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Preface

This seventh edition of Electronic Devices has been carefully revised and some important new
topics have been added. Several recommendations from reviewers and current users have been
incorporated to make this edition better. A comprehensive coverage of electronic devices and
circuits, including troubleshooting and System Applications, is provided. Chapters 1 through
11 are essentially devoted to fundamental discrete devices and circuits. Chapters 12 through 18
primarily cover linear integrated circuits. Chapter 19 is a new chapter that is completely devoted
to programmable analog devices. Data sheets are introduced in certain areas to provide a prac-
tical connection with actual devices. Extensive exercises and problems using Multisim® circuit
simulation are designed to help students verify circuit theory and develop troubleshooting and
measurement skills. Referenced Multisim circuit files are on the CD packaged with this book.

New in This Edition

2 A s  Chapter 19 introduces field-
programmable analog arrays (FPAAs) and how to program them. Also, switched-capacitor
circuits are described because they are basic to FPAA technology.

This feature is at the end of most chapters. It checks students’ un-
derstanding of how changes in certain parameters affect the behavior of a circuit. Given a
specified change in one parameter, students determine the resulting effect (increase, de-
crease, no change) in another parameter or parameters.

‘ ’ High-intensity LEDs are introduced and a new section
on fiber optics has been added.

ices  New sections on differential amplifiers and the IGBT (insulated gate bipo-
lar transistor) are now included.

al s Obsolete devices have been replaced, text descriptions have been
reworded for greater clarity, and graphics have been enhanced in certain areas for better ap-
pearance or improved effectiveness.

Features
Full-color format

Two-page chapter openers containing a chapter outline, chapter objectives,
introduction, key term list, System Application preview, and website reference.

The beginning of each section includes a brief introduction and objectives for the section.

Abundant worked-out examples, each with a related problem similar to that
illustrated in the example. Answers to related problems are at the end of the chapter.

Multisim simulation circuits for selected examples, problems, and troubleshooting
sections on the CD

Section Reviews with answers at the end of the chapter
A troubleshooting section in many chapters
A System Application at the end of most chapters

A typical chapter ends with a summary, key term glossary, key formulas, self-test,
and circuit-action quiz.

A problem set at the end of each chapter is divided by chapter sections, and
generally organized into basic and advanced problems. Additionally, many chapters
have categories of troubleshooting, data sheet, System Application, and Multisim
troubleshooting.
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Student Resources

Companion Website (www.prenhall.com/floyd) This website offers students a free on-
line study guide that they can check for conceptual understanding of key topics.

Multisim® CD-ROM Packaged with each textbook, this CD includes simulation circuits
in Multisim® 7 for selected examples, troubleshooting sections, and selected problems in the
text. These circuits were created for use with Multisim software, a schematic capture, simu-
lation, and programmable logic tool used by college and university students in their course
of study of electronics and electrical engineering.

Multisim is widely regarded as an excellent circuit simulation tool for classroom and
laboratory learning. However, no part of your textbook is dependent upon the Multisim
software or provided files. These files are provided at no extra cost to the consumer and are
for use by anyone who chooses to utilize Multisim software.

The circuits for the Examples in your text are already rendered “live” for you by Elec-
tronics Workbench in the Textbook Edition of Multisim 7. The Textbook Edition enables you
to do the following with the circuits in the Examples folder:

Manipulate the interactive components and adjust the value of any virtual components.

Run interactive simulation on the active circuits and use any pre-placed virtual
instruments.

Run analyses.
Run/print/save simulation results for the pre-defined viewable circuits.
Create your own circuits up to a maximum of 15 components.

All of the remaining circuits on the CD require that you have access to Multisim 7 in your
school lab (the Lab Edition) or on your computer (Electronics Workbench Student Suite). If
you do not currently have access to this software and wish to purchase it, please call Pren-
tice Hall Customer Service at 1-800-282-0693 or send a fax request to 1-800-835-5327.

If you need technical assistance or have questions concerning the Multisim software,
contact Electronics Workbench directly for support at (416) 977-5550 or via the EWB web-
site located at http://www.electronicsworkbench.com.

Laboratory Exercises for Electronic Devices, Seventh Edition, by Dave Buchla. ISBN:
0-13-114086-8

Experiments in Electronic Devices, Seventh Edition, by Howard Berlin, et al. ISBN:
0-13-114122-8

Electronics Supersite (www.prenhall.com/electronics) Students will find additional
troubleshooting exercises, links to industry sites, an interview with an electronics profes-
sional, and more.

Instructor Resources

Companion Website (www.prenhall.com/floyd) For the professor, this website offers
the ability to post your syllabus online with our Syllabus Manager™. This is a great solu-
tion for classes taught online, self-paced, or in any computer-assisted manner.

Multisim CD-ROM  Although the CD-ROM accompanying the textbook is primarily for
the benefit of the student, solution and fault information is provided on the disk for the in-
structor’s use. Refer to the CD-ROM organization diagram, which shows the folder hierar-
chy and file naming convention. Circuits containing faults are password-protected so that
only the instructor can identify the faults. Solution files are available for each student cir-
cuit and are also password-protected and accessible only to the instructor.

Instructor’s Resource Manual Includes solutions to chapter problems, System Applica-
tion results, and a test item file. ISBN: 0-13-114087-6


http://www.electronicsworkbench.com.
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Lab Solutions Manual for Laboratory Exercises for Electronic Devices by Buchla
Includes worked-out lab results. ISBN: 0-13-191769-2

Lab Solutions Manual for Experiments in Electronic Devices by Berlin et al. Includes
worked-out lab results. ISBN: 0-13-191767-6

Electronics Supersite (www.prenhall.com/electronics) Instructors will find the Prentice
Hall Electronics Technology Journal, extra classroom resources, and all of the supplements
for this text available online for easy access. Contact your local Prentice Hall sales repre-
sentative for your “User Name” and “Passcode.”

Online Course Support If your program is offering your electronics course in a distance
learning format, please contact your local Prentice Hall sales representative for a list of
product solutions.

PowerPoint® CD-ROM Contains slides featuring all figures from the text, as well as text
highlights for use in lecture presentations, and slides to accompany Laboratory Exercises
for Electronic Devices by Buchla. ISBN: 0-13-114085-X

Prentice Hall TestGen This is a test bank of over 800 questions on CD-ROM. ISBN:
0-13-114084-1
Chapter Features

Chapter Opener Each chapter begins with a two-page spread, as shown in Figure P—1.
The chapter opener includes a chapter introduction, a list of chapter sections, chapter ob-

List of performance-based chapter
objectives

System Application preview

/

|
|

=
|

PROGRAMMABLE ANALOG

ARRAYS

INTRODUCTION
analog devices and
introduced in this chapter, Although devices

array (FPAA) installed, the interface to connect it to your

computer, and the development software. Many of the
problems at the end of the chapter require the.

have been applied in digital systems for quite some time,
they are now becoming popular for implementing analog
designs.

Although programmable analog devices and software
are alio available from other manufacturers, selected
products of Anadigm Corporation are used as examples for
the topics of programmable hardware and the
accompanying software in this chapter. The.
AnadigmDesigner2 development software s referenced and
is used for illustrations. You can download a 60-day free
trial version of this software at www.anadigm.com. Also,
you can obtain a development kit that includes a

board with a field- I

e &

Introduction

igner2 software for i
the point of downloading them to a hardware device. If
you wish to eptionally download the circuits created by
the software, you must have the development kit.

CHAPTER OUTLINE

19-1  The Field-Programmable Analog Array (FPAA)
19-2  Switched-Capacitor Circuits

19-3  ASpecific FPAA

19-4  FPAA Programming

ELX3 system Application

Chapter outline

FIGURE P-1

ing circuits up to

CHAPTER OBJECTIVES

Use FPAAS to implement anafog circuits
Describe the basic operation of switched-capacitor circuits
Describe the block diagram of an AN221E04 FPAA

Explain what is required for programming FPAAS

KEY TERMS

FPAA
cAB

Switched-capacitor circuit
Shadow RAM
Configuration RAM

wr

Development software
cAam

Downloading

Dynamic reconfiguration

| v, ST
Study aids for this chapter are available at

The system application at the end of the chapter describes
part of a PBX (private branch exchange), a type of private
telephone network generally used by businesses. The PBX
connects a certain number of telephones within a business
to 2 smaller number of outside lines. Different PBX systems
provide differing analog signals that must be conditioned.
The data must be extracted from these signals and sent on
for further processing. In this application, an encoding
method based on AMI (alternate mark inversion) is used as
an example. The pertion of the system that converts the
AMI signal is developed and programmed for
implementation on a FPAA.

http:/fsav.prenhall.comlfloyd

909

Key terms

A typical chapter opener.




jectives, key terms, a System Application preview, and a website reference for associated
study aids.

Section Opener Each section in a chapter begins with a brief introduction and section ob-
jectives. An example is shown in Figure P-2.

Section Review Each section in a chapter ends with a review consisting of questions that
highlight the main concepts presented in the section. This feature is also illustrated in Figure
P-2. The answers to the Section Reviews are at the end of the chapter.

Worked Examples, Related Problems, and Multisim Exercises Numerous worked exam-
ples throughout each chapter illustrate and clarify basic concepts or specific procedures.
Each example ends with a Related Problem that reinforces or expands on the example by
requiring the student to work through a problem similar to the example. Selected examples
feature a Multisim exercise keyed to a file on the CD-ROM that contains the circuit illus-
trated in the example. A typical example with a Related Problem and a Multisim exercise
is shown in Figure P-3. Answers to Related Problems are at the end of the chapter.

Troubleshooting Sections Many chapters include a troubleshooting section that relates to the
topics covered in the chapter and that illustrates troubleshooting procedures and techniques.

System Application System Applications follow the last section in each chapter (ex-
cept Chapter 1) and are identified by a special photographic logo and colored back-
ground design. A practical application of devices or circuits covered in the chapter is
presented. The student learns how the specific device or circuit is used and in many
cases is asked to compare a schematic to a printed circuit board, develop a test proce-
dure, or troubleshoot specific faults. A typical System Application is shown in Figure
P—4. The System Applications are optional and skipping any of them does not affect
any other coverage.

Although they are not intended or designed for use as a laboratory project, most System
Applications use realistic graphics for printed circuit boards and instruments. Results for
the System Applications are provided in the Instructor’s Resource Manual.

TROUBLESHOOTING = 83

Section review questions

3 ECTION 2-6 Sy
end each section. \ I B 1. List the three rating categories typically given on all diode dat sheets.
= 2. Define each of the following parameters: V. I, lo-

3. Defie lrw, Vany, and Visy-
4. From Figure 2-55, sclect a diode to meet the following specifications: lo = 3 A,
fism = 300 A, and Vegyy = 100V,

Introductory paragraph
begins each section. — [ —

Performance-based ——
section objectives

nd application of an approach (o
xamples of the power supply and diode

After completing this section. you should be able to

power supplies and diode circui

= Use analysis 1o evaluate & problem based on symptoms

= Eliminate basic problems that can be detected by observation
= Plan an approach to determining what the fault is in a circuit or system
= Make appropriate measurements to isolate a fault

® Recognize symptoms caused by certain types of component failures

isthe logical thinking combined knowl-  EESss
t a malfunction. A basic approach 10 trou-
asuring.
yput but with no output or an
u properly functionin
Known input vols 4 correct output
sented in part (b) as a block with an input volta

ower supply is nd an

P
tput voltage.

PREFACE = vii

FIGURE P-2

A typical section opener and section
review.
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FIGURE P-3

A typical example with a related
problem and Multisim exercise.

COMMON-SOURCE AMPLIFIERS = 395

Examples are set
off from text.— |

|:xAMpLL 8-4
 — What is the total output voltage of the unloaded amplifier in Figure §-10? For this
s =3V,

particular JFET, I is 12 mA and Vg, i

FIGURE 2-10

Sofution  First, find the dc output current using  caleulator, When Equation 8-5 is solved with
the parameter values given, = 1.96 mA. Using this value, calculate Vi,

Each example contains a
related problem relevant to

the example ‘The total output vol signal with a peak-to-peak value of 1.07V x 2,828 =
§ \ 303V, riding on a & 53V,
Related Probi

siem  What will happen in the amplifier of Figure 8-10 if & transistor with Vg, = ~2V is
used? Assume the other parameters are the same.

Selected examples include a
Multisim exercise coordinated—
to the textbook CD-ROM.

Chapter End Matter The following pedagogical features are found at the end of most

chapters:
Summary
Key Term glossary
Key Formulas
Circuit-Action Quiz
Self-Test
Basic Problems
Advanced Problems
Data Sheet Problems (selected chapters)
System Application Problems (many chapters)
Troubleshooting Problems (most chapters)
Multisim Troubleshooting Problems (most chapters)
Answers to Section Reviews
Answers to Related Problems for Examples
Answers to Circuit-Action Quiz

Answers to Self-Test

Suggestions for Using This Textbook

As mentioned, this book covers discrete devices in Chapters 1 through 11, integrated cir-

cuits in Chapters 12 through 18, and programmable analog arrays in Chapter 19.



System Applications are set off from text.

A series of activities is provided, which simu-
late ‘““on-the-job” experiences.

PREFACE

The regulated power supply in this appli-
cation provides dual-polarity dcvoltages
of 12V to the FM receiver system which
you worked with in Chapter 15. The
power supply consists of a transformer-

| coupled full-wave bridge rectifir and
filter with positive and negative three-

| tenminal voltage regulators.

| The block diagram of the dual-palarity
power supply is shown in Figure 18-40,

| and the circuit board s shown in Figure

| 1841, The large vertically mounted

| capacitors are the 100 i filter capacitors.

The 0.33 ptF and 1 uF capacitors, although
not necessary in all applications, are

| the other circuits in the

| The Dual-Polarity Power Supply Board |

® Make sure that the circuit board shown

| inFigure 18-41 is comect by checking it

against the schematic in Figure 18-42.
i e 9

1 tequited by the eeiver, do the

SYSTEM APPLICATION =/397

# Bared on the amoyfof decument |

regulators npél to be attached to the
‘heat sinf

darker traces.

# Label 3 copy of the board with
componentand inputioutput

lop a basic procedure for thoroughly
testing the dual-polarity powes supply.

schematic.

The Power Supply Circuit

Based on the results indicated in Figure
1843 for four faulty power supply boards,

® Determine the spproximate voltage at

in
each cave.

each of the four “comen’” of thebridge. | o o

The transformer s rated 2t 24V rms.

= Calculate the peak inverse voltage of
the rectifier diodes.

Submit a final written report on the dual-
polarity power supply using an organized
format that includes the following:

each voltage regulator.

= In the FM receiver from Chapter 15,
assume that op-amps are used only in
the channel separati

excluding the channel separation

circuits, wsed +12 Vonly and drawan |
average de curent of 100 mA,

|4 Alistof parts with part numbers if

1. A physic ition of the circuit.
2. Adiscussion of the operation of the
cireuit.

3. At of the specifications.

available. |

5. Al of the types of problems in the

898 = VOLTAGE REGULATORS

|

|

|

; FIGURE 18-41
The dual-polarity power supply circuit board.

‘
; ; ‘ R
|
|

SRty bisarl: ‘
transent resporse. | each regolator must supply:
|
! Ol bre L
E T= 100 4F
o
‘—H: LS ‘:l ‘ =
\c aive "
(egulmw | FIGURE 18-42

| ‘The dual-polarity power supply schematic.
FIGURE 15-40 |
Block diagra of the dual-polarity power supply. |

T
An overall introduction to the system

application is provided. PC board graphics.

FIGURE P-4

Portion of a typical system application section.

Option 1 (two terms) Chapters 1 through 11 can be covered in the first term. Depending
on individual preferences and program emphasis, selective coverage may be necessary. For
example, you may choose to omit Chapter 11 if the topic of thyristors is covered in a later
industrial electronics course. Chapters 12 through 19 can be covered in the second term.
Again, selective coverage may be necessary.

Option 2 (one term) By omitting certain topics and by maintaining a rigorous schedule,
this book can be used in one-term courses. For example, a course covering only discrete de-
vices and circuits would cover Chapters | through 11 with, perhaps, some selectivity.

Similarly, a course requiring only linear integrated circuit coverage would cover
Chapters 12 through 19. Another approach is a very selective coverage of discrete devices
and circuits topics followed by a limited coverage of integrated circuits (only op-amps,
for example).

To the Student

There is a saying that applies to the study of this textbook as well as many other endeavors
in life. It goes like this—Do one thing at a time, do it very well, and then move on.

When studying a particular chapter, study one section until you understand it and only
then move on to the next one. Read each section and study the related illustrations carefully,

Most system applications include realistic

ix
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Thomas Alva
' Edison
1847-1931
Born in Milan,
Ohio, Thomas
Edison was the
most prolific

inventor of all
time. He is credited with 1093
patents and is the only person to
ever have at least one patent every
year for 65 consecutive years. Mr.
Edison’s inventions and enterprises
encompass many different areas.
One of his most famous inventions,
the light bulb, was introduced in
1879. Mr. Edison is credited with
discovering the diode effect while
working with vacuum tubes for the
light bulb. Most of his work was
done in his laboratory in West
Orange, NJ. He also maintained a
laboratory at his winter home in
Fort Myers, Florida, which was
devoted principally to the
development of a synthetic rubber
using the goldenrod plant. (Photo
credit: Library of Congress)

Lee DeForest
1873-1961
Born in lowa,
Lee DeForest
became an
inventor while
in college to

help defray
expenses. He graduated from Yale
in 1899 with a PhD. His doctoral
thesis, “Reflection of Hertzian
Waves from the Ends of Parallel
Wires,” began his long career in
radio. His invention of the vacuum
tube triode for use in amplification
(audion amplifier) was the most
important of his more than 300
inventions. (Photo credit: The
National Cyclopedia of American
Biography, courtesy AIP Emilio
Segre Visual Archives, TJ.J. See
Collection)

think about the material, work through each example step by step, work its Related Prob-
lem and check the answer, and then answer each question in the section review, checking
your answers at the end of the chapter. Don’t expect each concept to be crystal clear after a
single reading; you may have to read the material two or even three times. Once you think
that you understand the material, review the chapter summary, key formula list, and key
term definitions at the end of the chapter. Take the circuit-action quiz and the self-test. Fi-
nally, work the assigned problems at the end of the chapter. Working through these prob-
lems is perhaps the most important way to check and reinforce your comprehension of the
chapter. By working problems, you acquire an additional level of insight and understand-
ing, and develop logical thinking that reading or classroom lectures alone do not provide.

Generally, you cannot fully understand a concept or procedure by simply watching or
listening to someone else. Only hard work and critical thinking will produce the results you
expect and deserve.

Milestones in Electronics

Before you begin your study of electronic devices, let’s briefly look at some of the impor-
tant developments that led to the electronics technology 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 with which you are already familiar. More
widely known names such as Franklin and Edison are also significant in the history of elec-
tricity and electronics because of their tremendous contributions. Biographies of a few im-
portant figures in the history of electronics are shown.

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 particles. Thomas Edison (1847-1931) ex-
perimented 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 vac-
uum tubes. Sir Joseph Thompson (1856—-1940) measured properties of these particles, later
called electrons.

Although wireless telegraphic communication dates back to 1844, electronics is basi-
cally 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 au-
diotron, could amplify a weak signal. By adding the control element, DeForest ushered in
the electronics revolution. It was an improved version of his device that made transconti-
nental telephone service and radios possible. In 1912, a radio amateur in San Jose, Califor-
nia, was regularly broadcasting music!

In 1921, the secretary of commerce, Herbert Hoover, issued the first license to a broad-
cast 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, invented 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 con-
trol, “midget” radios, and directional antennas. Also started in this decade was the devel-
opment of the first electronic computers. Modern computers trace their origins to the work
of John Atanasoft at Iowa State University. Beginning in 1937, he envisioned a binary ma-
chine that could do complex mathematical work. By 1939, he and graduate student Clifford
Berry had constructed a binary machine called ABC, (for Atanasoff-Berry Computer) that
used vacuum tubes for logic and condensers (capacitors) for memory. In 1939, the mag-



netron, 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 Russell and Sigurd
Varian.

The decade of the 1940s opened with World War I1. The war spurred rapid advancements
in electronics. 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 pro-
gram computer, the Eniac, at the University of Pennsylvania. One of the most significant
inventions ever occurred in 1947 with the invention of the transistor. The inventors were
Walter Brattain, John Bardeen, and William Shockley. All three won Nobel prizes for their
invention. PC (printed circuit) boards were also introduced in 1947. Commercial manufac-
turing of transistors didn’t begin until 1951 in Allentown, Pennsylvania.

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 (Figure P-5), 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,
manufacturing, and the entertainment industry. Many billions of “chips”—as integrated cir-
cuits came to be called—have since been manufactured.

The 1960s saw the space race begin and spurred work on miniaturization and comput-
ers. The space race was the driving force behind the rapid changes in electronics that fol-
lowed. The first successful “op-amp” was designed by Bob Widlar at Fairchild
Semiconductor in 1965. Called the wA709, it was very successful but suffered from “latch-up”

John William
Bardeen Shockley
1908-1991 1910-1989
An electrical An American
engineer and born in
physicist born in London,
Madison, England, Dr.
Wisconsin, Dr. Shockley

Bardeen was on the faculty of the
University of Minnesota from 1938
to 1941 and a physicist at the
Naval Ordnance Lab from 1941 to
1945. He then joined Bell Labs
and remained there until 1951.
Some of his fields of interest were
conduction in semiconductors and
metals, surface properties of
semiconductors, and
superconductivity. While at Bell
Labs he jointly invented the
transistor with colleagues Walter
Brattain and William Shockley.
After leaving Bell Labs in 1951, Dr.
Bardeen joined the faculty at the
University of lllinois. (Photo credit:
AIP Emilio Segré Visual Archives,
W. F. Meggers Gallery of Nobel
Laureates)

obtained his PhD in 1936 from
M.L.T. He joined Bell Labs upon
graduation and remained there
until 1955. His research emphasis
included areas of energy bands in
solids, theory of vacuum tubes,
photoelectrons, ferromagnetic
domains, and transistor physics.
While at Bell Labs, Dr. Shockley
joined John Bardeen and Walter
Brattain in the invention of the
transistor in 1947. After leaving Bell
Labs, Dr. Shockley spent time at
Beckman Instruments and at
Stanford University. (Photo credit:
AIP Emilio Segré Visual Archives,
Physics Today Collection)

PREFACE = «xi

Walter

H. Brattain
1902-1987
An American
born in China,

| Dr. Brattain
joined Bell
Telephone
Laboratories in 1929. One of his
main areas of research was the
surface properties of
semiconductive materials. His chief
contributions were the discovery of
the photo effect at the surface of a
semiconductor and the invention
of the point-contact transistor in
1947, which he jointly invented
with John Bardeen and William
Shockley. (Photo credit: AIP Emilio
Segre Visual Archives, W. F. Meggers
Gallery of Nobel Laureates)
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xii ™

Jack S. Kilby
1923-

Jack Kilby was
born in
Missouri and
earned degrees
in electrical

engineering
from the University of lllinois and
the University of Wisconsin. From
1947 to 1958, he worked at the
Centralab Division of Globe Union,
Inc. in Milwaukee. In 1958, he
joined Texas Instruments in Dallas
where he was responsible for
integrated circuit development and
applications. Within a year after
joining Tl he invented the
monolithic integrated circuit and
the rest is history. Mr. Kilby left Tl
in 1970. (Photo credit: Courtesy of
Texas Instruments)

FIGURE P-5

The first integrated circuit. (Courtesy of Texas
Instruments)

and other problems. Later, the most popular op-amp ever, the 741, took 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 computers. Sys-
tems were in place within Lawrence Livermore National Laboratory that connected over
100 terminals to a computer system (colorfully called the “Octopus system”). In an exper-
iment in 1969 with remote computers, 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 L?”

“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 announced
the first 8-bit processor, the 8008. In 1975, the first personal computer was introduced 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 developments in op-
tical integrated circuits.

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

The 1990s saw a widespread application of the Internet. In 1993, there were 130 web-
sites; 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 ra-
dio broadcasting had parallels with the Internet. The exchange of information and e-commerce
fueled the tremendous economic growth of the 1990s. The Internet became especially im-
portant to scientists and engineers, becoming one of the most important scientific commu-
nication tools ever.

In 1995, the FCC allocated spectrum space for a new service called Digital Audio Ra-
dio Service. Digital television standards were adopted in 1996 by the FCC for the nation’s
next generation of broadcast television. As the 20th century drew toward a close, historians
could only breathe a sign of relief. As one person put it, “I'm all for new technologies, but
I wish they’d let the old ones wear out first.”

The 21st century dawned on January 1, 2001 (although most people celebrated the new
century the previous year, known as “Y2K”). The major story was the continuing explosive
growth of the Internet; shortly thereafter, scientists were planning a new supercomputer sys-
tem that would make massive amounts of information accessible in a computer network.
The new international data grid will be an even greater resource than the World Wide Web,
giving people the capability to access enormous amounts of information and the resources



to run simulations on a supercomputer. Research in the 21st century continues along lines
of faster and smaller circuits using new technologies. One promising area of research in-
volves carbon nanotubes, which have been found to have properties of semiconductors in
certain configurations.
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SEMICONDUCTOR BASICS

INTRODUCTION

Electronic devices such as diodes, transistors, and integrated
circuits are made of a semiconductive material. To properly
understand how these devices work, you should have a basic
knowledge of the structure of atoms and the interaction of
atomic particles. An important concept introduced in this
chapter is that of the pn junction that is formed when two
different types of semiconductive material are joined. The pn
junction is fundamental to the operation of devices such as
the diode and certain types of transistors.
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All matter is made of atoms; and all atoms consist of electrons, protons, and neutrons.
In this section, you will learn about the structure of the atom, electron orbits and
shells, valence electrons, ions, and two semuconductive materials—silicon and
germanium. Semiconductive material is important because the configuration of certain
electrons in an atom is the key factor in determining how a given material conducts
electrical current.

