss?
2. Why can’t an E-MOSFET use zero bias?

3. For an n-channel E-MOSFET with Vgsem = 2 Vs Vs must be in excess of what
value in order to conduct? !

Field-effect transistors, both JFETs and MOSFETs, can be used as linear amplifiers il
any of three circuit configurations similar to the bipolar junction transistor’s CE, C(,
and CB amplifiers you studied earlier. The FET configurations are common-sourc
(CS), common-drain ( CD), and common-gate (CG). The CS and CD amplifiers are char.
acterized by high input impedance and low noise, making them excellent choices as the
first stage of an amplifier. The common-gate amplifier has few applications, so it is dis
cussed only briefly here.

After completing this section, you should be able to

0 Describe the operation of FET linear amplifiers
0 Describe the three FET configurations for linear amplifiers: common-source (CS),
common-drain (CD), and common-gate (CG)
0 Given the transconductance, compute the gain for any FET amplifier
Q Explain why aCD amplifier with current-source biasing is significantly better thana
single-stage CD amplifier

e s

Transconductance of FETs

The transfer characteristic for a FET is the transconductance curve as was shown in Figure
4-9(a). FETs are fundamentally different than BJTs because they are voltage-controlled
devices. The output drain current is controlled by the input gate voltage. As an ac parame-
ter, transconductance was earlier defined as

_da
g’” v

44
Considered in terms of output current (I,) divided by input voltage (Vgs), transcon-
ductance is essentially the gain of the FET by itself. Unlike B, a pure number, transcon-
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Ip (mA) I (mA)
A
~Ipss

1 Al
Alc T AVge
AVgg
VGS (V)= T > Vpg (V)
Vesioft) g Y
(a) n-channel FET transfer curve (b) BIT transfer curve
FIGURE 4-34

Comparison of the transfer curve for an n-channel FET with a BJT.

ductance (g,,) has units of the siemen (the reciprocal of resistance). Many data sheets con-
tinue to use the older unit, the mho (ohm spelled backwards). The transconductance of a
particular FET can be measured directly as shown in Figure 4-34(a). Notice that the
transconductance is the slope of the transfer curve and it is not a constant, but depends on
the drain current.

Figure 4-34(b) shows an analogous situation for the input to a BJT. The base volt-
age, applied across the base-emitter pn junction, “sees” an ac resistance that depends on
the dc emitter current. This small ac resistance plays an important role in determining the
gain of a BJT amplifier as you saw in Section 3—4.

The reciprocal of g, is analogous to r. for BJTs. Most ac models for a FET use
gm as one of the key parameters; however, to make the transition from BJT amplifiers to
FET amplifiers, it is useful to define a parameter representing the ac source resistance of
the FET.

po=— (4-6)

gﬂl

The concept of r; leads to voltage gain equations that are analogous to those devel-
oped in Chapter 3 for BJTs. A mental picture of r} for a JFET is shown in Figure 4-35. The
gate is shown with a dotted line to remind you that, from the gate’s perspective, the input
resistance is nearly infinite (because of the input’s reverse-biased diode). Although the gate
voltage controls the drain current, it does it with negligible current. Unfortunately, r; for
a FET is not as predictable as r, is for a BJT and it is generally larger than %. Data sheets
don’t show this parameter, but they do show a range of values for g, (also shown as y), so
you can obtain an approximate value of r, by taking the reciprocal of the typical value of
g For example, if y, is shown as 2000 WS on a data sheet, r; = 500 ().

FIGURE 4-35 D
The internal source resistance r. is
analogous to r; for a BJT. The dotted line is
a reminder that gate current is negligible
because of extremely high input resistance.
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Common-Source Amplifiers

(O~ JFET Figure 4-36 shows a common-source (CS) amplifier with a self-biased n-chan
SRR JFET. An ac source is capacitively coupled to the gate. The resistor, Rg, serves two pur
poses: (a) It keeps the gate at approximately 0V dc (Because Igss is extremely small), anl
(b) its large value (usually several megohms) prevents loading of the ac signal source. Th
bias voltage is created by the drop across Rs. The bypass capacitor, C, keeps the sourced

the FET effectively at ac ground.

V

gs

FIGURE 4-36
JFET common-source amplifier.

The signal voltage causes the gate-to-source voltage to swing above and below its (-
point value, causing a swing in drain current. As the drain current increases, the voltag
drop across Rp also increases, causing the drain voltage (with respect to ground) to de-
crease.

The drain current swings above and below its Q-point value in phase with the gate-
to-source voltage. The drain-to-source voltage swings above and below its Q-point vali
180° out of phase with the gate-to-source voltage, as illustrated in Figure 4-36.

D-MOSFET  Figure 4-37 shows a zero-biased n-channel D-MOSFET with an ac sourct
capacitively coupled to the gate. The gate is at approximately 0V dc and the source termi-
nal is at ground, thus making Vs = oVv.