After completing this section, you should be able to
= Discuss the basic structure of atoms

1 Define nucleus, proton, neutron, and electron

# Describe an element’s atomic number

» Explain electron shells

1 Describe a valence electron

= Describe ionization

u Describe a free electron

An atom™ is the smallest particle of an element that retains the characteristics of that el-
ement. Each of the known 109 elements has atoms that are different from the atoms of all
other elements. This gives each element a unique atomic structure. According to the classi-
cal Bohr model, atoms have a planetary type of structure that consists of a central nucleus
surrounded by orbiting electrons, as illustrated in Figure 1-1. The nucleus consists of pos-
itively charged particles called protons and uncharged particles called neutrons. The ba-
sic particles of negative charge are called electrons.

The Bohr model of an atom showing
electrons in orbits around the
nucleus, which consists of protons
and neutrons. The “tails” on the
electrons indicate motion.

+ -
it
e A ]

N

= Electron + Prolon &) Neutron

*All bold terms are in the end-of-book glossary. The bold terms in color are key terms and are also defined
at the end of the chapter.



Each type of atom has a certain number of electrons and protons that distinguishes it
from the atoms of all other elements. For example, the simplest atom is that of hydrogen,
which has one proton and one electron, as shown in Figure 1-2(a). As another example, the
helium atom, shown in Figure 1-2(b), has two protons and two neutrons in the nucleus and
two electrons orbiting the nucleus.

Nucleus Nuclleus
+ + + -
et
Electron
Electron
(a) Hydrogen atom (b) Helium atom
FIGURE 1-2

Two simple atoms, hydrogen and helium.

Atomic Number

All elements are arranged in the periodic table of the elements in order according to their
atomic number. The atomic number equals the number of protons in the nucleus, which is
the same as the number of electrons in an electrically balanced (neutral) atom. For exam-
ple, hydrogen has an atomic number of | and helium has an atomic number of 2. In their
normal (or neutral) state, all atoms of a given element have the same number of electrons
as protons; the positive charges cancel the negative charges, and the atom has a net charge
of zero.

Electron Shells and Orbits

Electrons orbit the nucleus of an atom at certain distances from the nucleus. Electrons near
the nucleus have less energy than those in more distant orbits. It is known that only discrete
(separate and distinct) values of electron energies exist within atomic structures. Therefore,
electrons must orbit only at discrete distances from the nucleus.

/ Each discrete distance (orbit) from the nucleus corresponds to a certain en-
ergy level. In an atom, the orbits are grouped into energy bands known as shells. A given
atom has a fixed number of shells. Each shell has a fixed maximum number of electrons at
permissible energy levels (orbits). The differences in energy levels within a shell are much
smaller than the difference in energy between shells. The shells are designated 1, 2, 3, and
so on, with | being closest to the nucleus. Some references designate shells by the letters
K, L. M, and so on. This energy band concept is illustrated in Figure -3, which shows the
Ist shell with one energy level and the 2nd shell with two energy levels. Additional shells
may exist in other types of atoms, depending on the element.

ATOMIC STRUCTURE

Electron

||

5
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Equation 1-1

FIGURE 1-3 Energy
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Valence Electrons

Electrons that are in orbits farther from the nucleus have higher energy and 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 from the nucleus. Electrons with the highest energy exist in the outer-
most shell of an atom and are relatively loosely bound to the atom. This outermost shell is
known as the valence shell and electrons in this shell are called valence electrons. These
valence electrons contribute to chemical reactions and bonding within the structure of a ma-
terial and determine its electrical properties.

lonization

When an atom absorbs energy from a heat source or from light, for example, the energies
of the electrons are raised. The valence electrons possess more energy and are more loosely
bound to the atom than inner electrons, so they can easily jump to higher orbits within the
valence shell when external energy is absorbed.

If a valence electron acquires a sufficient amount of energy, it can actually escape from
the outer shell and the atom’s influence. The departure of a valence electron leaves a previ-
ously neutral atom with an excess of positive charge (more protons than electrons). The
process of losing a valence electron is known as ionization, and the resulting positively
charged atom is called a positive ion. For example, the chemical symbol for hydrogen is H.
When a neutral hydrogen atom loses its valence electron and becomes a positive ion, it is
designated H*. The escaped valence electron is called a free electron. When a free electron
loses energy and falls into the outer shell of a neutral hydrogen atom, the atom becomes neg-
atively charged (more electrons than protons) and is called a negative ion, designated H™.

The Number of Electrons in Each Shell

The maximum number of electrons (VV,) that can exist in each shell of an atom is a fact of
nature and can be calculated by the formula,

N, =2n’

where n is the number of the shell. The innermost shell is number 1, the next shell is

number 2, and so on. The maximum number of electrons that can exist in the innermost
shell (shell 1) is

N, =2n*=21)Y=2



SEMICONDUCTORS, CONDUCTORS, AND INSULATORS

The maximum number of electrons that can exist in the second shell is
N,=2n*=227°=24)=8

The maximum number of electrons that can exist in the third shell is
N, =2n"=2(3)"=2(9) = 18

The maximum number of electrons that can exist in the fourth shell is
N, =2n" =2(4) = 2(16) = 32

All shells in a given atom must be completely filled with electrons except the outer (va-
lence) shell.

i | SECTION 1-1
! REVIEW . Describe an atom.

Answers are at the end . What is an electron?

of the chapter. . What is a valence electron?

. What is a free electron?

U AW N -

. How are ions formed?

1-2 SEMICONDUCTORS, CONDUCTORS, AND INSULATORS

In terms of their electrical properties, materials can be classified into three groups:
conductors, semiconductors, and insulators. In this section, we will examine the
properties of semiconductors and compare them to conductors and insulators.

After completing this section, you should be able to
= Discuss semiconductors, conductors, and insulators and how they basically differ
= Define the core of an atom

= Describe the atomic structure of copper, silicon, germanium, and carbon

List the four best conductors

= List four semiconductors

m Discuss the difference between conductors and semiconductors

= Discuss the difference between silicon and germanium semiconductors

® Explain why silicon is much more widely used than germanium

All materials are made up of atoms. These atoms contribute to the electrical properties
of a material, including its ability to conduct electrical current.

For purposes of discussing electrical properties, an atom can be represented by the va-
lence shell and a core that consists of all the inner shells and the nucleus. This concept is
illustrated in Figure 14 for a carbon atom. Carbon is used in some types of electrical re-
sistors. Notice that the carbon atom has four electrons in the valence shell and two electrons
in the inner shell. The nucleus consists of six protons and six neutrons so the +6 indicates
the positive charge of the six protons. The core has a net charge of +4 (+6 for the nucleus
and —2 for the two inner-shell electrons).
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FIGURE 1-4 =

Diagram of a carbon atom. / Core (+4)

- +6 -

Conductors

A conductor is a material that easily conducts electrical current. The best conductors are
single-element materials, such as copper, silver, gold, and aluminum, which are character-
ized by atoms with only one valence electron very loosely bound to the atom. These loosely
bound valence electrons can easily break away from their atoms and become free electrons.
Therefore, a conductive material has many free electrons that, when moving in the same di-
rection, make up the current.

Insulators

An insulator is a material that does not conduct electrical current under normal condi-
tions. Most good insulators are compounds rather than single-element materials. Valence
electrons are tightly bound to the atoms; therefore, there are very few free electrons in an
insulator.

Semiconductors

A semiconductor is a material that 1s between conductors and insulators in its ability to
conduct electrical current. A semiconductor in its pure (intrinsic) state is neither a good con-
ductor nor a good insulator. The most common single-element semiconductors are silicon,
germanium, and carbon. Compound semiconductors such as gallium arsenide are also
commonly used. The single-element semiconductors are characterized by atoms with four
valence electrons.

Energy Bands

Recall that the valence shell of an atom represents a band of energy levels and that the va-
lence electrons are confined to that band. When an electron acquires enough additional en-
ergy, it can leave the valence shell, become a free electron, and exist in what is known as
the conduction band.

The difference in energy between the valence band and the conduction band is called an
energy gap. This is the amount of energy that a valence electron must have in order to jump
from the valence band to the conduction band. Once in the conduction band, the electron 1s
free to move throughout the material and is not tied to any given atom.

Figure 1-5 shows energy diagrams for insulators, semiconductors, and conductors.
Notice in part (a) that insulators have a very wide energy gap. Valence electrons do not
jump into the conduction band except under breakdown conditions where extremely
high voltages are applied across the material. As you can see in part (b), semiconductors
have a much narrower energy gap. This gap permits some valence electrons to jump into
the conduction band and become free electrons. By contrast, as part (c) illustrates, the
energy bands in conductors overlap. In a conductive material there is always a large
number of free electrons.
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Energy Energy Energy FIGURE 1-5
4 4 A Energy diagrams for the three types
of materials.
Conduction band
Conduction band
Conduction band
Valence band Valence band Valence band
0 0 0
(a) Insulator (b) Semiconductor (c) Conductor
Comparison of a Semiconductor Atom to a Conductor Atom
Silicon is a semiconductor and copper is a conductor. Diagrams of the silicon atom and
the copper atom are shown in Figure 1-6. Notice that the core of the silicon atom has a
net charge of +4 (14 protons — 10 electrons) and the core of the copper atom has a net
charge of +1 (29 protons — 28 eclectrons). The core is everything except the valence
electrons.
= FIGURE 1-6
Core (+1) Diagrams of the silicon and copper
o e e / atoms.

. / Core (+4) R e

_ § e +29 @ 9
2 & +14 ® & - : 3 =
(a) Silicon atom (b) Copper atom

The valence electron in the copper atom “feels” an attractive force of +1 compared to
a valence electron in the silicon atom which “feels” an attractive force of +4. Therefore,
there is four times more force trying to hold a valence electron to the atom in silicon than
in copper. The copper’s valence electron is in the fourth shell, which is a greater distance
from its nucleus than the silicon’s valence electron in the third shell. Recall that electrons
farthest from the nucleus have the most energy. The valence electron in copper has more
energy than the valence electron in silicon. This means that it is easier for valence elec-
trons in copper to acquire enough additional energy to escape from their atoms and be-
come free electrons in the conduction band than it is in silicon. In fact, large numbers of
valence electrons in copper already have sufficient energy to be free electrons at normal
room temperature.
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Silicon and Germanium

[F—=%  The atomic structures of silicon and germanium are compared in Figure 1-7. Silicon is the
most widely used material in diodes, transistors, integrated circuits, and other semiconduc-
tor devices. Notice that both silicon and germanium have the characteristic four valence
electrons.

FIGURE 1-7 o

Diagrams of the silicon and Four valence electrons in
the outer (valence) shell

germanium atoms. / \ - 2

Silicon atom Germanium atom

The valence electrons in germanium are in the fourth shell while those in silicon are in
the third shell, closer to the nucleus. This means that the germanium valence electrons are
at higher energy levels than those in silicon and, therefore, require a smaller amount of ad-
ditional energy to escape from the atom. This property makes germanium more unstable at
high temperatures, and this is a basic reason why silicon is the most widely used semicon-
ductive material.

SECTION 1-2
REVIEW

1. What is the basic difference between conductors and insulators?

2. How do semiconductors differ from conductors and insulators?

3. How many valence electrons does a conductor such as copper have?
4. How many valence electrons does a semiconductor have?

5. Name three of the best conductive materials.

6. What is the most widely used semiconductive material?

7. Why does a semiconductor have fewer free electrons than a conductor?

1-3 COVALENT BONDS

When atoms combine to form a solid, crystalline material, they arrange themselves in
a symmetrical pattern. The atoms within the crystal structure are held together by
covalent bonds, which are created by the interaction of the valence electrons of the
atoms. Silicon is a crystalline material.

After completing this section, you should be able to

® Discuss covalent bonding in silicon
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# Define a covalent bond
= Explain what a covalent bond consists of

# Explain how a silicon crystal is formed

Figure 1-8 shows how each silicon atom positions itself with four adjacent silicon atoms
to form a silicon crvstal. A silicon (Si) atom with its four valence electrons shares an elec-
tron with each of its four neighbors. This effectively creates eight shared valence electrons
for each atom and produces a state of chemical stability. Also, this sharing of valence elec-
trons produces the covalent bonds that hold the atoms together; each valence electron is at-
tracted equally by the two adjacent atoms which share it. Covalent bonding in an intrinsic
silicon crystal is shown in Figure 1-9. An intrinsic crystal is one that has no impurities. Co-
valent bonding for germanium is similar because it also has four valence electrons.

|'|._.‘.r

= FIGURE 1-8

INlustration of covalent bonds in

’ di silicon.
& +- = Si
= @ @ @ & Si. — Si — — Si

(a) The center silicon atom shares an electron with each (b) Bonding diagram. The red negative signs
of the four surrounding silicon atoms, creating a represent the shared valence electrons.
covalent bond with each. The surrounding atoms are
in turn bonded to other atoms, and so on.

FIGURE 1-9

Covalent bonds in a silicon crystal.

Sif == _8Sij/l == Si/ == _Si,/ == 18i
Sif — — _Si i
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SECTION 1-3
REVIEW 1. How are covalent bonds formed?

2. What is meant by the term intrinsic?
3. Whatis a crystal?

4. Effectively, how many valence electrons are there in each atom within a silicon crystal?

1-4 CONDUCTION IN SEMICONDUCTORS

The way a material conducts electrical current is important in understanding how
electronic devices operate. You can’t really understand the operation of a device such as
a diode or transistor without knowing something about the basic current mechanisms.
In this section, you will see how conduction occurs in semiconductive material.

After completing this section, you should be able to
® Describe how current is produced in a semiconductor
= Describe a conduction electron

Define hole

]

Explain what an electron-hole pair is

]

Discuss recombination

[ ]

Explain the difference between electron current and hole current

As you have learned, the electrons of an atom can exist only within prescribed energy
bands. Each shell around the nucleus corresponds to a certain energy band and is separated
from adjacent shells by energy gaps, in which no electrons can exist. Figure [-10 shows the
energy band diagram for an unexcited (no external energy such as heat) atom in a pure sil-
icon crystal. This condition occurs only at a temperature of absolute 0 Kelvin.

FIGURE 1-10 Energy

Energy band diagram for an

unexcited atom in a pure
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Conduction Electrons and Holes

CONDUCTION IN SEMICONDUCTORS = 13

An intrinsic (pure) silicon crystal at room temperature has sufficient heat (thermal) energy
for some valence electrons to jump the gap from the valence band into the conduction band,
becoming free electrons. Free electrons are also called conduction electrons. This is illus-
trated in the energy diagram of Figure 1-11(a) and in the bonding diagram of Figure

1-11(b).
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(b) Bonding diagram

When an electron jumps to the conduction band, a vacancy is left in the vaience band
within the crystal. This vacancy is called a hole. For every electron raised to the conduction
band by external energy, there is one hole left in the valence band, creating what is called
an electron-hole pair. Recombination occurs when a conduction-band electron loses en-
ergy and falls back into a hole in the valence band.

To summarize, a piece of intrinsic silicon at room temperature has, at any instant, a num-
ber of conduction-band (free) electrons that are unattached to any atom and are essentially
drifting randomly throughout the material. There is also an equal number of holes in the va-
lence band created when these electrons jump into the conduction band. This is illustrated

in Figure 1-12.

Heat energy =

Electron and Hole Current

Generation of an
electron-hole pair

Recombination of
an electron with
a hole

When a voltage is applied across a piece of intrinsic silicon, as shown in Figure 1-13,
the thermally generated free electrons in the conduction band, which are free to move

FIGURE 1-11

Creation of electron-hole pairs in a
silicon crystal. Electrons in the
conduction band are free electrons.

FIGURE 1-12

Electron-hole pairs in a silicon
crystal. Free electrons are being
generated continuously while some
recombine with holes.
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FIGURE 1-13

Electron current in intrinsic silicon is
produced by the movement of
thermally generated free electrons.

FIGURE 1-14

Hole current in intrinsic silicon.

SECTION 1-4
REVIEW

randomly in the crystal structure, are now easily attracted toward the positive end. This
movement of free electrons is one type of current in a semiconductive material and is
called electron current.

Another type of current occurs in the valence band, 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 as are the free electrons. However, a
valence electron can move into a nearby hole with little change in its energy level, thus leav-
ing another hole where it came from. Effectively the hole has moved from one place to an-
other in the crystal structure, as illustrated in Figure 1-14. This is called hole current.

(3 A valence electron moves (3) A valence electron moves
into 4th hole and leaves into 2nd hole and leaves
a 5th hole. a 3rd hole.

(@ A free electron
leaves hole in
valence shell.

) A valence electron moves\ (@) A valence electron moves \(2) A valence electron moves —
into 5th hole and leaves into 3rd hole and leaves into Ist hole and leaves

a 6th hole. ‘\ a 4th hole. a 2nd hole.
=0 —C} )

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

1. Are free electrons in the valence band or in the conduction band?
2. Which electrons are responsible for current in a material?
3. What s a hole?

4. At what energy level does hole current occur?
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1-5 N-TYPE AND P-TYPE SEMICONDUCTORS

Semiconductive materials do not conduct current well and are of limited value in their
intrinsic state. This is because of the limited number of free electrons in the conduction
band and holes in the valence band. Intrinsic silicon (or germanium) must be modified by
increasing the number of free electrons or holes to increase its conductivity and make it
useful in electronic devices. This is done by adding impurities to the intrinsic material as
you will learn in this section. Two types of extrinsic (impure) semiconductive materials,
n-type and p-type, are the key building blocks for most types of electronic devices.

After completing this section, you should be able to

= Describe the properties of n-type and p-type semiconductors
= Define doping

= Explain how n-type semiconductors are formed

» Explain how p-type semiconductors are formed

® Describe a majority carrier and minority carrier

Doping

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

N-Type Semiconductor

To increase the number of conduction-band electrons in intrinsic silicon, pentavalent im-
purity atoms are added. These are atoms with five valence electrons such as arsenic (As),
phosphorus (P), bismuth (Bi), and antimony (Sb).

As illustrated in Figure 1-15, each pentavalent atom (antimony, in this case) forms cova-
lent bonds with four adjacent silicon atoms. Four of the antimony atom’s valence electrons
are used to form the covalent bonds with silicon atoms, leaving one extra electron. This ex-
tra electron becomes a conduction electron because it is not attached to any atom. Because
the pentavalent atom gives up an electron, it is often called a donor atom. The number of

y -, Free (conduction) electron
- Si = ~ from Sb atom

o(w)e;

===

FIGURE 1-15

Pentavalent impurity atom in a
silicon crystal structure. An antimony
(Sb) impurity atom is shown in the
center. The extra electron from the

Sb atom becomes a free electron.
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conduction electrons can be carefully controlled by the number of impurity atoms added to
the silicon. A conduction electron created by this doping process does not leave a hole in the
valence band because it is in excess of the number required to fill the valence band.

Majority and Minority Carriers  Since most of the current carriers are electrons, silicon
(or germanium) doped with pentavalent atoms is an n-type semiconductor (the n stands for
the negative charge on an electron). The electrons are called the majority carriers in n-type
material. Although the majority of current carriers in n-type material are electrons, there are
also a few holes that are created when electron-hole pairs are thermally generated. These
holes are not produced by the addition of the pentavalent impurity atoms. Holes in an -
type material are called minority carriers.

P-Type Semiconductor

To increase the number of holes in intrinsic silicon, trivalent impurity atoms are added.
These are atoms with three valence electrons such as boron (B), indium (In), and gallium
(Ga). As illustrated in Figure 1-16, each trivalent atom (boron, in this case) forms covalcnt
bonds with four adjacent silicon atoms. All three of the boron atom’s valence electrons are
used in the covalent bonds; and, since four electrons are required, a hole results when each
trivalent atom is added. Because the trivalent atom can take an electron, it is often referred
to as an acceptor atom. The number of holes can be carefully controlled by the number of
trivalent impurity atoms added to the silicon. A hole created by this doping process is not
accompanied by a conduction (free) electron.

FIGURE 1-16 =

Trivalent impurity atom in a silicon

crystal structure. A boron (B) impurity :- 3
atom is shown in the center. v Si o
\{ Hole from B atom
°4 \.
i ( i >’
= Si \ B ) Si =
R ).
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5 Si 5

Majority and Minority Carriers Since most of the current carriers are holes, silicon (or
germanium) doped with trivalent atoms is called a p-type semiconductor. Holes can be
thought of as positive charges because the absence of an electron leaves a net positive
charge on the atom. The holes are the majority carriers in p-type material. Although the ma-
jority of current carriers in p-type material are holes, there are also a few free electrons that
are created when electron-hole pairs are thermally generated. These free electrons are not
produced by the addition of the trivalent impurity atoms. Electrons in p-type material are
the minority carriers.



1. Define doping.

N

other names for these atoms?
. How is an n-type semiconductor formed?

. How is a p-type semiconductor formed?

. By what process are the majority carriers produced?

. By what process are the minority carriers produced?

N0 N N1 AW

1-6 THE DIODE

If you take a block of silicon and dope part of it with a trivalent impurity and the other
part with a pentavalent impurity, a boundary called the pn junction is formed between
the resulting p-type and n-type portions and a basic diode is created. A diode is a
device that conducts current in only one direction. The pn junction is the feature that
allows diodes, certain transistors, and other devices to work.

After completing this section, you should be able to

1 Describe a diode and how a pn junction is formed
Discuss diffusion across a pn junction

= Explain the formation of the depletion region

i Define barrier potential and discuss its significance

State the values of barrier potential in silicon and germanium

A p-type material consists of silicon atoms and trivalent impurity atoms such as boron.
The boron atom adds a hole when it bonds with the silicon atoms. However, since the num-
ber of protons and the number of electrons are equal throughout the material, there is no net
charge in the material and so it is neutral.

An n-type silicon material consists of silicon atoms and pentavalent impurity atoms such
as antimony. As you have seen, an impurity atom releases an electron when it bonds with four
silicon atoms. Since there is still an equal number of protons and electrons (including the free
electrons) throughout the material, there is no net charge in the material and so it is neutral.

If a piece of intrinsic silicon is doped so that part is n-type and the other part is p-type,
a pn junction forms at the boundary between the two regions and a diode is created, as in-
dicated in Figure 1-17. The p region has many holes (majority carriers) from the impurity
atoms and only a few thermally generated free electrons (minority carriers). The n region
has many free electrons (majority carriers) from the impurity atoms and only a few ther-
mally generated holes (minority carriers).

Form

ie Depletion Region

As you have seen, the free electrons in the » region are randomly drifting in all directions.
At the instant of the pn junction formation, the free electrons near the junction in the » re-
gion begin to diffuse across the junction into the p region where they combine with holes
near the junction, as shown in Figure 1-18(a).

. What is the majority carrier in an n-type semiconductor?

. What is the majority carrier in a p-type semiconductor?

THE DIODE

. What is the difference between a pentavalent atom and a trivalent atom? What are

. What is the difference between intrinsic and extrinsic semiconductors?

17
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FIGURE 1-17 pn junction

The basic diode structure at the
instant of junction formation

p region nregion

showing only the majority and
minority carriers.

O Hole = Randomly drifting
free electron

WCPICLHNT TCEio

pn junction

region n region region / n region
preg ¢ i

B | Barrier e
I]}\"]l.‘[:(l:l:
(a) At the instant of junction formation, free electrons in the (b) For every electron that diffuses across the junction and
2 region near the pnr junction begin to diffuse across the combines with a hole, a positive charge is left in the r region
junction and fall into holes near the junction in the p region. and a negative charge is created in the p region, forming a

barrier potential. This action continues until the voltage of
the barrier repels further diffusion.

FIGURE 1-18

Formation of the depletion region. The width of the depletion region is exaggerated for illustration

purposes.

Before the pn junction is formed, recall that there are as many electrons as protons in the
n-type material, making the material neutral in terms of net charge. The same is true for the
p-type material.

When the pr junction is formed, the n region loses free electrons as they diffuse across the
junction. This creates a layer of positive charges (pentavalent ions) near the junction. As the
electrons move across the junction, the p region loses holes as the electrons and holes com-
bine. This creates a layer of negative charges (trivalent ions) near the junction. These two lay-
ers of positive and negative charges form the depletion region, as shown in Figure [-18(b).
The term depletion refers to the fact that the region near the pn junction is depleted of charge
carriers (electrons and holes) due to diffusion across the junction. Keep in mind that the de-
pletion region is formed very quickly and is very thin compared to the n region and p region.

After the initial surge of free electrons across the pn junction, the depletion region has
expanded to a point where equilibrium is established and there is no further diffusion of
electrons across the junction. This occurs as follows. As electrons continue to diffuse across
the junction, more and more positive and negative charges are created near the junction as



the depletion region is formed. A point is reached where the total negative charge in the de-
pletion region repels any further diffusion of electrons (negatively charged particles) into
the p region (like charges repel) and the diffusion stops. In other words, the depletion re-
gion acts as a barrier to the further movement of electrons across the junction.

Barrier Potential ~ Any time there is a positive charge and a negative charge near each other,
there is a force acting on the charges as described by Coulomb’s law. In the depletion region
there are many positive charges and many negative charges on opposite sides of the pn junc-
tion. The forces between the opposite charges form a “field of forces” called an electric field,
as illustrated in Figure 1-18(b) by the red arrows between the positive charges and the nega-
tive charges. This electric field is a barrier to the free electrons in the n region, and energy must
be expended to move an electron through the electric field. That is, external energy must be ap-
plied to get the electrons to move across the barrier of the electric field in the depletion region.

The potential difference of the electric field across the depletion region is the amount of
voltage required to move electrons through the electric field. This potential difference is

THE DIODE
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called the barrier potential and is expressed in volts. Stated another way, a certain amount
of voltage equal to the barrier potential and with the proper polarity must be applied across
a pn junction before electrons will begin to flow across the junction. You will learn more
about this when we discuss biasing in Section 1-7.

The barrier potential of a pn junction depends on several factors, including the type of
semiconductive material, the amount of doping, and the temperature. The typical barrier po-
tential i1s approximately 0.7 V for silicon and 0.3 V for germanium at 25°C. Throughout the
rest of the book, silicon will be used unless otherwise stated.

Energy Diagrams of the PN Junction and Depletion Region
gy & P g
The valence and conduction bands in an n-type material are at slightly lower energy levels
than the valence and conduction bands in a p-type material. This is due to differences in the
atomic characteristics of the pentavalent and the trivalent impurity atoms,

An energy diagram for a pn junction at the instant of formation is shown in Figure
1-19¢a). As you can see, the valence and conduction bands in the » region are at lower en-
ergy levels than those in the p region, but there is a significant amount of overlapping.
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(a) At the instant of junction formation (b) At equilibrium

FIGURE 1-19

Energy diagrams illustrating the formation of the pn junction and depletion region.

The free electrons in the 5 region that occupy the upper part of the conduction band in
terms of their energy can easily diffuse across the junction (they do not have to gain ad-
ditional energy) and temporarily become free electrons in the lower part of the p-region
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conduction band. After crossing the junction, the electrons quickly lose energy and fall
into the holes in the p-region valence band as indicated in Figure 1-19(a).

As the diffusion continues, the depletion region begins to form and the energy level of
the n-region conduction band decreases. The decrease in the energy level of the conduction
band in the n region is due to the loss of the higher-energy electrons that have diffused
across the junction to the p region. Soon, there are no electrons left in the n-region con-
duction band with enough energy to get across the junction to the p-region conduction band,
as indicated by the alignment of the top of the n-region conduction band and the bottom of
the p-region conduction band in Figure 1-19(b). At this point, the junction is at equilibriumy;
and the depletion region is complete because diffusion has ceased. There is an energy gra-
diant across the depletion region which acts as an “energy hill” that an n-region electron
must climb to get to the p region.

Notice that as the energy level of the n-region conduction band has shifted downward,
the energy level of the valence band has also shifted downward. It still takes the same
amount of energy for a valence electron to become a free electron. In other words, the en-
ergy gap between the valence band and the conduction band remains the same.

What is a pn junction?

Explain what diffusion is.

1.

2.

3. Describe the depletion region.

4. Explain what the barrier potential is and how it is created.
5.

What is the typical value of the barrier potential for a silicon diode?

6. What is the typical value of the barrier potential for a germanium diode?

As you have learned, no electrons move through the pn junction at equilibrium.
Generally the term bias refers to the use of a dc voltage to establish certain operating
conditions for an electronic device. In relation to a diode, there are two bjas
conditions: forward and reverse. Either of these bias conditions is established by
connecting a sufficient dc voltage of the proper polarity across the pn junction.

After completing this section, you should be able to
Discuss the bias of a diode

t Define forward bias and state the required conditions

® Define reverse bias and state the required conditions

" Discuss the effect of barrier potential on forward bias

= Explain how current is produced in forward bias

i Explain reverse current

Describe reverse breakdown of a diode

# Explain forward bias and reverse bias in terms of energy diagrams

Forward B

To hias a diode, you apply a dc voltage across it. Forward hias is the condition that allows
current through the pn junction. Figure 1-20 shows a dc voltage source connected by con-



ductive material (contacts and wire) across a diode in the direction to produce forward bias.
This external bias voltage is designated as Vi 5. The resistor, R, limits the current to a value
that will not damage the diode.

p region nregion FIGURE 1-20

. . A diode connected for forward bias.
R

T—C? t Viias — Qe

Notice that the negative side of Vi, is connected to the n region of the diode and the
positive side is connected to the p region. This is one requirement for forward bias. A sec-
ond requirement is that the bias voltage, Vg5, must be greater than the barrier potential.

A fundamental picture of what happens when a diode is forward-biased is shown in
Figure 1-21. Because like charges repel, the negative side of the bias-voltage source
“pushes” the free electrons, which are the majority carriers in the n region, toward the pn
junction. This flow of free electrons is called electron current. The negative side of the
source also provides a continuous flow of electrons through the external connection (con-
ductor) and into the n region as shown.

Depletion region

n region

p region

The bias-voltage source imparts sufficient energy to the free electrons for them to over-
come the barrier potential of the depletion region and move on through into the p region.
Once in the p region, these conduction electrons have lost enough energy to immediately
combine with holes in the valence band.

Now, the electrons are in the valence band in the p region, simply because they have lost
too much energy overcoming the barrier potential to remain in the conduction band. Since
unlike charges attract, the positive side of the bias-voltage source attracts the valence elec-
trons toward the left end of the p region. The holes in the p region provide the medium or
“pathway” for these valence electrons to move through the p region. The electrons move
from one hole to the next toward the lett. The holes, which are the majority carriers in the
p region, effectively (not actually) move to the right toward the junction, as you can see in
Figure 1-21. This effective flow of holes is called the hole current. You can also view the
hole current as being created by the flow of valence electrons through the p region, with the
holes providing the only means for these electrons to flow.

BIASING ADIODE = 21

FIGURE 1-21

A forward-biased diode showing the
flow of majority carriers and the
voltage due to the barrier potential
across the depletion region.
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As the electrons flow out of the p region through the external connection (conductor)
and to the positive side of the bias-voltage source, they leave holes behind in the p region;
at the same time, these electrons become conduction electrons in the metal conductor. Re-
call that the conduction band in a conductor overlaps the valence band so that it takes much
less energy for an electron to be a free electron in a conductor than in a semiconductor. So,
there is a continuous availability of holes effectively moving toward the pn junction to
combine with the continuous stream of electrons as they come across the junction into the
p region.

The Effect of Forward Bias on the Depletion Region  As more electrons flow into the de-
pletion region, the number of positive ions is reduced. As more holes effectively flow into
the depletion region on the other side of the pn junction, the number of negative ions is re-
duced. This reduction in positive and negative ions during forward bias causes the deple-
tion region to narrow, as indicated in Figure 1-22.

Viganpier

BARKIER
+ —_

(a) At equilibrium (no bias)

(b) Forward bias narrows the depletion region and produces a voliage
drop across the pn junction equal to the barrier potential.

FIGURE 1-22

The depletion region narrows and a voltage drop is produced across the pn junction when the diode
is forward-biased.

The Effect of the Barrier Potential During Forward Bias  Recall that the electric field be-
tween the positive and negative ions in the depletion region on either side of the junction
creates an “energy hill” that prevents free electrons from diffusing across the junction at
equilibrium (see Figure 1-19(b)). This is known as the barrier potential.

When forward bias is applied, the free electrons are provided with enough energy
from the bias-voltage source to overcome the barrier potential and effectively “climb the
energy hill” and cross the depletion region. The energy that the electrons require in or-
der to pass through the depletion region is equal to the barrier potential. In other words,
the electrons give up an amount of energy equivalent to the barrier potential when they
cross the depletion region. This energy loss results in a voltage drop across the pn junc-
tion equal to the barrier potential (0.7 V), as indicated in Figure 1-22(b). An additional
small voltage drop occurs across the p and n regions due to the internal resistance of the
material. For doped semiconductive material, this resistance, called the dynamic resist-
ance, is very small and can usually be neglected. This is discussed in more detail in
Section 1-8.

Reverse Bias

Reverse bias is the condition that essentially prevents current through the diode. Figure
1-23 shows a dc voltage source connected across a diode in the direction to produce reverse
bias. This external bias voltage is designated as Vi g just as it was for forward bias. Notice
that the positive side of V5 is connected to the n region of the diode and the negative side
is connected to the p region. Also note that the depletion region is shown much wider than
in forward bias or equilibrium.



p region n region FIGURE 1-23

A diode connected for reverse bias.
A limiting resistor is shown although

| R B it is not important in reverse bias

! because there is essentially no

f. current.
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An illustration of what happens when a diode is reverse-biased is shown in Figure 1-24.
Because unlike charges attract, the positive side of the bias-voltage source “pulls” the free
electrons, which are the majority carriers in the n region, away from the pn junction. As the
electrons flow toward the positive side of the voltage source, additional positive ions are cre-
ated. This results in a widening of the depletion region and a depletion of majority carriers.

p region [ lin nregion

|
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In the p region, electrons from the negative side of the voltage source enter as valence
electrons and move from hole to hole toward the depletion region where they create addi-
tional negative ions. This results in a widening of the depletion region and a depletion of
majority carriers. The flow of valence electrons can be viewed as holes being “pulled” to-
ward the positive side.

The initial flow of charge carriers is transitional and lasts for only a very short time af-
ter the reverse-bias voltage is applied. As the depletion region widens, the availability of
majority carriers decreases. As more of the n and p regions become depleted of majority
carriers, the electric field between the positive and negative ions increases in strength until
the potential across the depletion region equals the bias voltage, Vgag. At this point, the
transition current essentially ceases except for a very small reverse current that can usually
be neglected.

Reverse Current  The extremely small current that exists in reverse bias after the transi-
tion current dies out is caused by the minority carriers in the n and p regions that are pro-
duced by thermally generated electron-hole pairs. The small number of free minority
electrons in the p region are “pushed” toward the pn junction by the negative bias voltage.
When these electrons reach the wide depletion region, they “fall down the energy hill” and
combine with the minority holes in the n region as valence electrons and flow toward the
positive bias voltage, creating a small hole current.

The conduction band in the p region is at a higher energy level than the conduction band
in the n region. Therefore, the minority electrons easily pass through the depletion region
because they require no additional energy. Reverse current is illustrated in Figure 1-25.

Reverse Breakdown Normally, the reverse current is so small that it can be neglected.
However, if the external reverse-bias voltage is increased to a value called the breakdown
voltage, the reverse current will drastically increase.

BIASING A DIODE = 23

FIGURE 1-24

The diode during the short transition
time immediately after reverse-bias
voltage is applied.
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FIGURE 1-25

The extremely small reverse current
in a reverse-biased diode is due to
the minority carriers from thermally
generated electron-hole pairs.

I SECTION 1-7

REVIEW
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This is what happens. The high reverse-bias voltage imparts energy to the free minority elec-
trons so that as they speed through the p region, they collide with atoms with enough energy to
knock valence electrons out of orbit and into the conduction band. The newly created conduc-
tion electrons are also high in energy and repeat the process. If one electron knocks only two
others out of their valence orbit during its travel through the p region, the numbers quickly mul-
tiply. As these high-energy electrons go through the depletion region, they have enough energy
to go through the n region as conduction electrons, rather than combining with holes.

The multiplication of conduction electrons just discussed is known as avalanche and results
in a very high reverse current that can damage the diode because of excessive heat dissipation.

. Describe forward bias of a diode.

. Explain how to forward-bias a diode.

. Describe reverse bias of a diode.

. Explain how to reverse-bias a diode.

. Compare the depletion regions in forward bias and reverse bias.
. Which bias condition produces majority carrier current?

. How is reverse current in a diode produced?

. When does reverse breakdown occur in a diode?

O 00 NNV AW -

. Define avalanche as applied to diodes.

1-8 VOLTAGE-CURRENT CHARACTERISTIC OF A DIODE

As you have learned, forward bias produces current through a diode and reverse bias
essentially prevents current, except for a negligible reverse current. Reverse bias
prevents current as long as the reverse-bias voltage does not equal or exceed the
breakdown voltage of the junction. In this section, we will examine more closely the
relationship between the voltage and the current in a diode on a graphical basis.

After completing this section, you should be able to

= Analyze the voltage-current (V-I) characteristic curve of a diode
= Explain the forward-bias portion of the V- characteristic curve

® Explain the reverse-bias portion of the V-7 characteristic curve

® Jdentify the barrier potential

= Identify the breakdown voltage

® Discuss temperature effects on a diode



VOLTAGE-CURRENT CHARACTERISTIC OF A DIODE

V-I Characteristic for Forward Bias

When a forward-bias voltage is applied across a diode, there is current. This current is
called the forward current and is designated /. Figure 1-26 illustrates what happens as the
forward-bias voltage is increased positively from O V. The resistor is used to limit the for-
ward current to a value that will not overheat the diode and cause damage.

9.
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(a) Small forward-bias voltage (Vg < 0.7 V), very small {b) Forward voltage reaches and remains at approximately
forward current. 0.7 V. Forward current continues to increase as the
bias voltage is increased.

FIGURE 1-26

Forward-bias measurements show general changes in Vi and /¢ as Va5 is increased.

With 0 V across the diode, there is no forward current. As you gradually increase the
forward-bias voltage, the forward current and the voltage across the diode gradually in-
crease, as shown in Figure 1-26(a). A portion of the forward-bias voltage is dropped across
the limiting resistor. When the forward-bias voltage is increased to a value where the volt-
age across the diode reaches approximately 0.7 V (barrier potential), the forward current
begins to increase rapidly, as illustrated in Figure 1-26(b).

As you continue to increase the forward-bias voltage, the current continues to increase
very rapidly, but the voltage across the diode increases only gradually above 0.7 V. This
small increase in the diode voltage above the barrier potential is due to the voltage drop
across the internal dynamic resistance of the semiconductive material.

Graphing the V-I Curve If you plot the results of the type of measurements shown in

Figure [-26 on a graph, you get the V-I characteristic curve for a forward-biased diode, i

as shown in Figure 1-27(a). The diode forward voltage (V) increases to the right along the
horizontal axis, and the forward current (Jg) increases upward along the vertical axis.

As you can see in Figure 1-27(a), the forward current increases very little until the for-
ward voltage across the pn junction reaches approximately 0.7 V at the knee of the curve.
After this point, the forward voltage remains at approximately 0.7 V, but /i increases rap-
idly. As previously mentioned, there is a slight increase in Vy above 0.7 V as the current
increases due mainly to the voltage drop across the dynamic resistance. Normal opera-
tion for a forward-biased diode is above the knee of the curve. The I scale is typically in
mA, as indicated.

Three points A, B, and C are shown on the curve in Figure 1-27(a). Point A corresponds
to a zero-bias condition. Point B corresponds to Figure 1-26(a) where the forward voltage
is less than the barrier potential of 0.7 V. Point C corresponds to Figure 1-26(a) where the
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URE 1-27 Ir (mA)
Relationship of voltage and current T e (mA)
in a forward-biased diode. b
e _.
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(a) V-Icharacteristic curve for forward bias. (b) Expanded view of a portion of the curve in part (a).

The dynamic resistance r’; decreases as you move
up the curve, as indicated by the decrease in the
value of AVp/Alg.

forward voltage approximately equals the barrier potential. As the external bias voltage and
forward current continue to increase above the knee, the forward voltage will increase
slightly above 0.7 V. In reality, the forward voltage can be as much as approximately 0.90 V,
depending on the forward current.

Figure 1-27(b) is an expanded view of the V-I characteristic curve
in part (a) and illustrates dynamic resistance. Unlike a linear resistance, the resistance of the
forward-biased diode is not constant over the entire curve. Because the resistance changes
as you move along the V-I curve, it is called dynamic or ac resistance. Internal resistances
of electronic devices are usually designated by lowercase italic r with a prime, instead of
the standard R. The dynamic resistance of a diode is designated r.

Below the knee of the curve the resistance is greatest because the current increases very
little for a given change in voltage (r;, = AV /AI). The resistance begins to decrease in the
region of the knee of the curve and becomes smallest above the knee where there is a large
change in current for a given change in voltage.

K2 1 Chavactsiiitis Fav Dauaiea Ria
V=1 Cnaracternsuc ror .t"\z-:m-:a € E_'n'-:iS

When a reverse-bias voltage is applied across a diode, there is only an extremely small re-
verse current (/) through the pr junction. With 0V across the diode, there is no reverse cur-
rent. As you gradually increase the reverse-bias voltage, there is a very small reverse current
and the voltage across the diode increases. When the applied bias voltage is increased to a
value where the reverse voltage across the diode (V) reaches the breakdown value (Vgg),
the reverse current begins to increase rapidly.

As you continue to increase the bias voltage, the current continues to increase very rap-
idly, but the voltage across the diode increases very little above Vyg. Breakdown, with ex-
ceptions, is not a normal mode of operation for most pn junction devices.

If you plot the results of reverse-bias measurements on a graph,
you get the V-I characteristic curve for a reverse-biased diode. A typical curve is shown in
Figure 1-28. The diode reverse voltage (Vy) increases to the left along the horizontal axis,
and the reverse current (/) increases downward along the vertical axis.

There is very little reverse current (usually A or nA) until the reverse voltage across the
diode reaches approximately the breakdown value (Vgg) at the knee of the curve. After this
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0 FIGURE 1-28

V-I characteristic curve for a reverse-
biased diode.

I (4A)

point, the reverse voltage remains at approximately Vig, but Iy increases very rapidly, re-
sulting in overheating and possible damage. The breakdown voltage for a typical silicon
diode can vary, but a minimum value of 50 V is not unusual.

The Complete V-I Characteristic Curve

Combine the curves for both forward bias and reverse bias, and you have the complete V-/
characteristic curve for a diode, as shown in Figure 1-29. Notice that the /i scale is in mA
compared to the I scale in pA.

Iz (mA) FIGURE 1-29

The complete V-/ characteristic
[ curve for a diode.

Forwird

v ViR - v
<t — o — : » Vp
" ".'Knee 0 0.7V
/ Barrier
f potential
y
Ip (uA)

Temperature Effects For a forward-biased diode, as temperature is increased, the for-
ward current increases for a given value of forward voltage. Also, for a given value of for-
ward current, the forward voltage decreases. This is shown with the V-I characteristic
curves in Figure 1-30. The blue curve is at room temperature (25°C) and the red curve is
at an elevated temperature (25°C + AT). Notice that the barrier potential decreases as tem-
perature increases.

For a reverse-biased diode, as temperature is increased, the reverse current increases.
The difference in the two curves is exaggerated on the graph in Figure 1-30 for illustration.
Keep in mind that the reverse current below breakdown remains extremely small and can
usually be neglected.

27
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I SECTION 1-8
REVIEW

FIGURE 1-30 Ir (MA)

Temperature effect on the diode V-/
characteristic. The 1 mA and 1 pA at 25°C + A7
marks on the vertical axis are given as
a basis for a relative comparison of

the current scales.

v LI ma__%_e
Vg —n e AR = Ve
, S ua To_7v
/
[/ 0.7V -AvV

Ir (HA)

. Discuss the significance of the knee of the characteristic curve in forward bias.
. On what part of the curve is a forward-biased diode normally operated?
. Which is greater, the breakdown voltage or the barrier potential?

. On what part of the curve is a reverse-biased diode normally operated?

v oA W N -

. What happens to the barrier potential when the temperature increases?

1-9 DIODE MODELS

gro—
P «

You have learned that a diode is a pn junction device. In this section, you will learn the
electrical symbol for a diode and how the diode can be modeled for circuit analysis
using three levels of complexity. Also, diode packaging and terminal identification are
introduced.

After completing this section, you should be able to

= Discuss the operation of diodes and explain the three diode models
® Recognize a diode symbol and indentify the diode terminals

= Recognize diodes in various physical configurations

" Explain the ideal, the practical, and the complete diode models

Diode Structure and Symbol

A diode is a single pn junction device with conductive contacts and wire leads connected
to each region, as shown in Figure 1-31(a). Part of the diode is an n-type semiconductor
and the other part is a p-type semiconductor.

There are several types of diodes, but the schematic symbol for a general-purpose or rec-
tifier diode, such as introduced in this chapter, is shown in Figure 1-31(b). The n region is
called the cathode and the p region is called the anode. The “arrow” in the symbol points
in the direction of conventional current (opposite to electron flow).



DIODE MODELS = 29

pn junction FIGURE 1-31

Metal contacts and Diode structure and schematic
wire leads
symbol.
Anode (A) N Cathode (K)

(a) Basic diode structure (b) Schematic symbol

Forward-Bias Connection A diode is forward-biased when a voltage source is connected
as shown in Figure 1-32(a). The positive terminal of the source is connected fo the anode
through a current-limiting resistor. The negative terminal of the source is connected to the
cathode. The forward current (/) is from anode to cathode as indicated. The forward voltage
drop (Vg) due to the barrier potential is from positive at the anode to negative at the cathode.

Ve Vatas FIGURE 1-32
+ - -+ -
—»l—— —N— Forward-bias and reverse-bias
L, s F=0A connections showing the diode
. symbol.
= RZ
* VBias Viias
+ - — +
[t Il
(a) Forward bias (b) Reverse bias

Reverse-Bias Connection A diode is reverse-biased when a voltage source is connected
as shown in Figure 1-32(b). The negative terminal of the source is connected to the anode
side of the circuit, and the positive terminal is connected to the cathode side. A resistor is
not necessary in reverse bias but it is shown for circuit consistency. The reverse current is
extremely small and can be considered to be zero. Notice that the entire bias voltage (Vg a5)
appears across the diode.

The Ideal Diode Model

The ideal model of a diode is a simple switch. When the diode is forward-biased, it acts like
a closed (on) switch, as shown in Figure 1-33(a). When the diode is reverse-biased, it acts
like an open (off) switch, as shown in part (b). The barrier potential, the forward dynamic
resistance, and the reverse current are all neglected.

Ig
[deal diode model Ideal diode model
\ K \ O/O Y
i =0 =10 Ve >~V
Rywarr Riparr
[ Vaias Vias
- W
|| I 1 || Ir
(a) Forward bias (b) Reverse bias (c) Ideal characteristic curve (blue)

FIGURE 1-33

The ideal model of a diode.
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Riprr

Equation 1-2

Practical diode model

In Figure 1-33(c), the ideal V-I characteristic curve graphically depicts the ideal diode
operation. Since the barrier potential and the forward dynamic resistance are neglected, the
diode is assumed to have a zero voltage across it when forward-biased, as indicated by the
portion of the curve on the positive vertical axis.

VF:OV

The forward current is determined by the bias voltage and the limiting resistor using
Ohm’s law.
_ Vaias
Ig=—
RLlMlT
Since the reverse current is neglected, its value is assumed to be zero, as indicated in
Figure [-33(c) by the portion of the curve on the negative horizontal axis.

1R =0A
The reverse voltage equals the bias voltage.
V& = Vaias

You may want to use the ideal model when you are troubleshooting or trying to figure
out the operation of a circuit and are not concerned with more exact values of voltage or
current.

The Practical Diode Model

The practical model adds the barrier potential to the ideal switch model. When the diode is
forward-biased, it is equivalent to a closed switch in series with a small equivalent voltage
source equal to the barrier potential (0.7 V) with the positive side toward the anode, as in-
dicated in Figure 1-34(a). This equivalent voltage source represents the fixed voltage drop
(V) produced across the forward-biased pn junction of the diode and is not an active source
of voltage.

(a) Forward bias

Ig
Practical diode model
|
\ K II
oo
- +
VBias
[=0 |
Rimr § V, V,
R 0] 07v F
VBias
] || *
Y
Uil I
(b) Reverse bias (¢) Characteristic curve (silicon)

FIGURE 1-34

The practical model of a diode.

When the diode is reverse-biased, it is equivalent to an open switch just as in the ideal
model, as shown in Figure 1-34(b). The barrier potential does not affect reverse bias, so it
is not a factor.

The characteristic curve for the practical diode model is shown in Figure 1-34(c). Since
the barrier potential is included and the dynamic resistance is neglected, the diode is as-
sumed to have a voltage across it when forward-biased, as indicated by the portion of the
curve to the right of the origin.

Ve=07V



DIODE MODELS = 31

The forward current is determined as follows by first applying Kirchhoff’s voltage law to
Figure 1-34(a):
Vaias — Ve =0

= Veunarr
Veuwer = TeRumrr

Substituting and solving for /g,
V -V
Iz = oS P Equation 1-3
Ripvrr
The diode is assumed to have zero reverse current, as indicated by the portion of the curve
on the negative horizontal axis.

IR = OA
Vi = Vaias

The Complete Diode Model

The complete model of a diode consists of the barrier potential, the small forward dynamic re-
sistance (ry), and the large internal reverse resistance (rz). The reverse resistance is taken into
account because it provides a path for the reverse current, which is included in this diode model.

When the diode is forward-biased, it acts as a closed switch in series with the barrier po-
tential voltage and the small forward dynamic resistance (r;), as indicated in Figure
1-35(a). When the diode is reverse-biased, it acts as an open switch in parallel with the large
internal reverse resistance (rgy), as shown in Figure 1-35(b). The barrier potential does not
affect reverse bias, so it is not a factor.

Ir (mA)

Complete diode model Complete diode model Slope due
, | to the low

forward

07V ry : resistance
A +||| - K A K
A

Vi == - — Ve

_ +| | / 0.7V
Ryarr § / Rimir § Iy Small reverse current
+ due to the high

|I + . reverse resistance
I Ip (uA)

(a) Forward bias (b) Reverse bias (¢) Characteristic curve (silicon)

FIGURE 1-35

The complete model of a diode.