FIGURE 4-37 +Vop
Zero-biased D-MOSFET common-source
amplifier.
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The signal voltage causes V,, to swing above and below its 0 value, producing a |
swing in ;. The negative swing in V,, produces the depletion mode, and /, decreases. The
positive swing in V,, produces the enhancement mode, and /, increases.

E-MOSFET Figure 4-38 shows a voltage-divider biased, n-channel E-MOSFET with an
ac signal source capacitively coupled to the gate. The gate is biased with a positive voltage ‘
such that Vg > Vigsqny. As with the JFET and D-MOSFET, the signal voltage produces a ‘
swing in V,, above and below its Q-point value. This swing, in turn, causes a swing in
I, Operation is entirely in the enhancement mode. i

FIGURE 4-38
Common-source E-MOSFET amplifier
with voltage-divider bias.

|'J

in

Voltage Gain Voltage gain, A,, of an amplifier always equals V,,,/V;,. In the case of

the CS amplifier, V;, is equal to V,, (due to the bypass capacitor) and V,,, is equal to the |
signal voltage developed across R, the ac drain resistance. In a CS amplifier with no load, '
the ac and dc drain resistances are equal: R; = Rp. Thus, V,, = IR,

A\. = va o ]de
Vin Vg.\-

Since g, = I,/ V,,, the common-source voltage gain is
A, = —guRa 4-7)

This is the traditional voltage gain equation for the CS amplifier. The negative sign is
added to Equation (4-7) to indicate that it is an inverting amplifier. The gain for the CS am-
plifier can be expressed in a similar form to the common-emitter (CE) amplifier as a ratio
of ac resistances. By substituting 1/r} for g,,, the voltage gain can be written as

R i
A =-—2 : (4-8)

Compare this result with Equation (3-10) that gives the voltage gain for a
CE amplifier: A, = —R_/R,. Both equations show voltage gain as a ratio of ac resistances.

Input Resistance Because the input to a CS amplifier is at the gate, the input resistance
to the transistor is extremely high. As you know, this extremely high resistance is produced
by the reverse-biased pn junction in a JFET and by the insulated gate structure in a MOS-
FET. For practical work, the transistor’s input circuit looks open.

When the transistor’s internal resistance is ignored, the input resistance seen by the
signal source is determined only by the bias resistor (or resistors). With self-bias, it is ;;

_
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Looks open Looks open

(a) Self-bias (b) Voltage-divider bias

FIGURE 4-39
Input resistance is determined by the bias resistors.

simply the gate resistor, Rg, as shown in the equivalent ac circuit looking into the gate
Figure 4-39.

With voltage-divider bias, the power supply is at ac ground and the gate again ap
pears as an open. The two voltage-divider resistors are seen by the ac source in paralkl
The input resistance is the parallel combination of R, and R».

R, =R, Il R,

EXAMPLE 4-11 (a) What is the total output voltage (dc + ac) of the amplifier in Figure 4-407 The g,
is 1500 pS, I is 2.0 mA, and Vas(ofr) is3 V.
(b) What is the input resistance seen by the signal source?

FIGURE 4-40 +15V

Vi
"'m

100 mV
rms

Solution
(a) First, find the dc output voltage.

Next, find the voltage gain.
A, = —g.Rs = —(1500 pS)(3.3 k) = —5.0
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Alternatively, the voltage gain could be found by computing r; and using the ratio
of ac drain resistance to ac source resistance.

1 1
M= i e L T4
TS 1500 18
R
A= Ra_ _33K0_ 5,
# 667 Q0

The output voltage is the gain times the input voltage.

Vour = A, Vin = (—5.0)(100 mV) = —0.5 V rms

our

The negative sign indicates the output waveform is inverted.
The total output voltage is an ac signal with a peak-to-peak value of
0.5V X 2.828 = 1.4 V, riding on a dc level of 8.4 V.
(b) The input resistance is

Rin = RG =10 MQ

Practice Exercise What happens to the g,,, if the source resistor is made larger? Does
this affect the gain?

Common-Drain (CD) Amplifier

A common-drain (CD) JFET amplifier is shown in Figure 441 with voltages indicated.
Self-biasing is used in this circuit. The input signal is applied to the gate through a cou-
pling capacitor, and the output is at the source terminal. There is no drain resistor. This cir-
cuit, of course, is analogous to the BJT emitter-follower and is sometimes called a source-
follower: It is a widely used FET circuit because of its very high input impedance.

FIGURE 4-41 +Vpp
JFET common-drain amplifier
(source-follower).

Voltage Gain As in all amplifiers, the voltage gain is A, = V,,,/V;,. Like the emitter-
follower, the source-follower has an ideal voltage gain of 1, but in practice it is less (typi-
cally between 0.5 and 1.0). To compute the voltage gain, the voltage-divider rule can be ap-
plied to the circuit shown in Figure 4-42(a). First, the circuit is simplified to the ac
equivalent shown in Figure 4-42(b). The gate resistor does not affect the ac, so it is not
shown. The gate input is shown with a dotted line to remi