The characteristic curve for the complete diode model is shown in Figure 1-35(c). Since
the barrier potential and the forward dynamic resistance are included, the diode is assumed
to have a voltage across it when forward-biased. This voltage (V) consists of the barrier po-
tential voltage plus the small voltage drop across the dynamic resistance, as indicated by
the portion of the curve to the right of the origin. The curve slopes because the voltage drop
due to dynamic resistance increases as the current increases. For the complete model of a
silicon diode, the following formulas apply:

Ve =07V + I Equation 1-4

VBIAS - 07 A%
F= 5 Equation 1-5
Ripar + 74 1



32 ® SEMICONDUCTOR BASICS

The reverse current is taken into account with the parallel resistance and is indicated by
the portion of the curve to the left of the origin. The breakdown portion of the curve is not
shown because breakdown is not a normal mode of operation for most diodes.

Although the ideal and practical models are predominately used in this textbook, the fol-
Jowing example illustrates the differences in all three diode models in the analysis of a sim-
ple circuit.

EXAMPLE 1-1

(a) Determine the forward voltage and forward current for the diode in Figure 1-36(a)
for each of the diode models. Also find the voltage across the limiting resistor in
each case. Assume r; = 10 () at the determined value of forward current.

(b) Determine the reverse voltage and reverse current for the diode in Figure 1-36(b)
for each of the diode models. Also find the voltage across the limiting resistor in
each case. Assume I = | pA.

FIGURE 1-36

Ripir Rimir
MY MWy
1.0kQ 1.0kQ
+ +
Vaias —— 10V Vs =—— 5V
(@) (b)
Solution  (a) Ideal model:
V=0V
V 10V
= = = 10 mA

© Rumr 10KQ

Veor = IFRusir = (10mA)(1.0kQ) = 10V
Practical model:
Ve =07V
Vaas — Ve 10V — 0.7V ERY;
= igiIMIT_F == 10 k?)— - 19.031((2 = 9-3mA
Ve, wr = TeRupar = (93 mA)(L.OKQ) = 93V
Complete model:
=i D Y207V 93V g i ma
Rowr + 1y 1.0KQ +100Q 10100
Ve =07V + Iy = 0.7V + (921 mA)(10 Q) = 792 mV

= IFRLJMIT = (921 mA)(lO kQ) = 9.21 \Y

Vv
RLiMIT
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Typical Diodes

DIODE MODELS = 33

5V

— (1 pA)(1.0KQ) = 1 mV
=5V —-—1mV =499V

Vi = Viias =
VRLIMIT =0V
Practical model:
IR = OA
VR = Vgias = 5V
VRLIMIT =0V
Complete model:
IR = 1 ’LA
VRUMIT = IrRumir
VR = VB].AS - VRLIMIT

Assume that the diode in Figure 1-36(a) fails open. What is the voltage across the

diode and the voltage across the limiting resistor?

"Answers are at the end of the chapter.

Open the Multisim file EQ1-01 in the Examples folder on your CD-ROM. Measure l
the voltages across the diode and the resistor in both circuits and compare with the ‘

. calculated results in this example.

Several common physical configurations of diodes are illustrated in Figure 1-37. The anode
and cathode are indicated on a diode in several ways, depending on the type of package. The
cathode is usually marked by a band, a tab, or some other feature. On those packages where
one lead is connected to the case, the case is the cathode. Always check the data sheet, which
will be introduced in Chapter 2, for the pin configuration if there 1s uncertainty.

FIGURE 1-37

Typical diode packages with terminal
identification.
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REVIEW

. What are the two conditions under which the diode is operated?

. Under what condition is the diode never intentionally operated?

. What is the simplest way to visualize a3 diode?

. To more accurately represent a diode, what factors must be included?
. Which diode models will be used in this book?

Vi AW N

TESTING A DIODE

A multimeter can be used as a fast and simple way to check a diode. A good diode will
show an extremely high resistance (ideally an open) with reverse 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 low resistance for both forward and reverse bias. An open
diode is the most common type of failure.

After completing this section, you should be able to
u Test a diode using a digital multimeter
= Identify a properly functioning diode

# Identify a faulty diode

The DMM Diode Test Position Many digital multimeters (DMMSs) have a diode test po-
sition that provides a convenient way to test a diode. A typical DMM, as shown in Figure
1-38, 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
adiode. This internal voltage may vary among different makes of DMM, but2.5Vt0 3.5V
is a typical range of values. The meter provides a voltage reading or other indication to show
the condition of the diode under test.

When the Diode Is Working  In Figure [-38(a), the red (positive) lead of the meter is con-
nected to the anode and the black (negative) lead is connected to the cathode to forward-
bias the diode. If the diode is good, you will get a reading of between approximately 0.5 V
and 0.9 V, with 0.7 V being typical for forward bias.

In Figure 1-38(b), the diode is turned around to reverse-bias the diode as shown. If the
diode is working properly, you will get a voltage reading based on the meter’s internal volt-
age source. The 2.6 V shown in the figure represents a typical value and indicates that the
diode has an extremely high reverse resistance with essentially all of the internal voltage
appearing across it.

When the Diode Is Defective  When a diode has failed open, you get an open circuit volt-
age reading (2.6 V is typical) or “OL” indication for both the forward-bias and the reverse-
bias condition, as illustrated in Figure 1-39(a). If a diode is shorted, the meter reads 0 V in
both forward- and reverse-bias tests, as indicated in part (b). Sometimes, a failed diode may
exhibit a small resistance for both bias conditions rather than a pure short. In this case, the
meter will show a small voltage much less than the correct open voltage. For example, a re-
sistive diode may result in a reading of 1.1 V in both directions rather than the correct read-
ings of 0.7 V for forward bias and 2.6 V for reverse bias.
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FIGURE 1-38

DMM diode test on a properly
functioning diode.

rwroc) oo Jeraee oo | {ruvee]{ e Jorrer] ou

RESET [HLPO RESET N/LPO

) )
a0 PE P
min

2mA= d |

b 200.mAS
A |
| 10 A=

104 mA COM

FIGURE 1-39
]""" ""‘ "'l Testing a defective diode.

J

@ AC/DC JIDFFSET[] HOLD

RESET fILPL}
i)
220 et
M

ol
.o

w AC/DC BlOFFSET 4

|RESET. QULPQ
)

230
M

mA

(a) Forward- and reverse-bias tests (b) Forward- and reverse-bias tests for
for an open diode give the same a shorted diode give the same 0 V
indication. Some meters will reading. If the diode is resistive,

display “OL.” the reading is less than 2.6 V.
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Checking a Diode with the OHMs Function DMMs that do not have a diode test posi-
tion can be used to check a diode by setting the function switch on an OHMs range. For a
forward-bias check of a good diode, you will get a resistance reading that can vary de-
pending on the meter’s internal battery. Many meters do not have sufficient voltage on the
OHMs setting to fully forward-bias a diode and you may get a reading of from several hun-
dred to several thousand ohms. For the reverse-bias check of a good diode, you will get
some type of out-of-range indication such as “OL” on most DMM:s because the reverse re-
sistance is too high for the meter to measure.

Even though you may not get accurate forward- and reverse-resistance readings on a
DMM, the relative readings indicate that a diode is functioning properly, and that is usually
all you need to know. The out-of-range indication shows that the reverse resistance is ex-
tremely high, as you expect. The reading of a few hundred to a few thousand ohms for for-
ward bias is relatively small compared to the reverse resistance, indicating that the diode is
working properly. The actual resistance of a forward-biased diode is typically much less
than 100 €.

biased?

2. What reading might a DMM produce when a diode is reverse-biased?

FORWARD BIAS: PERMITS MAJORITY-CARRIER CURRENT

p region

n region

» Bias voltage connections: positive to p region; negative to

n region.
- The bias voltage must be greater than the barrier potential.
|
| Barrier potential: 0.7 V for silicon.

R
il

|

|

i -~ v
—_— BIAS e

®  Majority carriers flow toward the pn junction.
= Majority carriers provide the forward current.

® The depletion region narrows.

REVERSE BIAS: PREVENTS MAJORITY-CARRIER CURRENT

p region

n region

p region.
= The bias voltage must be less than the breakdown voltage.
®  Majority carriers flow away from the pn junction during short
- trapsition time.

® Bias voltage connections: positive to n region; negative to

!

|

|

] ®  Minority carriers provide the extremely small reverse current.
J ®  There is no majority carrier current after transition time.

m  The depletion region widens.
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According to the classical Bohr model, the atom is viewed as having a planetary-type structure
with electrons orbiting at various distances around the central nucleus.

The nucleus of an atom consists of protons and neutrons. The protons have a positive charge and
the neutrons are uncharged. The number of protons is the atomic number of the atom.

Electrons have a negative charge and orbit around the nucleus at distances that depend on their
energy level. An atom has discrete bands of energy called shells in which the electrons orbit.
Atomic structure allows a certain maximum number of electrons in each shell. In their natural
state, all atoms are neutral because they have an equal number of protons and electrons.

The outermost shell or band of an atom is called the valence band, and electrons that orbit in
this band are called valence electrons. These electrons have the highest energy of all those in the
atom. If a valence electron acquires enough energy from an outside source such as heat, it can
jump out of the valence band and break away from its atom.

Semiconductor atoms have four valence electrons. Silicon is the most widely used
semiconductive material.

Materials that are conductors have a large number of free electrons and conduct current very
well. Insulating materials have very few free electrons and do not conduct current at all under
normal circumstances. Semiconductive materials fall in between conductors and insulators in
their ability to conduct current.

Semiconductor atoms bond together in a symmetrical pattern to form a solid material called a crystal.
The bonds that hold a crystal together are called covalent bonds. Within the crystal structure, the
valence electrons that manage to escape from their parent atom are called conduction electrons or
free electrons. They have more energy than the electrons in the valence band and are free to drift
throughout the material. When an electron breaks away to become free, it leaves a hole in the valence
band creating what is called an electron-hole pair. These electron-hole pairs are thermally produced
because the electron has acquired enough energy from external heat to break away from its atom.

A free electron will eventually lose energy and fall back into a hole. This is called
recombination. Electron-hole pairs are continuously being thermally generated so there are
always free electrons in the material.

When a voltage is applied across the semiconductor, the thermally produced free electrons move
toward the positive end and form the current. This is one type of current and is called electron current.
Another type of current is the hole current. This occurs as valence electrons move from hole to
hole creating, in eftect, a movement of holes in the opposite direction.

An n-type semiconductive material is created by adding impurity atoms that have five valence
electrons. These impurities are pentavalent atoms. A p-type semiconductor is created by adding
impurity atoms with only three valence electrons. These impurities are trivalent atoms.

The process of adding pentavalent or trivalent impurities to a semiconductor is called doping.

The majority carriers in an n-type semiconductor are free electrons acquired by the doping
process, and the minority carriers are holes produced by thermally generated electron-hole pairs.
The majority carriers in a p-type semiconductor are holes acquired by the doping process, and
the minority carriers are free electrons produced by thermally generated electron-hole pairs.

A pn junction is formed when part of a material is doped n-type and part of it is doped p-type. A
depletion region forms starting at the junction that is devoid of any majority carriers. The
depletion region is formed by ionization.

There is current through a diode only when it is forward-biased. ldeally, there is no current
when there is no bias nor when there is reverse bias. Actually, there is a very small current in
reverse bias due to the thermally generated minority carriers, but this can usually be neglected.

Avalanche occurs in a reverse-biased diode if the bias voltage equals or exceeds the breakdown voltage.
A diode conducts current when forward-biased and blocks current when reversed-biased.

The forward-biased barrier potential is typically 0.7 V for a silicon diode. These values increase
slightly with forward current.

Reverse breakdown voltage for a diode is typically greater than 50 V.

An ideal diode presents an open when reversed-biased and a short when forward-biased.
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KEY TERMS _

Key terms and other bold terms are defined in the end-of-book glossary.

KEY FORMULAS

Anode The p region of a diode.
Atom The smallest particle of an element that possesses the unique characteristics of that eJement.

Barrier potential The amount of energy required to produce full conduction across the pn junction
in forward bias.

Bias The application of a dc voltage to a diode to make it either conduct or block current.

Cathode The 1 region of a diode.

Conductor A material that easily conducts electrical current.

Crystal A solid material in which the atoms are arranged in a symmetrical pattern.

Diode A semiconductor device with a single pr junction that conducts current in only one direction.

Doping The process of imparting impurities to an intrinsic semiconductive material in order to con-
trol its conduction characteristics.

Electron The basic particle of negative electrical charge.
Forward bias The condition in which a diode conducts current.

Free electron An electron that has acquired enough energy to break away from the valence band of
the parent atom; also called a conduction electron.

Hole The absence of an electron in the valence band of an atom.
Insulator A material that does not normally conduct current.

Ionization The removal or addition of an electron from or to a neutral atom so that the resulting atom
(called an ion) has a net positive or negative charge.

PN junction The boundary between two different types of semiconductive materials.
Proton The basic particle of positive charge.
Reverse bias The condition in which a diode prevents current.

Semiconductor A material that lies between conductors and insulators in its conductive properties.
Silicon, germanium, and carbon are examples.

Shell An energy band in which electrons orbit the nucleus of an atom.
Silicon A semiconductive material.
Valence Related to the outer shell of an atom.

V-I characteristic A curve showing the relationship of diode voltage and current.

1-1 N, = 2n? Maximum number of electrons in any shell
_ Vaias . .

1-2 Iy = e Forward current, ideal diode model
Rypr
Veias = Vr . .

1-3 Iy =—— Forward current, practical diode model

Ry

1-4 Ve=07V + Icry Forward voltage, complete diode model
Vaias — 0.7V )

1-5 I = —— Forward current, complete diode model

-
Ryupur + 74

CIRCUIT-ACTION QU'Z Answers are at the end of the chapter.

1. When a diode is forward-biased and the bias voltage is increased, the forward current will
(a) increase (b) decrease (¢) not change

2. When a diode is forward-biased and the bias voltage is increased, the voltage across the diode
(assuming the practical model) will

(a) increase (b) decrease (¢) not change
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When a diode 1s reverse-biased and the bias voltage is increased, the reverse current (assuming
the practical model) will

(a) increase (b) decrease (¢) not change

When a diode is reverse-biased and the bias voltage is increased, the reverse current (assuming
the complete model) will

(a) increase (b) decrease (¢) not change

When a diode is forward-biased and the bias voltage is increased, the voltage across the diode
(assuming the complete model) will

(a) increase (b) decrease (¢) not change
If the forward current in a diode is increased, the diode voltage (assuming the practical model) will
(a) increase (b) decrease (¢) not change

If the forward current in a diode is decreased, the diode voltage (assuming the complete
model) will

(a) increase (b) decrease (¢) not change
If the barrier potential of a diode is exceeded, the forward current will

(a) increase (b) decrease (¢) not change

SELF-TEST Answers are at the end of the chapter.

1.

10.

11.

Every known element has

(a) the same type of atoms (b) the same number of atoms

(c) aunique type of atom (d) several different types of atoms
An atom consists of

(a) one nucleus and only one electron (b) one nucleus and one or more electrons
(¢) protons, electrons, and neutrons (d) answers (b) and (¢)
The nucleus of an atom is made up of

(a) protons and neutrons (b) electrons

(¢) electrons and protons (d) electrons and neutrons

The atomic number of silicon is

(a) 8 b) 2 (c) 4 (dy 14

The atomic number of germanium is

(a) 8 b) 2 (c) 4 (d) 32

The valence shell in a silicon atom has the number designation of
(a) O (b) 1 (c) 2 (d) 3

Valence electrons are

(a) in the closest orbit to the nucleus (b) in the most distant orbit from the nucleus
(c¢) in various orbits around the nucleus (d) not associated with a particular atom

A positive jon is formed when

(a) a valence electron breaks away from the atom

(b) there are more holes than electrons in the outer orbit

(¢) two atoms bond together

(d) an atom gains an extra valence electron

The most widely used semiconductive material in electronic devices is

(a) germanium (b) carbon (c) copper (d) silicon

The energy band in which free electrons exist is the

(a) first band (b) second band (¢) conduction band (d) valence band
Electron-hole pairs are produced by

(a) recombination (b) thermal energy (¢) ionization (d) doping
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12.

13.

14.

15,

16.

17.

18.

19.

20.

21.

22,

23.

Recombination is when

(a) an electron falls into a hole

(b) a positive and a negative ion bond together

(¢) a valence electron becomes a conduction electron

(d) acrystal is formed

In a semiconductor crystal, the atoms are held together by

(a) the interaction of valence electrons (b) forces of attraction

(¢) covalent bonds (d) answers (a), (b), and (c)
Each atom in a silicon crystal has

(a) four valence electrons

(b) four conduction electrons

(¢) eight valence electrons, four of its own and four shared

(d) no valence electrons because all are shared with other atoms

The current in a semiconductor is produced by

(a) electrons only (b) holes only (c) negative ions (d) both electrons and holes
In an intrinsic semiconductor,

(a) there are no free electrons

(b) the free electrons are thermally produced

(c) there are only holes

(d) there are as many electrons as there are holes

(e) answers (b) and (d)

The difference between an insulator and a semiconductor is

(a) a wider energy gap between the valence band and the conduction band
(b) the number of free electrons

(c¢) the atomic structure

(d) answers (a), (b), and (¢)

The process of adding an impurity to an intrinsic semiconductor is called
(a) doping (b) recombination (¢) atomic modification (d) ionization
A trivalent impurity is added to silicon to create

(a) germanium (b) a p-type semiconductor

(¢) an n-type semiconductor (d) adepletion region

The purpose of a pentavalent impurity is to

(a) reduce the conductivity of silicon (b) increase the number of holes
(¢) increase the number of free electrons (d) create minority carriers
The majority carriers in an n-type semiconductor are

(a) holes (b) valence electrons

(¢) conduction electrons (d) protons

Holes in an n-type semiconductor are

(a) minority carriers that are thermally produced

(b) minority carriers that are produced by doping

(¢) majority carriers that are thermally produced

(d) majority carriers that are produced by doping

A pn junction is formed by

(a) the recombination of electrons and holes

(b) 1onization

(¢) the boundary of a p-type and an n-type material

(d) the collision of a proton and a neutron
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25.

26.

217.

28.

29.

30.

31.

32.

33.

34.
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The depletion region is created by

(a) ionization (b) diffusion (¢) recombination (d) answers (a), (b), and (¢)
The depletion region consists of

(a) nothing but minority carriers (b) positive and negative ions
(¢) no majority carriers (d) answers (b) and (¢)

The term bias means

(a) the ratio of majority carriers to minority carriers

(b) the amount of current across a diode

(¢) adc voltage is applied to control the operation of a device

(d) neither (a), (b), nor (c)

To forward-bias a diode,

(a) an external voltage is applied that is positive at the anode and negative at the cathode
(b) an external voltage is applied that is negative at the anode and positive at the cathode
(¢) an external voltage is applied that is positive at the p region and negative at the n region
(d) answers (a) and (¢)

When a diode is forward-biased,

(a) the only current is hole current

(b) the only current is electron current

(c) the only current is produced by majority carriers

(d) the current is produced by both holes and electrons
Although current is blocked in reverse bias,

(a) there is some current due to majority carriers

(b) there is a very small current due to minority carriers
(c) there is an avalanche current

For a silicon diode, the value of the forward-bias voltage typically
(a) must be greater than 0.3 V

(b) must be greater than 0.7 V

(¢) depends on the width of the depletion region

(d) depends on the concentration of majority carriers
When forward-biased, a diode

(a) blocks current (b) conducts current

(¢) has a high resistance (d) drops a large voltage

When a voltmeter is placed across a forward-biased diode, it wil] read a voltage approximately
equal to

(a) the bias battery voltage (b) OV
(c) the diode barrier potential (d) the total circuit voltage

A silicon diode is in series with a 1.0 k() resistor and a 5 V battery. If the anode is connected to
the positive battery terminal, the cathode voltage with respect to the negative battery terminal is

(a) 0.7V (b) 03V (©) 57V (d) 43V

The positive lead of an ohmmeter is connected to the anode of a diode and the negative lead is
connected to the cathode. The diode is

(a) reversed-biased (b) open (¢) forward-biased
(d) faulty (e) answers (b) and (d)
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PROBLEMS Answers to all odd-numbered problems are at the end of the book.

BASIC PROBLEMS
SECTION 1-1 Atomic Structure

1. If the atomic number of a neutral atom is 6, how many electrons does the atom have? How
many protons?

2. What is the maximum number of electrons that can exist in the 3rd shell of an atom?

SECTION 1-2 Semiconductors, Conductors, and Insulators

3. For each of the energy diagrams in Figure 140, determine the class of material based on
relative comparisons.

4. A certain atom has four valence electrons. What type of atom is it?

FIGURE 1-40 Energy Energy Energy
A A

Conduction band

A

i Conduction band

| LEnergy gup Conduction band
¥ [

Valence band Valence band Valence band

0 0 0
(a) (b) (c)

SECTION 1-3 Covalent Bonds

5. 1In asilicon crystal, how many covalent bonds does a single atom form?

SECTION 1-4 Conduction in Semiconductors
6. What happens when heat is added to silicon?

7. Name the two energy bands at which current is produced in silicon.

SECTION 1-5 N-Type and P-Type Semiconductors
8. Describe the process of doping and explain how it alters the atomic structure of silicon.

9. What is antimony? What is boron?

SECTION 1-6 The Diode
10. How is the electric field across the pn junction created?

11. Because of its barrier potential, can a diode be used as a voltage source? Explain.

SECTION 1-7 Biasing a Diode

12. To forward-bias a diode, to which region must the positive terminal of a voltage source be
connected?

13. Explain why a series resistor is necessary when a diode is forward-biased.

SECTION 1-8 Voltage-Current Characteristic of a Diode
14. Explain how to generate the forward-bias portion of the characteristic curve.

15. What would cause the barrier potential to decrease from 0.7 V t0 0.6 V?



PROBLEMS = 43

SECTION 1-9 Diode Models
16. Determine whether each diode in Figure 1-41 is forward-biased or reverse-biased.

17. Determine the voltage across each diode in Figure 1-41, assuming the practical model.

FIGURE 1-41 100V
1.1+
Multisim file circuits are identified AN | |I
with a CD logo and are in the " 10Q
Problems folder on your CD-ROM. 5V — + 56 0
Filenames correspond to figure _-,_ ? 8V
numbers (e.g., FO1-41). o B
L
(a) (®)
10 k() 10 kQ
Wy

4.7k

(©)

TROUBLESHOOTING PROBLEMS
SECTION 1-10 Testing a Diode

18. Consider the meter indications in each circuit of Figure [—42, and determine whether the diode
is functioning properly, or whether it is open or shorted. Assume the ideal model.

FIGURE 1-42

10 kQ 10 kQ2

68 Q)

(d
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19. Determine the voltage with respect to ground at each point in Figure 1-43. Assume the
practical model.
FIGURE 1-43 D, R D,
! h { [}
P Wy P——
1.0KQ
+ +
Vo1 — — Ve
25V _T T_8V

ANSWERS

A

MULTISIM TROUBLESHOOTING PROBLEMS

These file circuits are in the Troubleshooting Problems folder on your CD-ROM.
20.
21.
22.
23.
24,
25.
26.
27.
28.

Open file TSPO1-20 and determine the fault.
Open file TSPO1-21 and determine the fault.
Open file TSP0O!-22 and determine the fault.
Open file TSPO1-23 and determine the fault.
Open file TSPO1-24 and determine the fault.
Open file TSPO1-25 and determine the fault.
Open file TSP01-26 and determine the fault.
Open file TSPO1-27 and determine the fault.
Open file TSPOI-28 and determine the fault.

SECTION REVIEWS

SECTION 1-1 Atomic Structure

1.

Ut

An atom is the smallest particle of an element that retains the characteristics of that element.

2. Anelectron is the basic particle of negative electrical charge.
3.
4

. A free electron is one that has acquired enough energy to break away from the valence band of

A valence electron 1s an electron in the outermost shell of an atom.

the parent atom.

When a neutral atom loses an electron, the atom becomes a positive ion. When a neutral atom
gains an electron, the atom becomes a negative ion.

SECTION 1-2 Semiconductors, Conductors, and Insulators

1.

N kW

Conductors have many free electrons and easily conduct current. Insulators have essentially no
free electrons and do not conduct current.

Semiconductors do not conduct current as well as conductors do. In terms of conductivity, they
are between conductors and insulators.

Conductors such as copper have one valence electron.
Semiconductors have four valence electrons.

Gold, silver, and copper are the best conductors.
Silicon is the most widely used semiconductor.

The valence electrons of a semiconductor are more tightly bound to the atom than those of
conductors.
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SECTION 1-3 Covalent Bonds

Covalent bonds are formed by the sharing of valence electrons with neighboring atoms.
An intrinsic material is one that is in a pure state.
A crystal is a solid material formed by atoms bonding together in a fixed pattern.

There are eight shared valence electrons in each atom of a silicon crystal.

SECTION 1-4 Conduction in Semiconductors

Pl o S

Free electrons are in the conduction band.
Free (conduction) electrons are responsible for current in a material.
A hole is the absence of an electron in the valence band.

Hole current occurs at the valence level.

SECTION 1-5 N-Type and P-Type Semiconductors

1.

A I A

Doping is the process of adding impurity atoms to a semiconductor in order to modify its
conductive properties.

A pentavalent atom (donor) has five valence electrons and a trivalent atom (acceptor) has three
valence electrons.

An n-type material is formed by the addition of pentavalent impurity atoms to the intrinsic
semiconductive material.

A p-type material is formed by the addition of trivalent impurity atoms to the intrinsic
semiconductive material.

The majority carrier in an n-type semiconductor is the free electron.

The majority carrier in a p-type semiconductor is the hole.

Majority carriers are produced by doping.

Minority carriers are thermally produced when electron-hole pairs are generated.

A pure semiconductor is intrinsic. A doped (impure) semiconductor is extrinsic.

SECTION 1-6 The Diode

1.
2.

A pn junction is the boundary between p-type and n-type semiconductors in a diode.

Diffusion is the movement of the free electrons (majority carriers) in the n-region across the pn
junction and into the p region.

The depletion region is the thin layers of positive and negative ions that exist on both sides of
the pn junction.

The barrier potential is the potential difference of the electric field in the depletion region and
is the amount of energy required to move electrons through the depletion region.

The barrier potential for a silicon diode is approximately 0.7 V.

The barrier potential for a germanium diode is approximately 0.3 V.

SECTION 1-7 Biasing a Diode

1.

When forward-biased, a diode conducts current. The free electrons in the n region move across
the pn junction and combine with the holes in the p region.

To forward-bias a diode, the positive side of an external bias voltage is applied to the p region
and the negative side to the n region.

When reverse-biased, a diode does not conduct current except for an extremely small reverse
current.

To reverse-bias a diode, the positive side of an external bias voltage is applied to the n region
and the negative side to the p region.

5. The depletion region for forward bias is much narrower than for reverse bias.

Majority carrier current is produced by forward bias.

Reverse current is produced by the minority carriers.
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8. Reverse breakdown occurs when the reverse-bias voltage equals or exceeds the breakdown
voltage of the pn junction of a diode.

9. Avalanche is the rapid multiplication of current carriers in reverse breakdown.

SECTION 1-8 Voltage-Current Characteristic of a Diode

1. The knee of the characteristic curve in forward bias is the point at which the barrier potential is
overcome and the current increases drastically.

A forward-biased diode is normally operated above the knee of the curve.
Breakdown voltage is always much greater than the barrier potential.

A reverse-biased diode is operated below the breakdown point on the knee of the curve.

A

Barrier potential decreases as temperature increases.

SECTION 1-9 Diode Models
1. The diode is operated in forward bias and reverse bias.
The diode should never be operated in reverse breakdown.

The diode can be ideally viewed as a switch.

PP

A diode includes barrier potential, dynamic resistance, and reverse resistance in the complete
model.

5. The ideal and practical diode models (barrier potential) are used.

SECTION 1-10 Testing a Diode
1. 05Vto09V
2. 260V

RELATED PROBLEM FOR EXAMPLE
1-1 Vp =5V, Viur =0V

CIRCUIT-ACTION QUIZ

1. @ 2.0 3. 4 (@
5. (@ 6.(c) 7.(0) 8.()

SELF-TEST

L © 2@ 3@ 4@ 5@ 6@ 70 8@ 9 @
10. (©) 11 (b) 12. (@) 13.(d) 14.(c) 15. () 16. () 17.(d) 18. (a)
19. 0 20. () 21.(c) 22.(a) 23 () 24.(d) 25 (d) 26.(c) 27.(d)
28. (d) 29.(b) 30.(b) 31 (b) 32.(c) 33 (d) 34 (c)






DIODE APPLICATIONS

INTRODUCTION

In Chapter 1, you learned that a semiconductor diode is a
device with a single pn junction. The importance of the
diode in electronic circuits cannot be overemphasized. lts
ability to conduct current in one direction while blocking
current in the other direction is essential to the operation of
many types of circuits. One circuit in particular is the ac
rectifier, which is covered in this chapter. Other important
applications are circuits such as diode limiters, diode
clampers, and diode voltage multipliers. A data sheet is
discussed for specific diodes.

CHAPTER OUTLINE

2-1
2-2
2-3
2-4
2-5
2-6
2-7

Half-Wave Rectifiers

Full-Wave Rectifiers

Power Supply Filters and Regulators
Diode Limiting and Clamping Circuits
Voltage Muitipliers

The Diode Data Sheet
Troubleshooting

m System Application




CHAPTER OBJECTIVES

Explain and analyze the operation of half-wave rectifiers
Explain and analyze the operation of full-wave rectifiers

Explain and analyze the operation and characteristics of power

EEER SYSTEM APPLICATION PREVIEW

As a technician for an electronics company, you are given
the responsibility for the final design and testing of a power
supply circuit board that your company plans to use in
several of its products. You will apply your knowledge of

supply filters and regulators diode circuits to the system application at the end of the

chapter.
Explain and analyze the operation of diode limiting and P
clamping circuits

Explain and analyze the operation of diode voltage multipliers

Interpret and use a diode data sheet

Troubleshoot power supplies and diode circuits

msn' THE COMPANION WEBSITE

Study aids for this chapter are available at

Power supply

http:/ [www.prenhall.com/floyd

Filter

Regulator

Half-wave rectifier

Peak inverse voltage (PIV)
Full-wave rectifier

Ripple voltage

Line regulation

Load regulation

Limiter

Clamper

Troubleshooting

49
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2-1 HALF-WAVE RECTIFIERS

Because of their ability to conduct current in one direction and block current in the
other direction, diodes are used in circuits called rectifiers that convert ac voltage into
dc voltage. Rectifiers are found in all dc power supplies that operate from an ac
voltage source. A power supply is an essential part of each electronic system from the
simplest to the most complex. In this section, you will study the most basic type of
rectifier, the half-wave rectifier.

After completing this section, you should be able to

= Explain and analyze the operation of half-wave rectifiers

]

Describe a basic dc power supply and half-wave rectification
® Determine the average value of a half-wave rectified voltage

» Discuss the effect of barrier potential on a half-wave rectifier output

=

Define peak inverse voltage (PIV)

» Describe the transformer-coupled half-wave rectifier

The Basic DC Power Supply

=+  The dc power supply converts the standard 110 V, 60 Hz ac available at wall outlets into a
constant dc voltage. It is one of the most common electronic circuits that you will find. The
dc voltage produced by a power supply is used to power all types of electronic circuits, such
as television receivers, stereo systems, VCRs, CD players, and most laboratory equipment.

Basic block diagrams for a rectifier and complete power supply are shown in Figure

2—1. The rectifier can be either a half-wave rectifier or a full-wave rectifier (covered in

Section 2-2). The rectifier converts the ac input voltage to a pulsating dc voltage, which

is half-wave rectified as shown in Figure 2—1(a). A block diagram for a complete power

== supply is shown in part (b). The filter eliminates the fluctuations in the rectified voltage
and produces a relatively smooth dc voltage. The power supply filter is covered in Section

2-3. The regulator is a circuit that maintains a constant dc voltage for variations in the in-

put line voltage or in the load. Regulators vary from a single device to more complex in-

tegrated circuits. The load is a circuit or device for which the power supply is producing
the dc voltage and load current.

The Half-Wave Rectifier

Figure 2-2 illustrates the process called half-wave rectification. A diode is connected to

= an ac source and to a load resistor, R,, forming a half-wave rectifier. Keep in mind that
all ground symbols represent the same point electrically. Let’s examine what happens
during one cycle of the input voltage using the ideal model for the diode. When the si-
nusoidal input voltage (V,,) goes positive, the diode is forward-biased and conducts cur-
rent through the load resistor, as shown in part (a). The current produces an output
voltage across the load R;, which has the same shape as the positive half-cycle of the in-
put voltage.

When the input voltage goes negative during the second half of its cycle, the diode is
reverse-biased. There is no current, so the voltage across the load resistor is 0 V, as shown
in Figure 2-2(b). The net result is that only the positive half-cycles of the ac input voltage
appear across the load. Since the output does not change polarity, it is a pulsating dc volt-
age with a frequency of 60 Hz, as shown in part (¢).



HALF-WAVE RECTIFIERS ® 51

FIGURE 2-1

[0V, 60 Hz Half-wave rectified voltage

Irr.\'- f \ N I.'r\ Block diagram of a rectifier and a dc
ol \ 11 ) \ 0 j power supply with a load.

‘JI I l\ | |
v V. V V
S ‘
V(ll Rectifier T+
(a) Half-wave rectifier
110V, 60 Hz Filtered voltage Regulated voltage
f\ / \ /\ [ \. Vi € ————r—
NAAN e
0 I'I III |II JII| \ /I |II I 0 —— 0
\/ A\
\ v \/ \/ ‘

v Rectifier Filter Regulator |[7—0—

ac
Load
(b) Complete power supply with rectifier, filter, and regulator
+H_ FIGURE 2-2
: Half-wave rectifier operation. The
v O\ + | ! v /,\ diode is considered to be ideal.
e Y 2R 0 —
Iy 1 I 1o A

(a) During the positive alternation of the 60 Hz input voltage, the output voltage looks like the positive
half of the input voltage. The current path is through ground back to the source.

+

f=0A
| - | .
00— R, O —
fo o\ [t 7 t
\ / +

(b) During the negative alternation of the input voltage, the current is 0, so the output voltage is also 0.

(AWAWA

(c) 60 Hz half-wave output voltage for three input cycles
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Equation 2-1

EXAMPLE 2-1

Solution

Related Problem™

Equation 2-2

Average Value of the Half-Wave Output Voltage The average value of the half-wave
rectified output voltage is the value you would measure on a dc voltmeter. Mathematically,
it is determined by finding the area under the curve over a full cycle, as illustrated in Figure
2-3, and then dividing by 27, the number of radians in a full cycle. The result of this 1s ex-
pressed in Equation 2—1, where V,, is the peak value of the voltage. This equation shows tha
Vavg is approximately 31.8% of V, for a half-wave rectified voltage. See Appendix B for a
detailed derivation.

V

P
% = —
AVG .

FIGURE 2-3 v

Average value of the half-wave

rectified signal.

What is the average value of the half-wave rectified voltage in Figure 247

\ /’fﬂ\ /\

SOV ===

/
ov—/

FIGURE 2-4

Vave = ; =

Notice that Vg is 31.8% of V,.

Determine the average value of the half-wave voltage if its peak amplitude is 12 V.

“Answers are at the end of the chapter.

Effect of the Barrier Potential on the Half-Wave Rectifier Output

In the previous discussion, the diode was considered ideal. When the practical diode mode]
is used with the barrier potential of 0.7 V taken into account, this is what happens. During
the positive half-cycle, the input voltage must overcome the barrier potential before the
diode becomes forward-biased. This results in a half-wave output with a peak value that is
0.7V less than the peak value of the input, as shown in Figure 2-5. The expression for the
peak output voltage is

v

plour) =

0.7V

pliny —
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V7 FIGURE 2-5

+ - - -
Vyiim N e Vo = p“”) _07V The effect of the b.a.rrler potential on
the half-wave rectified output
/ \-._ + + / \ voltage is to reduce the peak value
0L I"\ & RV of the input by about 0.7 V.

It is usually acceptable to use the ideal diode model, which neglects the effect of the bar-
rier potential, when the peak value of the applied voltage is much greater than the barrier
potential (at least 10V, as a rule of thumb). However, we will use the practical model of a
diode, taking the 0.7 V barrier potential into account unless stated otherwise.

| EXAMPLE 2-2
Draw the output voltages of each rectifier for the indicated input voltages, as shown in

Figure 2-6. The 1N4001 and IN4003 are specific rectifier diodes.

5V == N\ +100V ===, A
{ 0 / \“. II{.- "._ ; e} ) 0 . \ !I \'. 7 (e,
\/ \/ IN400 A% YV IN4003
SV e 2 R, S100V - ——m— = R,
LOKO 1.0k
(a) (b)
FIGURE 2-6

Solution  The peak output voltage for circuit (a) is

V —07V=5V—-07V=430V

ptom) ,r(uz)
The peak output voltage for circuit (b) is
1% —07V=100V~-07V=993V

p(nul) p(m)

The output voltage waveforms are shown in Figure 2-7. Note that the barrier
potential could have been neglected in circuit (b) with very little error (0.7 percent);
but, if it is neglected in circuit (a), a significant error results {14 percent).

FIGURE 2-7

43V 93V / ~
Output voltages for the circuits in ‘/ \ /\ \ / \
i i 0 R 0 7

Figure 2—6. Obviously, they are

not shown on the same scale. (a) (b)

Related Problem  Determine the peak output voltages for the rectifiers in Figure 2—6 if the peak input in
part (a) is 3 V and the peak input in part (b) is 210 V.

‘ Open the Multisim file E02-02 in the Examples folder on your CD-ROM. For the |
inputs specified in the example, measure the resulting output voltage waveforms.
i Compare your measured results with those shown in the example.
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Equation 2-3

FIGURE 2-8

The PIV occurs at the peak of each
half-cycle of the input voltage when
the diode is reverse-biased. In this
circuit, the PIV occurs at the peak of
each negative half-cycle.

FIGURE 2-9

Half-wave rectifier with transformer-
coupled input voltage.

Equation 2-4

I EXAMPLE 2-3

Peak Inverse Voltage (PIV)

The peak inverse voltage (PIV) equals the peak value of the input voltage, and the diode
must be capable of withstanding this amount of repetitive reverse voltage. For the diode in
Figure 2-8, the maximum value of reverse voltage, designated as PIV, occurs at the peak of
each negative alternation of the input voltage when the diode is reverse-biased.

PIV = V)

Half-Wave Rectifier with Transformer-Coupled Input Voltage

A transformer is often used to couple the ac input voltage from the source to the rectifier,
as shown in Figure 2-9. Transformer coupling provides two advantages. First, it allows the
source voltage to be stepped up or stepped down as needed. Second, the ac source is elec-
trically isolated from the rectifier, thus preventing a shock hazard in the secondary circuit.

an Vpri I } Vsec § RL

|”—0

From your study of basic ac circuits recall that the secondary voltage of a transformer
equals the turns ratio, », times the primary voltage, as expressed in Equation 2-4. We will de-
fine the turns ratio as the ratio of secondary turns, N,,,, to the primary turns, N,,;: 1 = N, /N,,.

sec? J:

sec

Viee = 1V,

If n > |, the secondary voltage is greater than the primary voltage. If n < 1, the secondary
voltage is less than the primary voltage. If n = |, then V,, = V.
The peak secondary voltage, V., in a transformer-coupled half-wave rectifier is the

same as V., in Equation 2-2. Therefore, Equation 2-2 written in terms of V.., is

Ve =V, - 07V

P plsec)
and Equation 2-3 in terms of V., is

PIV =V

pisec)

Determine the peak value of the output voltage for Figure 2—10 if the turns ratio is 0.5.



FIGURE 2-10

Solution

Related Problem

I SECTION 2-1
REVIEW

Answers are at the end
of the chapter.

2-2

FULL-WAVE RECTIFIERS = 55

156V~ N
ff \‘ IN4002 +

1

Viriy =V,

P plin

y =156V
The peak secondary voltage is

Viseor = Womy = 0.5(156 V) = 78 V

plsec) —

The rectified peak output voltage is
Voouy = Ve = 0.7V =78V = 0.7V =773V

P

where V,

wsecy 18 the input to the rectifier.

(a) Determine the peak value of the output voltage for Figure 2—-10 if n = 2 and
Vi = 312 V.

(b) What is the PIV across the diode?

(c) Describe the output voltage if the diode is turned around.

Open the Multisim file E02-03 in the Examples folder on your CD-ROM. For the
| specified input, measure the peak output voltage. Compare your measured result
‘ with the calculated value.

1. At what point on the input cycle does the PIV occur?

2. For a half-wave rectifier, there is current through the load for approximately what
percentage of the input cycle?

3. What is the average of a half-wave rectified voltage with a peak value of 10 V?

4. What is the peak value of the output voltage of a half-wave rectifier with a peak
sine wave input of 25 V?

5. What PIV rating must a diode have to be used in a rectifier with a peak output
voltage of 50 V?

FULL-WAVE RECTIFIERS

Although half-wave rectifiers have some applications, the full-wave rectifier is the
most commonly used type in dc power supplies. In this section, you will use what you
learned about half-wave rectification and expand it to full-wave rectifiers. You will
learn about two types of full-wave rectifiers: center-tapped and bridge.

After completing this section, you should be able to

= Explain and analyze the operation of full-wave rectifiers
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FIGURE 2-11

Full-wave rectification.

0V
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u Discuss how full-wave rectification differs from haif-wave rectification

® Determine the average value of a full-wave rectified voltage

m Describe the operation of a center-tapped full-wave rectifier

" Explain how the transformer turns ratio affects the rectified output voltage
# Determine the peak inverse voltage (P1V)

® Describe the operation of a bridge full-wave rectifier

= Compare the center-tapped rectifier and the bridge rectifier

A full-wave rectifier allows unidirectional (one-way) current through the load during
the entire 360° of the input cycle, whereas a half-wave rectifier allows current through the
load only during one-half of the cycle. The result of full-wave rectification is an output volt-
age with a frequency twice the input frequency that pulsates every half-cycle of the input,
as shown in Figure 2-11.

o—| +—o0

Full-wave v ov /ﬂ\/\ \/ .\u’/’.\/r\/ﬁ\

Equation 2-5

IEXAMPLE 2-4

FIGURE 2-12

Solution

Related Problem

rectifier
o—— +—o0

The number of positive alternations that make up the full-wave rectified voltage is twice
that of the half-wave voltage for the same time interval. The average value, which is the
value measured on a dc voltmeter, for a full-wave rectified sinusoidal voltage is twice that
of the half-wave, as shown in the following formula:

2V,

Vave =

Vave is approximately 63.7% of V), for a full-wave rectified voltage.

Find the average value of the full-wave rectified voltage in Figure 2—12.

15V ——7\\ | /,.\_\ j /‘\\ y /‘“\
o VYRR

=955V

Vavg is 63.7% of V.

Find the average value of the full-wave rectitied voltage if its peak is 155 V.
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The Center-Tapped Full-Wave Rectifier

A center-tapped rectifier is a type of full-wave rectifier that uses two diodes connected to
the secondary of a center-tapped transformer, as shown in Figure 2—13. The input voltage is
coupled through the transformer to the center-tapped secondary. Haif of the total secondary
voltage appears between the center tap and each end of the secondary winding as shown.

D, FIGURE 2-13

i ﬂ A center-tapped full-wave rectifier.

For a positive half-cycle of the input voltage, the polarities of the secondary voltages are
as shown in Figure 2—14(a). This condition forward-biases diode D, and reverse-biases
diode D,. The current path is through D, and the load resistor R;, as indicated. For a nega-
tive half-cycle of the input voltage, the voltage polarities on the secondary are as shown in
Figure 2-14(b). This condition reverse-biases D, and forward-biases D,. The current path
is through D, and R;, as indicated. Because the output current during both the positive and
negative portions of the input cycle is in the same direction through the load, the output volt-
age developed across the load resistor is a full-wave rectified dc voltage, as shown.

FIGURE 2-14

Basic operation of a center-tapped
full-wave rectifier. Note that the
current through the load resistor is in
the same direction during the entire

input cycle, so the output voltage
always has the same polarity.

(b) During negative half-cycles, D, is forward-biased and D, is reverse-biased.

Effect of the Turns Ratio on the Output Voltage 1f the transformer’s turns ratio is 1, the
peak value of the rectified output voltage equals half the peak value of the primary input
voltage less the barrier potential, as illustrated in Figure 2—15. Half of the primary voltage
appears across each half of the secondary winding (V,,..; = V). We will begin referring
to the forward voltage due to the barrier potential as the diode drop.
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FIGURE 2-15
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Center-tapped full-wave rectifier
with a transformer turns ratio of 1.
V(o) i the peak value of the
primary voltage.

FIGURE 2-1¢6

Center-tapped full-wave rectifier

with a transformer turns ratio of 2.

Equation 2-6

FIGURE 2-17

Diode reverse voltage (D, shown
reverse-biased and D, shown
forward-biased).

D

£ 1:1
v7 pri) S
i) ‘;_. ‘. ° °
0 | .I I g ‘ »

Voo
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Plpri)
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\_/-V,

Pipriy
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Vv,

D,

Vi
= plpriy
¥ \ > - 07V

In order to obtain an output voltage with a peak equal to the input peak (less the diode
drop), a step-up transformer with a turns ratio of n = 2 must be used, as shown in Figure
2-16. In this case, the total secondary voltage (V,,.) is twice the primary voltage (2V,,.), so

the voltage across each half of the secondary is equal to

1:2

D,

1%

* o
Ppris
Y .

plpriy

>

- _Vp(,m)

7
_vp(/m)
/
‘]}(pri) ~
0O—vV———

-V

S TV pipriy

<

Dy

1%

priv

vpl/m’) -07V

~ 7

In any case, the output voltage of a center-tapped full-wave rectifier is always one-half
of the total secondary voltage less the diode drop, no matter what the turns ratio.

1%

Vou= —-—=07V
2

oult

Peak Inverse Voltage Each diode in the full-wave rectifier is alternately forward-biased
and then reverse-biased. The maximum reverse voltage that each diode must withstand is
the peak secondary voltage V. This is shown in Figure 2-17 where D, is assumed to be
reverse-biased and D, is assumed to be forward-biased to illustrate the concept.
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When the total secondary voltage V. has the polarity shown, the maximum anode volt-
age of Dy is +V,,,/2 and the maximum anode voltage of D, is =V, /2. Since D is as-
sumed to be forward-biased, its cathode is at the same voltage as its anode minus the diode
drop; this 1s also the voltage on the cathode of D,.

The peak inverse voltage across D, is

Vn(:eC V) sec V) sec V sec
pIV = (— )—o.7v> - (— / >> _ e ”(2 ) o7V

2 2 2

V

p(sec

YA

Since Vi = Yoo/ 2 — 0.7V, then by multiplying each term by 2 and transposing,
V =2V,

plsec) —

14V

(ot
Therefore, by substitution, the peak inverse voltage across either diode in a full-wave center-
tapped rectifier is

PIV =2V

plout

| EXAMPLE 2-5

07V Equation 2-7

(a) Show the voltage waveforms across each half of the secondary winding and across
R; when a 100V peak sine wave is applied to the primary winding in Figure 2—18.

(b) What minimum PIV rating must the diodes have?

FIGURE 2-18

D
F 1
2:1
o—\p >
+100V == > . IN4001
. . R,
b oV - - ‘ ’ [
/ 10 k)
100V ————— =3 = b, L
° >
IN4001
Solution  (a) The transformer turns ratio n = 0.5. The total peak secondary voltage is
Vp(.rec) = nvp(])/‘i) = 05(100 V) =50V
There is a 25 V peak across each half of the secondary with respect to ground. The
output Joad voltage has a peak value of 25V, less the 0.7 V drop across the diode. The
waveforms are shown in Figure 2-19.
FIGURE 2-19
FRE V= — -
V .\\\
- 0 k'
5V o
+243V - ———— —— L~ ! = o e
/ %o A S \\ P N N
: 0 / N/ \/ \,_/ \,/ \\
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Related Problem

FIGURE 2-20

Operation of a bridge rectifier.

(b) Each diode must have a minimum PIV rating of

PIV =2V, + 0.7V =2(243V) + 0.7V =493V
What diode PIV rating is required to handle a peak input of 160 V in Figure 2—18?

| Open the Multisim file E02-05 in the Examples folder on your CD-ROM. For the
| specified input voltage, measure the voltage waveforms across each half of the
‘ secondary and across the load resistor. Compare with the results shown in the example.

The Bridge Full-Wave Rectifier

The bridge rectifier uses four diodes connected as shown in Figure 2-20. When the input
cycle is positive as in part (a), diodes D, and D, are forward-biased and conduct current in
the direction shown. A voltage is developed across R, that looks like the positive half of the
input cycle. During this time, diodes D5 and D, are reverse-biased.

(a) During the positive half-cycle of the input, D, and D, are forward-biased and conduct current.
D5 and D, are reverse-biased.

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

When the input cycle is negative as in Figure 2-20(b), diodes D, and D, are forward-
biased and conduct current in the same direction through R, as during the positive 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 A bridge rectifier with a transformer-coupled input is shown in
Figure 2-21(a). During the positive half-cycle of the total secondary voltage, diodes D, and D,
are forward-biased. Neglecting the diode drops, the secondary voltage appears across the load
resistor. The same is true when D and D, are forward-biased during the negative half-cycle.

V {oitr) = V

p plsec)



(a) Ideal diodes

[

(b) Practical diodes (Diode drops included)

As you can see in Figure 2-21(b), two diodes are always in series with the load resistor
during both the positive and negative half-cycles. If these diode drops are taken into ac-
count, the output voltage is

V V — 14V

plour) = plsec)

Peak Inverse Voltage Let’s assume that D, and D, are forward-biased and examine the re-
verse voltage across Dy and D,. Visualizing D, and D, as shorts (ideal model), as in Figure
2-22(a), you can see that Dy and D, have a peak inverse voltage equal to the peak second-
ary voltage. Since the output voltage is ideally equal to the secondary voltage,

PIV =V, u

If the diode drops of the forward-biased diodes are included as shown in Figure 2-22(b),
the peak inverse voltage across each reverse-biased diode in terms of V., is

PIV = V’((Hll) + 07 A%

2
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FIGURE 2-21

Bridge operation during a positive
half-cycle of the primary and
secondary voltages.

Equation 2-8

Equation 2-9

4§. ®+ +& o,
| || 'I II I §|‘ II.‘

T T

(a) For the ideal diode mode] (forward-biased diodes D| and D, are (b) For the practical diode model (forward-biased diodes D and D, are

(ot

shown in blue), PIV =V, . shown in blue), PIV =V,

FIGURE 2-22

Peak inverse voltages across diodes Dy and D, in a bridge rectifier during the positive half-cycle of the
secondary voltage.

, +0.7V.
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The PIV rating of the bridge diodes is less than that required for the center-tapped config-
uration. If the diode drop is neglected, the bridge rectifier requires diodes with half the P1V
rating of those in a center-tapped rectifier for the same output voltage.

I EXAMPLE 2-6
Determine the peak output voltage for the bridge rectifier in Figure 2-23. Assuming

the practical model, what PIV rating is required for the diodes? The transformer is
specified to have a 12 V rms secondary voltage for the standard 110 V across the
primary.

FIGURE 2-23

O

Solution  The peak output voltage (taking into account the two diode drops) is

Ve = 1414V, = 1414(12V) = 17V

plsec)

Voouy = Vo) — 14V =17V = 1.4V = 156 V

The PIV rating for each diode is
PIV=V, ., +07V =156V +07V =163V

Related Problem  Determine the peak output voltage for the bridge rectifier in Figure 2-23 if the
transformer produces an rms secondary voltage of 30 V. What is the P1V rating for the

diodes?

= Open the Multisim file E02-06 in the Examples folder on your CD-ROM. Measure
the output voltage and compare to the calculated value.

SECTION 2-2
REVIEW 1. How does a full-wave voltage differ from a half-wave voltage?

2. What is the average value of a full-wave rectified voltage with a peak value of
60 V?

3. Which type of full-wave rectifier has the greater output voltage for the same input
voltage and transformer turns ratio?

4. For a peak output voltage of 45V, in which type of rectifier would you use diodes
with a PIV rating of 50 V?

5. What PIV rating is required for diodes used in the type of rectifier that was not
selected in Question 47
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2-3 POWER SUPPLY FILTERS AND REGULATORS

A power supply filter ideally eliminates the fluctuations in the output voltage of a half-
wave or full-wave rectifier and produces a constant-level dc voltage. Filtering is
necessary because electronic circuits require a constant source of dc voltage and
current to provide power and biasing for proper operation. Filters are implemented
with capacitors, as you will see in this section. Voltage regulation in power supplies is
usually done with integrated circuit voltage regulators. A voltage regulator prevents
changes in the filtered dc voltage due to variations in input voltage or load.

After completing this section, you should be able to

= Explain and analyze the operation and characteristics of power supply filters
and regulators

= Explain the purpose of a filter

= Describe the capacitor-input filter

w Define ripple voltage and calculate the ripple factor
= Discuss surge current in a capacitor-input filter

= Discuss voltage regulation

In most power supply applications, the standard 60 Hz ac power line voltage must be
converted to an approximately constant dc voltage. The 60 Hz pulsating dc output of a half-
wave rectifier or the 120 Hz pulsating output of a full-wave rectifier must be filtered to re-
duce the large voltage variations. Figure 2-24 illustrates the filtering concept showing a
nearly smooth dc output voltage from the filter. The small amount of fluctuation in the fil-
ter output voltage is called ripple.

: +—0
ov N[\ | Fullwave || j\/—\/\
\ / rectifier
: +—0

(a) Rectifier without a filter

A = ==
o—— +—0
1 \ | ': ¥ T —
o \ foy Full-wave Filt 0
' rectifier =
o—— +——o0

(b) Rectifier with a filter (output ripple is exaggerated)

Capacitor-Input Filter

A half-wave rectifier with a capacitor-input filter is shown in Figure 2-25. The filter is sim-
ply a capacitor connected from the rectifier output to ground. R, represents the equivalent
resistance of a load. We will use the half-wave rectifier to illustrate the basic principle and
then expand the concept to full-wave rectification.

FIGURE 2-24

63

Power supply filtering.
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FIGURE 2-25

Operation of a half-wave rectifier
with a capacitor-input filter. The
current indicates charging or
discharging of the capacitor.

| i Vot =07V

_ v+ /
0 16 ’ i @ Vin —— VC /» g RL
! - 04t—

| fo

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

(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 blue curve.

V,, exceeds S

(c) The capacitor charges back to peak of input when the diode becomes forward-biased. This charging occurs
during the portion of the input voltage indicated by the solid blue curve.

During the positive first quarter-cycle of the input, the diode is forward-biased, allowing
the capacitor to charge to within 0.7 V of the input peak, as illustrated in Figure 2-25(a).
When the input begins to decrease below its peak, as shown in part (b), the capacitor retains
its charge and the diode becomes reverse-biased because the cathode is more positive than
the anode. During the remaining part of the cycle, the capacitor can discharge only through
the load resistance at a rate determined by the R, C time constant, which is normally long
compared to the period of the input. The larger the time constant, the less the capacitor will
discharge. During the first quarter of the next cycle, as illustrated in part (c), the diode will
again become forward-biased when the input voltage exceeds the capacitor voltage by ap-
proximately 0.7 V.

Ripple Voltage  As you have seen, the capacitor quickly charges at the beginning of a cy-
cle and slowly discharges through R, after the positive peak of the input voltage (when the
diode is reverse-biased). The variation in the capacitor voltage due to the charging and dis-
charging is called the ripple voltage. Generally, ripple is undesirable; thus, the smaller the
ripple, the better the filtering action, as illustrated in Figure 2—26.
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(a) Larger ripple means less effective filtering.

FIGURE 2-26
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/ \ '

O _—
(b) Smaller ripple means move effective filtering. Generally, the larger the
capacitor value, the smaller the ripple for the same input and load.

—— | PR |, .

Half-wave ripple voltage (green line).

For a given input frequency, the output frequency of a full-wave rectifier is twice that of
a half-wave rectifier, as illustrated in Figure 2-27. This makes a full-wave rectifier easier to
filter because of the shorter time between peaks. When filtered, the full-wave rectified volt-
age has a smaller ripple than does a half-wave voltage for the same load resistance and ca-

pacitor values. The capacitor discharges less during the s
pulses, as shown in Figure 2-28.

- /
o — \ J
(a) Half-wave

(b) Full-wave

D
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(a) Half-wave
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i

horter interval between full-wave

FIGURE 2-27

The frequency of a full-wave
rectified voltage is twice that of a
half-wave rectified voltage.

FIGURE 2-28

. rate) Comparison of ripple voltages for
] half-wave and full-wave rectified

e
B // \ voltages with the same filter
] i / capacitor and load and derived from

the same sinusoidal input voltage.

s [
T e W G VS
v/ v/ v/ v/ [ v/ v \

O | il
(b) Full-wave

Ripple Factor
is defined as

Yitor)

Vbe

r

The ripple factor (r) is an indication of the effectiveness of the filter and

Equation 2-10

where V,,, is the peak-to-peak ripple voltage and V¢ is the dc (average) value of the fil-
ter’s output voltage, as illustrated in Figure 2-29. The lower the ripple factor, the better the
filter. The ripple factor can be lowered by increasing the value of the filter capacitor or in-
creasing the load resistance.
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FIGURE 2-29 — == — == e N N S ey SRS en=
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For a full-wave rectifier with a capacitor-input filter, approximations for the peak-to-
peak ripple voltage, V,,,;, and the dc value of the filter output voltage, Vp, are given in the
following expressions. The variable V., is the unfiltered peak rectified voltage.

1
Equation 2-11 V"(PI’) = (}RL—C> Vp(recl)

1
Equation 2-12 VDC = ( I = 2fRLC) Vp(l'é’c[)

These expressions are derived in Appendix B.

I EXAMPLE 2-7
Determine the ripple factor for the filtered bridge rectifier with a load as indicated in

Figure 2-30.
FIGURE 2-30
F 10:1
[} A
|
‘ o o

All diodes are IN4001,

Solution  The transformer turns ratio is » = 0.1. The peak primary voltage is

|%

plpriy —

= 1.414V,,, = 1.414(115V) = 163V

The peak secondary voltage is
V/;(.rec) /7([1:!) = 0. [(163 V) 163V
The unfiltered peak full-wave rectified voltage is
Ve = Vpgsey = 14V =163V =14V =149V
The frequency of a full-wave rectified voltage is 120 Hz. The approximate peak-to-
peak ripple voltage at the output is
voo= ( ) IS S
) T R, C Vot = (120 Hz)(2.2 kQ)(50 uF)

The approximate dc value of the output voltage is determined as follows:

>l4.9\/ =113V

1 1
Voe = |1 - Vet = | 1 = 9V = 14.
pe ( 2fRLC) plrec) ( (240 Hz)(2.2 kQ)(SO,uF))MgV 143V
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The resulting ripple factor is
F=—=———=10.079

The percent ripple is 7.9%.

o

Related Problem  Determine the peak-to-peak ripple voltage if the filter capacitor in Figure 2-30 is
increased to 100 wF and the load resistance changes to 12 kQ.

Open the Multisim file E02-07 in the Examples folder on your CD-ROM. For the
specified input voltage, measure the peak-to-peak ripple voltage and the dc value at

| the output. Do the results agree closely with the calculated values? If not, can you
explain why?

Surge Current in the Capacitor-Input Filter Before the switch in Figure 2-31(a) is
closed, the filter capacitor is uncharged. At the instant the switch is closed, voltage is con-
nected to the bridge and the uncharged capacitor appears as a short, as shown. This pro-
duces an initial surge of current, I, through the two forward-biased diodes D, and D,.
The worst-case situation occurs when the switch is closed at a peak of the secondary volt-
age and a maximum surge current, /,..ou.» 1S produced, as illustrated in the figure.

FIGURE 2-31

67

Surge current in a capacitor-input
filter.

SW

(a) Maximum surge current occurs when switch is closed at peak of an input cycle.

F

SW

(b) A series resistor (R, ) limits the surge current.

e

It is possible that the surge current could destroy the diodes, and for this reason a surge-
limiting resistor is sometimes connected, as shown in Figure 2-31(b). The value of this re-
sistor must be small compared to R,. Also, the diodes must have a maximum forward surge
current rating such that they can withstand the momentary surge of current. This rating is
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Equation 2-13

FIGURE 2-32

A voltage regulator with input and
output capacitors.

specified on diode data sheets as /zgy. The minimum surge resistor value can be calculated
as follows:

R _ Vp(se(')

surge

— 14V

IFSM

Voltage Regulators

While filters can reduce the ripple from power supplies to a low value, the most effective
approach is a combination of a capacitor-input filter used with a voltage regulator. A volt-
age regulator is connected to the output of a filtered rectifier and maintains a constant out-
put voltage {or current) despite changes in the input, the load current, or the temperature.
The capacitor-input filter reduces the input ripple to the regulator to an acceptable level.
The combination of a large capacitor and a voltage regulator helps produce an excellent
power supply.

Most regulators are integrated circuits and have three terminals—an input terminal, an
output terminal, and a reference (or adjust) terminal. The input to the regulator is first fil-
tered with a capacitor to reduce the ripple to <10%. The regulator reduces the ripple to a
negligible amount. In addition, most regulators have an internal voltage reference, short-
circuit protection, and thermal shutdown curcuitry. They are available in a variety of volt-
ages, including positive and negative outputs, and can be designed for variable outputs with
a minimum of external components. Typically, voltage regulators can furnish a constant
output of one or more amps of current with high ripple rejection.

Three-terminal regulators designed for fixed output voltages require only external ca-
pacitors to complete the regulation portion of the power supply, as shown in Figure 2-32.
Filtering is accomplished by a large-value capacitor between the input voltage and ground.
An output capacitor (typically 0.1 wF to 1.0 wF) is connected from the output to ground to
improve the transient response.

A basic fixed power supply with a +5V voltage regulator is shown in Figure 2-33. Spe-
cific integrated circuit fixed three-terminal regulators are covered in Chapter 18.

Voltage

m o * Output
. regulator

Voliage
regulator

A basic +5.0 V regulated power supply.
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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 cor-
responding change in the input voltage expressed as a percentage.

A VOUT

Line regulation = ( )IOO%

IN

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

Vll - V
Load regulation = (J Fk) 100%

FL

where Vi is the output voltage with no load and V. is the output voltage with full (maxi-
mum) load.

Equation 2-14

M—

Equation 2-15

I EXAMPLE 2-8
A certain 7805 regulator has a measured no-load output voltage of 5.18 V and a full-

load output of 5.15 V. What is the load regulation expressed as a percentage?

Vi — V, 518V — 5.5V
Solution  Load regulation = ( ”Lv —“)100% = (—) 100% = 0.58%
Fi

L

515V

Related Problem  If the no-load output voltage of a regulator is 24.8 V and the full-load output is 23.9 'V,

what is the load regulation expressed as a percentage?

SECTION 2-3
REVIEW 1. When a 60 Hz sinusoidal voltage is applied to the input of a half-wave rectifier,

what is the output frequency?

2. When a 60 Hz sinusoidal voltage is applied to the input of a full-wave rectifier,

what is the output frequency?

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

4. If the load resistance connected to a filtered power supply is decreased, what

happens to the ripple voltage?
5. Define ripple factor.

6. What is the difference between input {line) regulation and load regulation?

2-4 DIODE LIMITING AND CLAMPING CIRCUITS

Diode circuits, called limiters or clippers, are sometimes used to clip off portions of
signal voltages above or below certain levels. Another type of diode circuit, called a
clamper, is used to add or restore a dc level to an electrical signal. Both limiter and
clamper diode circuits will be examined in this section.
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FIGURE 2-34

Examples of diode limiters (clippers).

After completing this section, you should be able to

® Explain and analyze the operation of diode limiting and clamping circuits
® Explain the operation of diode limiters

® Determirne the output voltage of a biased limiter

® Use voltage-divider bias to set the limiting level

= Explain the operation of diode clampers

Diode Limiters

Figure 2-34(a) shows a diode limiter (also called clipper) that limits or clips the positive
part of the input voltage. As the input voltage goes positive, the diode becomes forward-
biased and conducts current. Because the cathode is at ground potential (0 V), the anode
cannot exceed 0.7 V (assuming silicon). So point A is limited to +0.7 V when the input volt-
age exceeds this value. When the input voltage goes back below 0.7V, the diode is reverse-
biased and appears as an open. The output voltage looks like the negative part of the input
voltage, but with a magnitude determined by the voltage divider formed by R, and the load
resistor, R;, as follows:

R,
Vaul = Vin
R, + R,

If R, 1s small compared to R, then V,,, = V.

If the diode is turned around, as in Figure 2-34(b), the negative part of the input voltage is
clipped off. When the diode 1s forward-biased during the negative part of the input voltage, point
A is held at —0.7 V by the diode drop. When the input voltage goes above —0.7 V, the diode is

no longer forward-biased; and a voltage appears across R, proportional to the input voltage.

(a) Limiting of the positive alternation. The diode is forward-biased during the positive alternation (above 0.7 V)
and reverse-biased during the negative alternation.

(b) Limiting of the negative alternation. The diode is forward-biased during the negative alternation (below
-0.7 V) and reverse-biased during the positive alternation.
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l EXAMPLE 2-9
What would you expect to see displayed on an oscilloscope connected across R, in the

limiter shown in Figure 2-357
FIGURE 2-35

Rl
MW
100 Q
RL
IN4001 b

-
@
e

Solution

The diode is forward-biased and conducts when the input voltage goes below —0.7 V.
So, for the negative limiter, determine the peak output voltage across R, by the
following equation:

R 1.0 kQ
Vp(oul) = 3 Vp(iu) = 10V =909V
R, + R,

1.1 kO

The scope will display an output waveform as shown in Figure 2-36.
FIGURE 2-36

09V ——-
Output voltage waveform for ¥

7~ ==
Figure 2-35. / \ / \
Vi 0~— e =

07V
Related Problem

Describe the output waveform for Figure 2-35 if R; is changed to 680 Q.

Open the Multisim file E02-09 in the Examples folder on your CD-ROM. For the

specified input, measure the resulting output waveform. Compare with the
waveform shown in the example.

Biased Limiters The level to which an ac voltage is limited can be adjusted by adding a
bias voltage, Vg5, In series with the diode, as shown in Figure 2-37. The voltage at point
A mustequal Vg,5 + 0.7V before the diode will become forward-biased and conduct. Once

the diode begins to conduct, the voltage at point A is limited to Vg 45 + 0.7 V so that all in-
put voltage above this level is clipped off.

FIGURE 2-37
N\

A positive limiter.
Vgias + 0.7V
0—==—%—7— @ R, 0 \
.‘I I.’l’

)
Viias /
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FIGURE 2-38

A negative limiter.

FIGURE 2-39

EXAMPLE 2-10

E

IGURE 2-40

To limit a voltage to a specified negative level, the diode and bias voltage must be con-
nected as in Figure 2-38. In this case, the voltage at point A must go below — Vg, — 0.7V
to forward-bias the diode and initiate limiting action as shown.

R,

By turning the diode around, the positive limiter can be modified to limit the output volt-
age to the portion of the input voltage waveform above Vi), — 0.7 V, as shown by the out-
put waveform in Figure 2-39(a). Similarly, the negative limiter can be modified to limit the
output voltage to the portion of the input voltage waveform below — Vy,s + 0.7V, as shown
by the output waveform in part (b).

Ry
i < Viias —0.7V _,/ _\—
! \ " A
0 noon\ /) n 0 1 hn
(a)
R "
/ _\.\
0 ! A\ : @ Rl 0 —f‘]—l’:—
fo 0 [ h = /
= Vgas | VBAs TOTVIT
¥

(b)

Figure 2—40 shows a circuit combining a positive limiter with a negative limiter.
Determine the output voltage waveform.

R ,
+10V .f'“\-. |
| 0 : \ 7 + v,
\ |/ — 5V
10V L4

[ T'7

— Diodes are IN400].




Solution

Related Problem

DIODE LIMITING AND CLAMPING CIRCUITS =

When the voltage at point A reaches +5.7 V, diode D, conducts and limits the
waveform to +5.7 V. Diode D, does not conduct until the voltage reaches —5.7 V.
Therefore, positive voltages above +5.7 V and negative voltages below —5.7V are
clipped off. The resulting output voltage waveform is shown in Figure 2-41.

FIGURE 2-41 -
/

Output voltage waveform for +5.7 V= =

[\
Figure 2-40. / \

oot N
\
By VO |

Determine the output voltage waveform in Figure 2—40 if both dc sources are 10 V and
the input voltage has a peak value of 20 V.

Open the Multisim file E02-10 in the Examples folder on your CD-ROM. For the
specified input, measure the resulting output waveform. Compare with the
waveform shown in the example.

Violtage-Divider Bias  The bias voltage sources that have been used to illustrate the basic
operation of diode limiters can be replaced by a resistive voltage divider that derives the de-
sired bias voltage from the dc supply voltage, as shown in Figure 2—42. The bias voltage is
set by the resistor values according to the voltage-divider formula.

R,
Viias = (R T R’) VsuppLy
2 3

A positively biased limiter is shown in Figure 2—42(a), a negatively biased limiter is shown
in part (b), and a variable positive bias circuit using a potentiometer voltage divider is
shown in part (c). The bias resistors must be small compared to R, so that the forward cur-
rent through the diode will not affect the bias voltage.

O

(a) Positive limiter (b) Negative limiter (¢) Variable positive limiter

FIGURE 2-42

Diode limiters implemented with voltage—divider bias.
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EXAMPLE 2-11

FIGURE 2-43

Solution

Related Problem

Describe the output voltage wavetorm for the diode limiter in Figure 2-43.

IN4001

The circuit is a positive limiter. Use the voltage-divider formula to determine the bias

voltage.
R, 220 Q)
V, = | — V. = | <12V =825V
BIAS (Rz + 1@) SUPPLY (1009 + 2209) 8

The output voltage waveform is shown in Figure 2-44. The positive part of the output
voltage waveform is limited to Vg4 + 0.7 V.

FIGURE 2-44

+895V —~~——

How would you change the voltage divider in Figure 2-43 to limit the output voltage
to +6.7V?

Open the Multisim file EO2-11 in the Examples folder on your CD-ROM. Observe
the output voltage on the oscilloscope and compare to the calculated result.

Diode Clampers

A clamper adds a dc level to an ac voltage. Clampers are sometimes known as dc restor-
ers. Figure 2-45 shows a diode clamper that inserts a positive dc level in the output wave-
form. The operation of this circuit can be seen by considering the first negative half-cycle
of the input voltage. When the input voltage initially goes negative, the diode is forward-
biased, allowing the capacitor to charge to near the peak of the input (V,;,, — 0.7 V), as
shown in Figure 2—45(a). Just after the negative peak, the diode is reverse-biased. This is
because the cathode is held near Viny — 0.7V by the charge on the capacitor. The capaci-
tor can only discharge through the high resistance of R,. So, 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 frequency.
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(b)

The net effect of the clamping action is that the capacitor retains a charge approximately
equal to the peak value of the input less the diode drop. The capacitor voltage acts essen-
tially as a battery in series with the input voltage. The dc voltage of the capacitor adds to
the input voltage by superposition, as in Figure 2-45(b).

If the diode is turned around, a negative dc voltage is added to the input voltage to pro-
duce the output voltage as shown in Figure 2—46.

+0.7V

Viim /7N

y+0.7V

———————— p(m
\ /

A Clamper Application A clamping circuit is often used in television receivers as a dc re-
storer. The incoming composite video signal is normally processed through capacitively
coupled amplifiers that eliminate the dc component, thus losing the black and white refer-
ence levels and the blanking level. Before being applied to the picture tube, these reference
levels must be restored.

FIGURE 2-45

75

Positive clamper operation.

FIGURE 2-46

Negative clamper.

I EXAMPLE 2-12
What is the output voltage that you would expect to observe across R, in the clamping

circuit of Figure 2-477 Assume that RC is large enough to prevent significant capaci-
tor discharge.
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FIGURE 2-47

Solution

Related Problem

I SECTION 2-4
REVIEW

2-5

C

—K

+24 V .r_‘. 10 4F
1N4001

-24V

I+t

Ideally, a negative dc value equal to the input peak less the diode drop is inserted by
the clamping circuit.

Vpc= — (V

ptin) — 0.7 V) = _(24V - 0.7 V) = —-233V

Actually, the capacitor will discharge slightly between peaks, and, as a result, the
output voltage will have an average value of slightly less than that calculated above.
The output waveform goes to approximately +0.7 V, as shown in Figure 2-48.

FIGURE Z-43

+0.7V

0 _/_g_
-23.3V -

Output waveform across R, for Figure
2-47.

What is the output voltage that you would observe across R, in Figure 2—47 for C =
22 uFand R, = 18 kQ7?

Open the Multisim file E02-12 in the Examples folder on your CD-ROM. For the
specified input, measure the output waveform. Compare with the waveform shown |
in the example.

1. Discuss how diode limiters and diode clampers differ in terms of their function.
2. What is the difference between a positive limiter and a negative limiter?

3. What is the maximum voltage across an unbiased positive silicon diode limiter
during the positive alternation of the input voltage?

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

5. What component in a clamping circuit effectively acts as a battery?

VOLTAGE MULTIPLIERS

Voltage multipliers use clamping action to increase peak rectified voltages without the
necessity of increasing the transformer’s voltage rating. Multiplication factors of two,
three, and four are common. Voltage multipliers are used in high-voltage, low-current
applications such as TV receivers.



After completing this section, you should be able to

= Explain and analyze the operation of diode voltage multipliers
= Discuss voltage doublers

® Discuss voltage triplers

® Discuss voltage quadruplers

Voltage Doubler

Half-Wave Voltage Doubler A voltage doubler is a voltage multiplier with a multipli-
cation factor of two. A half-wave voltage doubler is shown in Figure 2-49. During the pos-
itive half-cycle of the secondary voltage, diode D, is forward-biased and D, is
reverse-biased. Capacitor C, is charged to the peak of the secondary voltage (V) less the
diode drop with the polarity shown in part (a). During the negative half-cycle, diode D, is
forward-biased and D, is reverse-biased, as shown in part (b). Since C, can’t discharge, the
peak voltage on C, adds to the secondary voltage to charge C, to approximately 2V, Ap-
plying Kirchhoff’s law around the loop as shown in part (b), the voltage across C; is

Ve =V +V, =0
VC2 = V[7 + VCl

Neglecting the diode drop of D,, V¢ = V,,. Therefore,
VC2 = Vp + Vp = 2Vp

G
i Reverse-biased
+|f - N = o
[ ol by
3 DA
+ . . + et -
0 | ‘ S D, =~ C, 0

VOLTAGE MULTIPLIERS

(2

D,

' reverse-
biased

le,
=~

+1\i

(a) (b)

FIGURE 2-49

Half-wave voltage doubler operation. V, is the peak secondary voltage.

Under a no-load condition, C, remains charged to approximately 2V, If a load resis-
tance is connected across the output, C, discharges slightly through the load on the next
positive half-cycle and is again recharged to 2V, on the following negative half-cycle. The
resulting output is a half-wave, capacitor-filtered voltage. The peak inverse voltage across
each diode is 2V,

Full-Wave Voltage Doubler A full-wave doubler is shown in Figure 2-50. When the sec-
ondary voltage is positive, D, is forward-biased and C, charges to approximately V,, as
shown in part (a). During the negative half-cycle, D, is forward-biased and C, charges to
approximately V,, as shown in part (b). The output voltage, 2V,, is taken across the two ca-

pacitors in series.
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FIGURE 2-52

(a)

Voltage quadrupler.

D, D,
—P—o—o+ | » o +
\ . [} —|® e " #
4 ! é Reverse-biased f
\ + +
Lol ot BBk
— \ II." .-I v —
- , (r + + ' L
— 3
P O i | Cy—~ |
D, 2 -
I‘ ._.‘ o _N__"——{) -—

Reverse-biased
(b)
FIGURE 2-50

Full-wave voltage doubler operation.

Voltage Tripler

The addition of another diode-capacitor section to the half-wave voltage doubler creates a
voltage tripler, as shown in Figure 2-51. The operation is as follows: On the positive half-
cycle of the secondary voltage, C; charges to V, through D,. During the negative half-cycle,
C, charges to 2V, through D,, as described for the doubler. During the next positive half-
cycle, Cy charges to 2V, through Ds. The tripler output is taken across C and C5, as shown
in the figure.

FIGURE 2-51

Voltage tripler.

Voltage Quadrupler

The addition of still another diode-capacitor section, as shown in Figure 2-52, produces an
output four times the peak secondary voltage. Cy charges to 2V, through D, on a negative
half-cycle. The 4V, output is taken across C, and Cj, as shown. In both the tripler and
quadrupler circuits, the PIV of each diode is 2V,

—o o—,
+o— o OO0
D=
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SECTION 2-5
REVIEW 1. What must be the peak voltage rating of the transformer secondary for a voltage
doubler that produces an output of 200 V?
2. The output voltage of a quadrupler is 620 V. What minimum PIV rating must each
diode have?
2-6

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,
electrical characteristics, mechanical data, and graphs of various parameters. In this
section, we use a specific example to illustrate a typical data sheet.

After completing this section, you should be able to
Interpret and use a diode data sheet
Identify maximum voltage and current ratings
Determine the electrical characteristics of a diode
' Analyze graphical data

Select an appropriate diode for a given set of specifications

Table 2—-1 shows the maximum ratings for a certain series of rectifier diodes (1N4001
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 higher temperatures.

An explanation of the parameters from Table 2—1 follows.

Verm  The maximum peak reverse 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.

Ve The maximum reverse dc voltage that can be applied across the diode.

Vesm  The maximum peak value of nonrepetitive reverse voltage that can be applied
across the diode.

Io The maximum average value of a 60 Hz rectified forward current.

Igsw The maximum peak value of nonrepetitive (one cycle) forward surge current.
The graph in Figure 2-53 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 typical failures occur.

T, Ambient temperature (temperature of surrounding air).
T, The operating junction temperature.
Ty The storage junction temperature.

Table 2-2 lists typical and maximum values of certain electrical characteristics. These
items differ from the maximum ratings in that they are not selected by design but are the re-
sult of operating the diode under specified conditions. A brief explanation of these param-
eters follows the table.
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RATING

SYMBOL

TABLE 2-1

1N4001

Maximum ratings.

1N4002

TN4003 1N4004

1N4005

Peak repetitive
reverse voltage

Working peak
reverse voltage

DC blocking voltage

50

100

200 400

600

800

1N4006 1N4007

1000 v

Nonrepetitive peak
reverse voltage

VR SM

60

120

240 480

720

1000

1200 v

rms reverse voltage

VR(rms)

35

70

140 280

420

560

700

Average rectified
forward current
(single-phase,
resistive load, 60 Hz,
T, =75°C)

lo

1.0

Nonrepetitive peak
surge current (surge
applied at rated load
conditions)

1 FSM

30 (for 1 cycle)

Operating and storage
junction temperature
range

FIGURE 2-53

T, T

stg

Nonrepetitive forward surge current

capability.

| cycle

Irsum. peak half—sine-wave current (amps)

—65to +175

100

°C

"Verm applied after surge

5 . I !
1.0 20 30

50 7.0 10

Number of cycles

20 30 50 70 100

Typical failures when surge applied at no-load conditions 7, = 25°C
- Design limits when surge applied at no-load conditions 7, = 25°C
Typical failures when surge applied at rated-load conditions 7y = 175°C

Design limits when surge applied at rated-load conditions 7; = 175°C
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Electrical characteristics.

SYMBOL

TYPICAL

81

CHARACTERISTICS AND CONDITIONS

Maximum instantaneous forward voltage drop
r=1A,T; =25°C)

Maximum full-cycle average forward voltage drop
(Io =1A,T_=175°C, 1 inch leads)

Maximum reverse current (rated dc voltage)
Ty = 25°C )
T, = 100°C

Maximum full-cycle average reverse current
(Ip = 1A, Ty =75°C, | inch leads)

VF

VF(nvg)

Iy

1 Ravg)

0.93

0.05
1.0

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

current is 1 A at 25°C. Figure 2-54 shows how the forward voltages vary

VF

with forward current.
VF(avg)
Ix
IR(a\ 2)

with an ac voltage).
T, The lead temperature.

The maximum forward voltage drop averaged over a full cycle.

The maximum current when the diode is reverse-biased with a dc voltage.

The maximum reverse current averaged over one cycle (when reverse-biased

Ig, forward current (amps)

0.07 |-
0.05
0.03
0.02

0.01 |—-
0.007 [ | I
0.005 |

0.003
0.002

||
Jo b

0.001
0.

1.6 20 24 28
Vg, forward voltage (volts)

32

36 40

MAXIMUM
1.1 \Y
0.8 Y
KA
10.0
50.0-
30.0 WA

FIGURE 2-54

Forward voltage ( V) versus forward

current (/).
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Figure 2-55 shows a selection of rectifier diodes arranged in order of increasing lo, Irsy,
and Vygy ratings.

I, Average Rectified Forward Current (Amperes)
10 \ 15 | 3.0 6.0
59-03 59-04 60-0t 267-03 267-02 194-04
(DO-41) Plastic Metal Plastic Plastic Plastic
Plastic " 7
& 4 4
Vryt
(Volts)
50 IN4001 IN3391 IN4719 MR500 1N5400 MR750
100 1N4002 IN5392 IN4720 MRS50( IN5401 MR751
IN5393 -
4 472 MR502 IN5402 MR752
200 1N4003 MR5050 IN4721 5
IN5395
4 IN 4 22 MRS5(0 INS404 MR7:
00 400 MR5060 1N47 R504 R754
IN5397 <
N 2 5 R Y
600 1N4005 MR5061 1N4723 MR506 IN5406 MR756
800 1N4006 1N5398 1N4724 MRS08 MR758
1000 1 N4007 1N5399 1N4725 MRS510 MR760
IFSM -
(Amps) 30 50 . 300 100 200 400
T Rated /
A @(ué’)ed o 75 T.=70 75 95 T, =105 60
T @ Rated I
(°C)
T (z“ax) 173 175 175 175 175 175
(9]
1o, Average Rectified Forward Current (Amperes)
2 | 24 25 30 40 50 25 35 40
245A-02 339-02 193-04 43-02 42A-01 43-04 309A-03 309A-02
(DO-203AA) (DO-21) (DO-203AB)
Metal Plastic Plastic Metal Metal Metal
o4
PN
& P
Vram
(Volts)
MR1120 _ _
50 IN1199.A.B MR2000 MR2400 MR2500 IN3491 IN3659 INTIS3A MR3005 MDA2500 | MDA3500
100 [1\?/{50](;2; B MR2001 MR2401 MR2501 1N3492 IN3660 INT184A MR5010 MDA23501 MDA3501
200 ”\l}/lll’}(i?]i\ZB MR2002 MR2402 MR2502 [N3493 IN3661 IN1186A MR5020 MDA2302 | MDA3502 | MDA4002
24
400 ”\i:/ll%i AB MR2004 MR2404 MR2504 1N3495 IN3663 INT188A MR35040 MDA2504 | MDA3504 | MDA4004
MR1126
600 IN1206.A.B MR2006 MR2406 MR2506 INTI90A MDA2506 | MDA3506 | MDA4006
800 MR1128 MR2008 MR2508 MDA2508 | MDA3508 | MDA4008
1000 MRI1130 MR2010 MR2510 MDA2510 | MDA3S510
Tesm 2 ;i
(Amps) 300 400 400 400 300 400 800 600 400 400 800
T, @ Rated I,
(°C)
T @ Rated I,
¢ @(fé)ed ° 150 150 125 150 130 100 150 150 55 55 35
Ty (Max)
J(OC) 190 175 175 175 175 175 190 195 175 175 175

FIGURE 2-55

A selection of rectifier diodes based on maximum ratings of Io, ley, and Vg
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I SECTION 2-6
REVIEW

List the three rating categories typically given on all diode data sheets.
Define each of the following parameters: V, Iy, Io.

Define Ik, Vorm, 2nd Vg

AW N -

From Figure 2—55, select a diode to meet the following specifications: I5 = 3 A,
Iega = 300 A, and Viggy = 100 V.

2-7 TROUBLESHOOTING

This section provides a general overview and application of an approach to
troubleshooting. Specific troubleshooting examples of the power supply and diode
circuits are covered.

After completing this section, you should be able to
# Troubleshoot power supplies and diode circuits

# Use analysis to evaluate a problem based on symptoms

= Eliminate basic problems that can be detected by observation
® Plan an approach to determining what the fault is in a circuit or system
" Make appropriate measurements to isolate a fault

= Recognize symptoms caused by certain types of component failures

Troubleshooting is the application of logical thinking combined with a thorough knowl-  [i==
edge of circuit or system operation to correct a malfunction. A basic approach to trou-
bleshooting consists of three steps: analysis, planning, and measuring.

A defective circuit or system is one with a known good input but with no output or an
incorrect output. For example, in Figure 2-56(a), a properly functioning dc power supply
1s represented by a single block with a known input voltage and a correct output voltage. A
defective dc power supply is represented in part (b) as a block with an input voltage and an
incorrect output voltage.

ARERERN

DC power supply J—Q

:|||||,: Ohuatput

DC power supply

(a) The correct dc output voltage is measured. (b) An incorrect voltage is measured at the output. The input voltage
is correct.

EIGURE 2-56

Block representations of functioning and nonfunctioning power supplies.
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Analysis

The first step in troubleshooting a defective circuit or system is to analyze the problem,
which includes identifying the symptom and eliminating as many causes as possible. In the
case of the power supply example illustrated in Figure 2-56(b), the symptom is that the out-
put voltage is not a constant regulated dc voltage. This symptom does not tell you much
about what the specific cause may be. In other situations, however, a particular symptom
may point to a given area where a fault is most likely.

The first thing you should do in analyzing the problem is to try to eliminate any obvious
causes. In general, you should start by making sure the power cord is plugged into an ac-
tive outlet and that the fuse is not blown. In the case of a battery-powered system, make sure
the battery is good. Something as simple as this is sometimes the cause of a problem. How-
ever, in this case, there must be power because there is an output voltage.

Beyond the power check, use your senses to detect obvious defects, such as a burned re-
sistor, broken wire, loose connection, or an open fuse. Since some failures are temperature
dependent, you can sometimes find an overheated component by touch. However, be very
cautious in a live circuit to avoid possible burn or shock. For intermittent failures, the cir-
cuit may work properly for awhile and then fail due to heat buildup. As a rule, you should
always do a sensory check as part of the analysis phase before proceeding.

Planning

In this phase, you must consider how you will attack the problem. There are three possible
approaches to troubleshooting most circuits or systems.

1. Start at the input where there is a known input voltage and work toward the output
until you get an incorrect measurement. When you find no voltage or an incorrect
voltage, you have narrowed the problem to the part of the circuit between the last
test point where the voltage was good and the present test point. In all
troubleshooting approaches, you must know what the voltage is supposed to be at
each point in order to recognize an incorrect measurement when you see it.

2. Start at the output of a circuit and work toward the input. Check for voltage at
each test point until you get a correct measurement. At this point, you have
isolated the problem to the part of the circuit between the last test point and the
current test point where the voltage is correct.

3. Use the half-splitting method and start in the middle of the circuit. If this
measurement shows a correct voltage, you know that the circuit is working
properly from the input to that test point. This means that the fault is between the
current test point and the output point, so begin tracing the voltage from that point
toward the output. If the measurement in the middle of the circuit shows no voltage
or an incorrect voltage, you know that the fault is between the input and that test
point. Therefore, begin tracing the voltage from the test point toward the input.

For illustration, let’s say that you decide to apply the half-splitting method using an os-
cilloscope.

Measurement

The half-splitting method is illustrated in Figure 2-57 with the measurements indicating a
particular fault (open filter capacitor in this case). At test point 3 (TP3) you observe a full-
wave rectified voltage that indicates that the transformer and rectifier are working properly.
This measurement also indicates that the filter capacitor is open, which is verified by the
full-wave voltage at TP4. If the filter were working properly, you would measure a dc volt-
age at both TP3 and TP4. If the filter capacitor were shorted, you would observe no voltage
at all of the test points except TP1 because the fuse would most likely be blown. A short
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i j Capacitor-
- Transformer [T—O—— Full-wave ~ : Voltage o
1ov :i B (fused) rectifier || 3 lfrllﬁ:; i regulator 1 e

Example of the half-splitting approach. An open filter capacitor is indicated.

anywhere in the system is very difficult to isolate because, if the system is properly fused,
the fuse will blow immediately when a short to ground develops.

For the case illustrated in Figure 2—57, the half-splitting method took two measurements
to isolate the fault to the open filter capacitor. If you had started from the power supply in-
put, it would have taken four measurements; and if you had started at the final output, it
would have taken three measurements, as illustrated in Figure 2-58.

Step 4

v Capacitor-
Transformer |[T—O-—=7 Full-wave || ! 4 Voltage :
Hov (fused) : rectifier :_ lfrlllﬁ);[ i ®r ; regulator —(?“7

(a) Measurements starting at the power supply input.

Transformer [T—O—— Full-wave \ CaP il \ Voltage
110V . NS mput ¥ —@
= (fused) rectifier filter y regulator £

(b) Measurements starting at the regulator output.

In this particular case, the two other approaches require more measurements than the half-splitting approach
in Figure 2-57.
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FIGURE 2-59

The effect of an open diode in a half-
wave rectifier is an output of 0 V.

FIGURE 2-60

The effect of an open diode in a
center-tapped rectifier is half-wave
rectification and a larger ripple
voltage at 60 Hz.

Fault Analysis

In some cases, after isolating a fault to a particular circuit, it may be necessary to isolate the
problem to a single component in the circuit. In this event, you have to apply logical think-
ing and your knowledge of the symptoms caused by certain component failures. Some typ-
ical component failures and the symptoms they produce are now discussed.

Effect of an Open Diode in a Half-Wave Rectifier A half-wave filtered rectifier with an
open diode is shown in Figure 2-59. The resulting symptom is zero output voltage as indi-
cated. This is obvious because the open diode breaks the current path from the transformer
secondary winding to the filter and load resistor and there is no load current.

o8\ o L *{
110V ac §|

Transformer Rectifier

Other faults that will cause the same symptom in this circuit are an open transformer
winding, an open fuse, or no input voltage.

Effect of an Open Diode in a Full-Wave Rectifier A full-wave center-tapped filtered rec-
tifier is shown in Figure 2-60. If either of the two diodes is open, the output voltage will
have a larger than normal ripple voltage at 60 Hz rather than at 120 Hz, as indicated.

L -
Imdreales

—vmoiv AT A

mV/DIV [~

F
°
ANRAN
aVATAY %|
v V \
1nov ©-
60 Hz Transformer R,

Another fault that will cause the same symptom is an open in one of the halves of the
transformer secondary winding.
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The reason for the increased ripple at 60 Hz rather than at 120 Hz is as follows. If one
of the diodes in Figure 2—60 is open, there is current through R; only during one half-cycle
of the input voltage. During the other half-cycle of the input, the open path caused by the
open diode prevents current through R,. The result is half-wave rectification, as shown in
Figure 2-60, which produces the larger ripple voltage with a frequency of 60 Hz.

An open diode in a full-wave bridge rectifier will produce the same symptom as in the
center-tapped circuit, as shown in Figure 2—61. The open diode prevents current through R,
during half of the input voltage cycle. The result is half-wave rectification, which produces
an increase in ripple voltage at 60 Hz.

FIGURE 2-61
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rectifier.
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110V
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Effects of a Faulty Filter Capacitor Three types of defects of a filter capacitor are illus-
trated in Figure 2-62.

FIGURE 2-62

Effect of an open diode in a bridge

,'. f\ Transformer Full-wave
TRVAT (fused) rectifier

R

surge

Effects of a faulty filter capacitor.
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Open If the filter capacitor for a full-wave rectifier opens, the output is a full-wave
rectified voltage.

Shorted 1f the filter capacitor shorts, the output is O V. A shorted capacitor should
cause the fuse to blow open. If not properly fused, a shorted capacitor may cause
some or all of the diodes in the rectifier to burn open due to excessive current. In any
event, the output is 0 V.

Leaky A leaky filter capacitor is equivalent to a capacitor with a parallel leakage
resistance. The effect of the leakage resistance is to reduce the time constant and
allow the capacitor to discharge more rapidly than normal. This results in an
increase in the ripple voltage on the output. This fault is rare.

Effects of a Faulty Transformer An open primary or secondary winding of a power sup-
ply transfmmer results in an output of 0 V, as mentioned before.

A vpartially shorted primary winding (which is much less likely than an open) results in
an increased rectifier output voltage because the turns ratio of the transformer is effectively
increased. A partially shorted secondary winding results in a decreased rectifier output volt-
age because the turns ratio is eftectively decreased.

|i EXAMPLE 2-13

|

You are troubleshooting the power supply shown in the block diagram of Figure 2-63.
You have found in the analysis phase that there is no output voltage from the regulator,
as indicated. Also, you have found that the unit is plugged into the outlet and have ver-
ified the input to the transformer, as indicated. You decide to use the half-splitting
method using the scope. What is the problem?

FIGURE 2-63

TP1 TP2 TP3 TP4 TPS
Transformer Full-wave Capacitor- Voltage
i@’ﬁ . —&— . —— —@
! (fused) ® rectifier input filter regulator

I

i A4 |ov
| | —— | ] |
Step 2 i Step 1
e
- DMM© Reclifier SL =
N ey
R_vurge
o e
Filter
Steps 4 & 5 [Dinde fes 1 shorted

Solution  The step-by-step measurement procedure is illustrated in the figure and described as
follows.

Step 1: There is no voltage at test point 3 (TP3). This indicates that the fault is
between the input to the transformer and the output of the rectifier. Most
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likely, the problem is in the transtormer or in the rectifier, but there may be a
short from the filter input to ground.

Step 2: The voltage at test point 2 (TP2) is correct, indicating that the transformer is

working. So, the problem must be in the rectifier or a shorted filter input.

Step 3:  With the power turned off, use a DMM to check for a short from the filter

input to ground. Assume that the DMM indicates no short. The fault is now
isolated to the rectifier.

Step 4:  Apply fault analysis to the rectifier circuit. Determine the component failure

in the rectifier that will produce a 0 V input. If only one of the diodes in the
rectifier is open, there should be a half-wave rectified output voltage, so this
is not the problem. In order to have a 0 V output, both of the diodes must be
open.

Step 5:  With the power off, use the DMM in the diode test mode to check each

diode. Replace the defective diodes, turn the power on, and check for proper
operation. Assume this corrects the problem.

Suppose you had found a short in Step 3, what would have been the logical next step?

Multisim Troubleshooting Exercises e
These file circuits are in the Troubleshooting Exercises folder on your CD-ROM. W

I.:I
1. Open file TSE02-01. Determine if the circuit is working properly and, if not, deter- Jl

mine the fault.

2. Open file TSE02-02. Determine if the circuit is working properly and, if not, deter-

mine the fault.

3. Open file TSE02-03. Determine if the circuit is working properly and, if not, deter-

mine the fault.

- TR
| SECTION 2-7

REVIEW

. What effect does an open diode have on the output voltage of a half-wave

rectifier?

. What effect does an open diode have on the output voltage of a full-wave

rectifier?

. If one of the diodes in a bridge rectifier shorts, what are some possible

consequences?

. What happens to the output voltage of a rectifier if the filter capacitor becomes

very leaky?

. The primary winding of the transformer in a power supply opens. What will you

observe on the rectifier output?

- The dc output voltage of a filtered rectifier is less than it should be. What may be

the problem?
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1. Input voltage: 115V rms at 60 Hz the primary current. Select from the
' following standard fuse values:

250 mA, 500 mA, TA, 2A,3A,5A,

7.5A, and 10 A.

2. Output voltage (unregulated):
12V dc = 10%

. Maxi ipple factor: 3% i .
3. Maximum ripple factor . & Filter Capacitor Select a minimum

4. Maximum load current: 250 mA value of filter capacitor to meet the
: ripple factor requirements with a
The Components maximum load current (minimum load
SYSTEM | i resistance). Choose from the following

8 Transformer Transformers are usually standard value electrolytics: 1 juF, 4.7 uF

10 wF, 33 uF 47 uF 100 puF 220 piF,
470 wF, 1000 wF, 1500 wF, 3300 uF,
4700 uF, 6800 wF, and 10,000 wF.

APPLICATION

specified according to their rms output
(secondary) voltage. Based on the power |

supply specifications, select a power

i transformer from the following list: 24 V,
Assume you are working for an electronics 18V, 126V, 12V,9V,and 6.3 V. The Schematic
manufacturing company as an electronics : i

i _ B Diodes Select a diode type to be used Complete the preliminary schematic in
technician. Your company designs, manu- | i Figure 2-64 by adding component values

fact J tests 2 wid . ¢ oroducts. | in the rectifier bridge with minimum /o,
actures, and tests a wide variety of products. | :
ores etyofp I lesm, and Vigy required to do the job. i and/or part numbers.

Your first on-the-job assignment is to

Refer to the diode selection chart in The Printed Circuit Board

develop and test a dc power supply that will I Figure 2-55.

i i h | : o .
be used in several different products such as | ® Check out the printed circuit board in

an industrial counting system, a security G Surge resistor Determine a value of Figure 2-65 to verify that it is correct
alarm system, a voice intercom system, and a | surge resistor based on the /i, of the according to the schematic. Al black
public address system. You will apply the selected diodes. Use the next higher resistor bands indicate an unspecified
knowledge you have gained to this point to standard value but keep it as small as value that you have determined.
complete your assignment. . possible to minimize voltage drop.

| Refer to the table of standard values in | ® Label a copy of the board with the

The Power Supply Circuit Appendix A. component and input/output

: designations in agreement with the
| The dc power supply that will be produced | ® Primary fuse Determine the smallest

{ . schematic.
by your company is shown in Figure 2-64. | fuse rating that will handle the normal |
This is to be a universal design that can be current but will blow if the load L A Test Piocadiiie
used in several different systems with some | current exceeds its normal maximum or | .
- . Develop a step-by-step set of instruc-
modifications. In its basic form, this power | if the rectifier output is shorted. You Eo
o i i tions on how to completely check the
supply is to be unregulated. Later modifica- :  can determine the turns ratio from the :
| ) o ) i _ ) i power supply board for proper
tions will include a regulator. The basic voltage ratings and use the basic : . . . .
. : . . . ! operation using the test points (circled
specifications are as follows: i formula learned in ac circuits to find i

numbers) indicated in the test bench
setup of Figure 2-66. Specify voltage
values and appropriate waveforms for all
the measurements to be made. Provide
a fault analysis for all possible
component failures.

Troubleshoeoting

115V ac -
A preliminary manufacturing run of the

assembled power supply boards are coming
off the assembly line. Three boards have
been found to be defective. Trouble~

shooting techniques must be used to
determine the problems.

The test bench setup is shown in
Power supply preliminary schematic. Figure 2—-66. Based on the sequence of

‘ FIGURE 2-64




» FIGURE 2-65

Power supply printed circuit board.

SYSTEM APPLICATION

__‘.__r__|..-
!
!
I
el e e

—_—

RESET /L0l

i
o

i
—=hz

]

i

B e
1
i

10A mA  Cam

|
|
i ™

V= indicates dc/ac function

»}  indicates diode test

{15V 2 _—— —

L FIGURE 2-66

Power supply test bench.
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FIGURE 2-67

Step | Step 2 Step 3 Step 4 Step 5
BllE s i e rir | AL,
iy Ly (4 | [ R L idy
COM VO coM vo oM Vo coM Vo coM va
HQVE @ ® V= ® ® V= ® ® V=< @@Vz
@ @ bC @ ® bC D @& AC O & AC D @ AC
Board |
Step | Step 2
i 9 i
1 | Jddy
coM va coM va
® @ V= @ ® Vx
@ @ bC @ ® ac —
T E
5 Vidiv. 5 ms/div
'fﬁ:\l
Board 2 e : @
Step 3 Step 4
L1 1) (men e
P ‘u.::;u\’ ‘i:.n::u\’
r i T T COM Vil COM VQ
SN © @ » © © B
| il L IR 1] Step 5 Step 6
|| 3 || || £ | | - —_
FYET R e T | T T - ey T A l '_ I_.l | '—l’_‘l
, 0.1 V/diy . 5 ms/div ~ L:\\f{hs 5 ms/diy {':.Dl_i\ } (‘:-DU\J}
@J? oM Vo coM vo
o) ® ® » ® »
| ® @ @ ®
Board 3 Steps 3 through 6 are done with power off.
s v

measurements for each board indicated
in Figure 2—-67, determine the most
likely fault(s) in each case.

connections to the circuit board. The
DMM function setting is indicated below
the display, and the volt/div and sec/div

for the oscilloscope are shown on the
screen in each case.

The circled numbers indicate test point | o st that includes the following:

Signal tracing sequences for three faulty power supply boards.

{ Final Report (Optional) i 3

Submit a final written report on the power | 4
i supply circuit board using an organized

1. A physical description of the power
supply circuit.

2. Adiscussion of the operation of the
power supply.

. Alist of the specifications.

. Alist of parts with part numbers if

available.

. Alist of the types of problems on the

three faulty circuit boards.

A complete description of how you
determined the problem on each of
the three faulty circuit boards.
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HALF-WAVE RECTIFIER

/ \ \

Output voltage waveform

CENTER-TAPPED FULL-WAVE RECTIFIER

Output voltage wavetorm

BRIDGE FULL-WAVE RECTIFIER

Output voltage waveform

SUMMARY OF POWER SUPPLY RECTIFIERS

Peak value of output:

Votouy = Vpgseey = 0.7V

Average value of output:

v _ Vp(uul)

AVG p
Diode peak inverse voltage:
PIV = Voo

Peak value of output:
1%
- p(sec)

VP(W,) - 2 - 07 V
Average value of output:
2Vp(0ul)

Vave = p

Diode peak inverse voltage:

PIV =2V, + 0.7V

Peak value of output:
Voo = - 14V

P plsec)
Average value of output:
2V ou)

o

Vaveg =

Diode peak inverse voltage:

PIV =V, + 07V
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CHAPTER SUMMARY

KEY TERMS

® The single diode in a half-wave rectifier is forward-biased and conducts for 180° of the input cycle.
= The output frequency of a half-wave rectifier equals the input frequency.

# PLV (peak inverse voltage) is the maximum voltage appearing across the diode in reverse bias.
u  Each diode in a full-wave rectifier is forward-biased and conducts for 180° of the input cycle.
= The output frequency of a full-wave rectifier is twice the input frequency.

m  The two basic types of full-wave rectifier are center-tapped and bridge.

= The peak output voltage of a center-tapped full-wave rectifier is approximately one-half of the
total peak secondary voltage less one diode drop.

# The PIV for each diode in a center-tapped full-wave rectifier is twice the peak output voltage
plus one diode drop.

# The peak output voltage of a bridge rectifier equals the total peak secondary voltage less two
diode drops.

= The PIV for each diode in a bridge rectifier is approximately half that required for an equivalent
center-tapped configuration and is equal to the peak output voltage plus one diode drop.

® A capacitor-input filter provides a dc output approximately equal to the peak of its rectified
input voltage.

@  Ripple voltage is caused by the charging and discharging of the filter capacitor.

®  The smaller the ripple voltage, the better the filter.

® 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 cut off voltage above or below specified levels. Limiters are also called clippers.
# Diode clampers add a dc level to an ac voltage.

® A dc power supply typically consists of an input transformer, a diode rectifier, a filter, and a
regulator.

Key terms and other bold terms in the chapter are defined in the end-of-book glossary.

Clamper A circuit that adds a dc level to an ac voltage using a diode and a capacitor.
Filter A capacitor in a power supply used to reduce the variation of the output voltage from a rectifier.

Full-wave rectifier A circuit that converts an ac sinusoidal input voltage into a pulsating dc voltage
with two output pulses occurring for each input cycle.

Half-wave rectifier A circuit that converts an ac sinusoidal input voltage into a pulsating dc voltage
with one output pulse occurring for each input cycle.

Limiter A diode circuit that clips off or removes part of a waveform above and/or below a specified level.

Line regulation The change in output voltage of a regulator for a given change in input voltage, nor-
mally expressed as a percentage.
Load regulation The change in output voltage of a regulator for a given range of load currents, nor-
mally expressed as a percentage.

Peak inverse voltage (PIV) The maximum value of reverse voltage which occurs at the peak of the
input cycle when the diode is reverse-biased.

Power supply A circuit that converts ac line voltage to dc voltage and supplies constant power to op-
erate a circuit or system.

Regulator An electronic device or circuit that maintains an essentially constant output voltage for a
range of input voltage or load values; one part of a power supply.

Ripple voltage The small variation in the dc output voltage of a filtered rectifier caused by the charg-
ing and discharging of the filter capacitor.

Troubleshooting A systematic process of isolating, identifying, and correcting a fault in a circuit or
system.
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Vv
2-1 Vivg = £ Half-wave average value
2-2 Voouny = Yoy — 0.7V Peak half-wave rectifier output (silicon)
2-3 PIV =V, Peak inverse voltage, half-wave rectifier
24 Vie =nV,; Transformer secondary voltage

2V,
2-5 Vavg = — Full-wave average value
2-6 Vour = ;c -07V Center-tapped full-wave output
2-7 PIV =2V, ., + 0.7V Peak inverse voltage, center-tapped rectifier
2-8 Voouy = Votsery — 1.4V Bridge full-wave output
2-9 PIV=V,,,+ 07V Peak inverse voltage, bridge rectifier

VI’ )
2-10 r= —re) Ripple factor
Vi
1 . .
2-11 Vi) = ﬁ( C V(rees) Peak-to-peak ripple voltage, capacitor-
L input filter
1 .

2-12 Voe=11-— m Votreer) DC output voltage, capacitor-input filter

VP(‘”) - 1.4 V
2-13 Royppe = ———— Surge resistance

IFSM
. . AVour
2-14 Line regulation = | ———— 1100%
IN
Var — Vi
2-15 Load regulation = ( NLV rL)lOO%
FL

CIRCUIT-ACTION QUIZ

Answers are at the end of the chapter.

1.

If the input voltage in Figure 2—-]0 is increased, the peak inverse voltage across the diode will

(a) increase (b) decrease (¢) not change

. If the turns ratio of the transtormer in Figure 2—10 is decreased, the forward current through

the diode will

(a) increase (b) decrease (¢) not change

. If the frequency of the input voltage in Figure 2-18 is increased, the output voltage will

(a) increase (b) decrease (¢) notchange

. If the PIV rating of the diodes in Figure 2-18 is increased, the current through R, will

(a) increase (b) decrease (c¢) not change

. If one of the diodes in Figure 2-23 opens, the average voltage to the load will

(a) increase (b) decrease (¢) not change

. If the value of R, in Figure 2-23 is decreased, the current through each diode will

(a) increase (b) decrease (¢) not change

If the capacitor value in Figure 2-30 is decreased, the output ripple voltage will
(a) increase (b) decrease (¢) not change

If the line voltage in Figure 2-33 is increased, ideally the +5 V output will
(a) increase

(b) decrease (¢) not change
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10.

11.

12.

If the bias voltage in Figure 2-37 is decreased, the positive portion of the output voltage will
(a) increase (b) decrease (¢) not change

If the bias voltage in Figure 2-37 is increased, the negative portion of the output voltage will
(a) increase (b) decrease (¢) not change

If the value of R; in Figure 2-43 is decreased, the positive output voltage will

(a) increase (b) decrease (c) not change

If the input voltage in Figure 2-47 is increased, the peak negative value of the output voltage will

(a) increase (b) decrease (¢) not change

' SELF—TEST Answers are at the end of the chapter.

1.

10.

11.

12.

13.

14.

The average value of a half-wave rectified voltage with a peak value of 200V is

(a) 63.7V (b) 127.3V (c) 141V (d) oV

When a 60 Hz sinusoidal voltage is applied to the input of a half-wave rectifier, the output
frequency is

(a) 120 Hz (b) 30 Hz (c) 60 Hz (d) OHz

The peak value of the input to a half-wave rectifier is 10 V. The approximate peak value of the
output is

(a) 10V (b) 3.18V (c) 107V (d) 9.3V

For the circuit in Question 3, the diode must be able to withstand a reverse voltage of

(a) 10V () 5V (c) 20V (d) 3.18V

The average value of a full-wave rectified voltage with a peak value of 75V is

(a) 53V (b) 478V (c) 375V (d) 239V

When a 60 Hz sinusoidal voltage is applied to the input of a full-wave rectifier, the output
frequency is

(a) 120 Hz (b) 60 Hz (c) 240 Hz (d) OHz

The total secondary voltage in a center-tapped full-wave rectifier is 125 V rms. Neglecting the
diode drop, the rms output voltage is

(a) 125V (b) 177V (c) 100V (d) 625V

. When the peak output voltage is 100 V, the PIV for each diode in a center-tapped full-wave

rectifier is (neglecting the diode drop)
(a) 100V (b) 200V (¢c) 141V (d) 50V

. When the rms output voltage of a bridge full-wave rectifier is 20 V, the peak inverse voltage

across the diodes is (neglecting the diode drop)

(a) 20V (b) 40V (c) 283V (d) 566V

The ideal dc output voltage of a capacitor-input filter is equal to
(a) the peak value of the rectified voltage

(b) the average value of the rectified voltage

(¢) the rms value of the rectified voltage

A certain power-supply filter produces an output with a ripple of 100 mV peak-to-peak and a
dc value of 20 V. The ripple factor is

(a) 0.05 (b) 0.005 (c) 0.00005 (d) 0.02

A 60V peak full-wave rectified voltage is applied to a capacitor-input filter. If f = 120 Hz,
R, = 10k&Q, and C = 10 uF, the ripple voltage is

(a) 0.6V (b) 6 mV (c) 50V (d) 288V

If the load resistance of a capacitor-filtered full-wave rectifier is reduced, the ripple voltage
(a) increases (b) decreases (c) is not affected (d) has a different frequency
Line regulation is determined by

(a) load current

(b) zener current and load current
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(¢) changes in load resistance and output voltage

(d) changes in output voltage and input voltage
15. Load regulation is determined by

(a) changes in load current and input voltage

(b) changes in load current and output voltage

(¢) changes in load resistance and input voltage

(d) changes in zener current and load current

16. A 10V peak-to-peak sinusoidal voltage is applied across a silicon diode and series resistor.
The maximum voltage across the diode is

(@ 93V B SY  (©07V () 10V (e 43V

17. If the input voltage to a voltage tripler has an rms value of 12V, the dc output voltage is
approximately

(a) 36V (b) 509V (¢) 339V (d) 324V
18. If one of the diodes in a bridge full-wave rectifier opens, the output is
(a) OV
(b) one-fourth the amplitude of the input voltage
(c¢) a half-wave rectified voltage
(d) a 120 Hz voltage
19. If you are checking a 60 Hz tull-wave bridge rectifier and observe that the output has a 60 Hz
ripple,
(a) the circuit is working properly
(b) there is an open diode
(¢) the transformer secondary is shorted
(d) the filter capacitor is leaky

Answers to all odd-numbered problems are at the end of the book.

BASIC PROBLEMS
SECTION 2-1 Half-Wave Rectifiers

1. Draw the output voltage waveform for each circuit in Figure 2-68 and include the voltage
values.

+50V

g Y 47 Q) 8

SV . =50V

1 [—

(a) (b)

U

Muiltisim file circuits are identified with a CD logo and are in the Problems folder on your CD-ROM.
Filenames correspond to figure numbers (e.g., F02-68).

2. What is the peak forward current through each diode in Figure 2-687

3. A power-supply transformer has a turns ratio of 5:1. What is the secondary voltage if the
primary is connected to a 115 V rms source?



98 = DIODE APPLICATIONS

4. Determine the peak and average power delivered to R, in Figure 2—69.

FIGURE 2-69 2:1
e e
115V rms H 5509
SECTION 2-2 Full-Wave Rectifiers
5. Find the average value of each voltage in Figure 2--70.
3V k- 100V - —~ /
/\ / \ | \’ N
ov — A
(@) (b)
20V +25V 5 r\\
MIAVAYAYAN
10V -15V
ov
© (d
FIGURE 2-70
6. Consider the circuit in Figure 2-71.
(a) What type of circuit is this?
(b) What is the total peak secondary voltage?
(¢) 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?
FIGURE 2-71 4:1 N
l 2
e O
110 V rms ' | [
— RL
T D, 1.0k

7. Calculate the peak voltage across each half of a center-tapped transformer used in a full-wave
rectifier that has an average output voltage of 110 V.
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8. Show how to connect the diodes in a center-tapped rectifier in order to produce a negative-
going full-wave voltage across the load resistor.

9. What PIV rating is required for the diodes in a bridge rectifier that produces an average output
voltage of 50 V?

10. The rms output voltage of a bridge rectifier is 20 V. What is the peak inverse voltage across the
diodes?

11. Draw the output voltage of the bridge rectifier in Figure 2-72. Notice that all the diodes are
reversed from previous circuits.

110V rms

o,
' -z FIGURE 2-72

SECTION 2-3 Power Supply Filters and Regulators

12. A certain rectifier filter produces a dc output voltage of 75 V with a peak-to-peak ripple
voltage of 0.5 V. Calculate the ripple factor.

13. A certain full-wave rectifier has a peak output voltage of 30 V. A 50 uF capacitor-input filter is
connected to the rectifier. Calculate the peak-to-peak ripple and the dc output voltage
developed across a 600 €2 load resistance.

14. What is the percentage of ripple for the rectifier filter in Problem 137

15. What value of filter capacitor is required to produce a 1% ripple factor for a full-wave rectifier
having a load resistance of 1.5 kQ2? Assume the rectifier produces a peak output of 18 V.

16. A full-wave rectifier produces an 80 V peak rectified voltage from a 60 Hz ac source. If a
10 pF filter capacitor is used, determine the ripple factor for a load resistance of 10 kQ.

17. Determine the peak-to-peak ripple and dc output voltages in Figure 2—-73. The transformer has
a 36 V rms secondary voltage rating, and the line voltage has a frequency of 60 Hz.

Surge

110V rms H

] . FIGURE 2-73

18. Refer to Figure 2-73 and draw the following voltage waveforms in relationship to the input
waveforms: V,p, V,p, and V(. A double letter subscript indicates a voltage from one point to
another.

19. If the no-load output voltage of a regulator is 15.5 V and the full-load output is 14.9 V, what is
the percent load regulation?
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SECTION 2-4

20. Assume a regulator has a percent load regulation of 0.5%. What is output voltage at full-load if
the unloaded output is 12.0 V?

Diode Limiting and Clamping Circuits
21. Determine the output waveform for the circuit of Figure 2-74.

FIGURE 2-74 R
e MV o 0
+10V 1.0 kO
LoV Vi
-10V
o o
=

22. Determine the output voltage for the circuit in Figure 2-75(a) for each input voltage in (b), (c),
and (d).

n

+12V

+5V -

\/ sovl L -5vL

(a)

() (d)

23. Determine the output voltage waveform for each circuit in Figure 2-76.

—]

+10V 3V
Y '
[} O
(b) (c)
- _ _
| o—|| o—I
+10V 3V +10V 3V +10V - 3V
ov-L— 1L.0KQ - Vo OV A Vie ov LA
—lov : _10V ' ~i0v L ¥4
O 4: O O (e}
(d) (@) %)
FIGURE 2-76
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24.

Determine the R, voltage waveform for each circuit in Figure 2-77.

+10V

ovL——n

-10V

(a) (b)
FIGURE 2-77

25. Draw the output voltage waveform for each circuit in Figure 2-78.

R R
o —AN—3—9— L
22k 2.2k
+30V +30V N
Vi oV L Dy D VooV A D, D, Vi
30V -30V \/
o ] —0 e 5 o
= L
(a) (b}
FIGURE 2-78
26. Determine the output voltage waveform for each circuit in Figure 2-79.
o e ’ o
2
+30V o~ 2280
} Vi oV E— + '
-30V 2V T
o o
-
(a) (b)
o MN o 0
2.2k
B0V A 2k
} oV I_\‘\_,-'_ _ |
v \_/ 1eN—
I
o o o
(©

(d)
FIGURE 2-79
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27. Describe the output waveform of each circuit in Figure 2-80. Assume the RC time constant is

much greater than the period of the input.

28. Repeat Problem 27 with the diodes turned around.

C
s
+4V -
0oLt—— R
—4V NS
¢} * o}
=
(a)
C
+8V 1
O———7 71— R
8V =
o o o]
(c)

ECTION 2 Voltage Multipliers

C
\| . .
o ) o)
+I15V
O_."_._,_ R
-5V -
o L —l— o}
(b)
—)
ol 0
0 T R
-1V
o L __T_ o]
(d)

29. A certain voltage doubler has 20 V rms on its input. What is the output voltage? Draw the

circuit, indicating the output terminals and

PIV rating for the diode.

30. Repeat Problem 29 for a voltage tripler and quadrupler.

The Diode Data Sheet

31. From the data sheet in Figure 2-55, determine how much peak inverse voltage that a IN1183A

diode can withstand.
32. Repeat Problem 31 fora INLI8SA.

33. If the peak output voltage of a bridge full-wave rectifier is 50 V, determine the minimum value
of the surge-limiting resistor required when INI183A diodes are used.

c

TROUBLESHOOTING PROBLEMS

Troubleshooting
34. If one of the diodes in a bridge rectifier op

is not, determine the most likely failure(s).

1:1

® o [—«J
115V rms H N =
DMMI

3

ens, what happens to the output?

R

surge

100
100 uF

B

5
[ ¢ 10kQ
MM2

H\Z!."'_"g! 35. From the meter readings in Figure 2-81, determine if the rectifier is functioning properly. Tf it

¥

+|
|




36.

37.
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Each part of Figure 2-82 shows oscilloscope displays of various rectifier output voltages. In
each case, determine whether or not the rectifier is functioning properly and if it is not,
determine the most likely failure(s).

Based on the values given, would you expect the circuit in Figure 2-83 to fail? If so, why?

N
.\

AT P

—

il

St

|

0 ) ]

i L o
T
.

L

|
L I_ S S

H

A

(a) Output of a half-wave  (b) Output of a full-wave  (¢) Output of a full-wave  (d) Output of same full-
unfiltered rectifier unfiltered rectifier filter wave filter as part (¢)

FIGURE 2-82

5:1 N
l

o o
115V rms H q
— Ry

T 3300

D, Verm =50V
Io =100 mA

FIGURE 2-83

SYSTEM APPLICATION PROBLEMS

38.

[RLER

Determine the most likely failure in the circuit board of Figure 2—-84 for each of the following
symptoms. State the corrective action you would take in each case. The transformer has a rated
output of 36 V.

(a) No voltage measured from test point 1 to test point 2.

(b) No voltage from test point 3 to test point 4, 110 V rms from test point 1 to test point 2.
(¢) 50V rms from test point 3 to test point 4. Input is correct at 110 V rms.

(d) 25V rms from test point 3 to test point 4. Input is correct at 110 V rms.

(e) A full-wave rectified voltage with a peak of approximately 50 V at test point 7 with
respect to ground.

(f) Excessive 120 Hz ripple voliage at test point 7.
(g) The ripple voltage has a frequency of 60 Hz at test point 7.
(h) No voltage at test point 7.

FIGURE 2-84
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39.

40.

In testing the power supply board in Figure 2-84 with a 10 k€ load resistor connected, you
find the voltage at the positive side of the filter capacitor to have a 60 Hz ripple voltage. You
replace all the diodes, plug in the board, and check the point again to verify proper operation
and it still has the 60 Hz ripple voltage. What now?

If the top diode on the circuit board in Figure 2-84 is incorrectly installed backwards, what
voltage would you measure at test point 87

ADVANCED PROBLEMS

41.

42.

43.

44.

46.

47,

A full-wave rectifier with a capacitor-input filter provides a dc output voltage of 35 V to a
3.3 kQ load. Determine the minimum value of filter capacitor if the maximum peak-to-peak
ripple voltage is to be 0.5 V.

A certain unfiltered full-wave rectifier with 115V, 60 Hz input produces an output with a peak
of 15 V. When a capacitor-input filter and a 1.0 k€2 load are connected, the dc output voltage is
14 V. What is the peak-to-peak ripple voltage?

For a certain full-wave rectifier, the measured surge current in the capacitor filter is 50 A. The
transformer is rated for a secondary voltage of 24 V with a 110V, 60 Hz input. Determine the
value of the surge resistor in this circuit.

Design a full-wave rectifier using an 18 V center-tapped transformer. The output ripple is not
to exceed 5% of the output voltage with a load resistance of 680 (). Specify the I, and PIV
ratings of the diodes and select an appropriate diode from Figure 2-55.

. Design a filtered power supply that can produce dc output voltages of +9V = 10% and

—9V £10% with a maximum load current of 100 mA. The voltages are to be switch
selectable across one set of output terminals. The ripple voltage must not exceed 0.25 V rms.

Design a circuit to limit a 20 V rms sinusoidal voltage to a maximum positive amplitude of
18 V and a maximum negative amplitude of 10 V using a single 24 V dc voltage source.

Determine the voltage across each capacitor in the circuit of Figure 2-85.

FIGURE 2-85 C

1:1 I( °

(L I\
| uF D,
110V rms
60 Hz H D c.
T T
=

MULTISIM TROUBLESHOOTING PROBLEMS

These file circuits are in the Troubleshooting Problems folder on your CD-ROM.

48.
49.
50.
51.
52.
53.
54.
55.
56.

Open file TSP02-48 and determine the fault.
Open file TSP02-49 and determine the fault.
Open file TSP02-50 and determine the fault.
Open file TSPO2-51 and determine the fault.
Open file TSP02-52 and determine the fault.
Open file TSP02-53 and determine the fault.
Open file TSP02-54 and determine the fault.
Open file TSP02-55 and determine the fault.
Open file TSP02-56 and determine the fauit.
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ANSWERS

SECTION REVIEWS
SECTION 2Z-1 Half-Wave Rectifiers
PIV across the diode occurs at the peak of the input when the diode is reversed biased.
There is current through the load for approximately halt (50%) of the input cycle.
The average value is 10 V/m = 3.18 V.
The peak output voltage is 25V — 0.7V =243 V.
The PIV must be at least 50 V.

nos W

SECTION 2Z-2 Full-Wave Rectifiers

1. A full-wave voltage occurs on each half of the input cycle and has a frequency of twice the
input frequency. A half-wave voltage occurs once each input cycle and has a frequency equal
to the input frequency.

The average value of 2(60 V)/ = 38.12V
The bridge rectifier has the greater output voltage.

The 50 V diodes must be used in the bridge rectifier.

U

In the center-tapped rectifier, diodes with a PIV rating of at least 90 V would be required.

SECTION Z-3 Power Supply Filters and Regulators
1. The output frequency is 60 Hz.
2. The output frequency is 120 Hz.

3. The ripple voltage is caused by the slight charging and discharging of the capacitor through
the load resistor.

4. The ripple voltage amplitude increases when the load resistance decreases.
5. Ripple factor is the ratio of the ripple voltage to the average or dc voltage.

6. Input regulation means that the output is constant over a range of input voltages. Load
regulation means that the output voliage is constant over a range of load current values.

SECTION 2-4 Diode Limiting and Clamping Circuits
1. Limiters clip off or remove portions of a waveform. Clampers insert a dc level.
A positive limiter clips off positive voltages. A negative limiter clips off negative voltages.
0.7 V appears across the diode.
The bias voltage mustbe 5V — 0.7V =43V,

The capacitor acts as a battery.

AT I A

SECTION 2Z-5 Voltage Multipliers
1. The peak voltage rating must be 100 V.
2. The PIV rating must be at least 310 V.

SECTION 2-6 The Diode Data Sheet

1. The three rating categories on a diode data sheet are maximum ratings, electrical
characteristics, and mechanical data.

2. Ve is forward voltage, I is reverse current, and I is peak average forward current.

3. Jgsy is maximum forward surge current, Vg, is maximum reverse peak repetitive voltage, and
Vrsp 1S maximum reverse peak nonrepetitive voltage.

4. The IN4720 has an Iy = 3.0 A, Jegyy = 300 A, and Vigy = 100 V.
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SECTION 2-7 Troubleshooting

1.

A

An open diode results in no output voltage.

An open diode produces a half-wave output voltage.

The shorted diode may burn open. Transformer will be damaged. Fuse will blow.

The amplitude of the ripple voltage increases with a leaky filter capacitor.

There will be no output voltage when the primary opens.

The problem may be a partially shorted secondary winding.

RELATED PROBLEMS FOR EXAMPLES

2-1
2-2
2-3
24
2-5
2-6
2-7
2-8
2-9
2-10
2-11
2-12
2-13

382V
(a)2.3V
(a) 6233V
98.7V
79.3 V including diode drop

410V, 417V

103 mV

3.7%

A positive peak of 8.72 'V and clipped at —0.7V
Limited at +10.7 V and — 10.7V

Change R;to 1.0 kQ or R, 10 2.2 kQ.

Same voltage waveform as Figure 248

(b) 209.3V
(b) 624V

Verify C is shorted and replace it.

CIRCUIT-ACTION QUIZ

1. 2.() 3.0 4@ 50b) 6@
7.a) 8.(c) 9.(b) 10.(c) 1L(b) 12.(a)
SELF-TEST
L@ 2@ 3@ 4@ 5@0®) 6@
10. (@) 1L.(b) 12.(c) 13.(a) 14.(d) 15.(b)

19. (b)

7.(d)
16. (d)

8. (b)

17. (b)

(¢) negative half-cycles rather than positive half cycles

9. (¢)
18. (¢)






SPECIAL-PURPOSE DIODES

INTRODUCTION

Chapter 2 was devoted to general-purpose and rectifier 3-1
diodes, which are the most widely used types. In this 3-2
chapter, we will cover several other types of diodes that are

designed for specific applications, including the zener, 33
varactor (variable-capacitance), light-emitting, photodiode, 3-4
current regulator, Schottky, tunnel, pin, step-recovery, and 3-5
laser diodes. 3-6

Zener Diodes

Zener Diode Applications
Varactor Diodes

Optical Diodes

Other Types of Diodes
Troubleshooting

m System Application




CHAPTER OBJECTIVES

Describe the characteristics of a zener diode and analyze its

operation

Explain how a zener can be used in voltage regulation and

limiting applications

Describe the variable-capacitance characteristics of a varactor

diode and analyze its operation in a typical circuit

Discuss the operation and characteristics of LEDs and
photodiodes

Discuss the basic characteristics of current regulator, Schottky,
pin, step-recovery, tunnel, and laser diodes

Troubleshoot zener diode regulators

Zener diode
Zener breakdown
Varactor

Light-emitting diode
(LED)

Electroluminescence
Photodiode
Laser

EEER SYSTEM APPLICATION PREVIEW

Your assignment will be to analyze and test a new system for
counting and controlling items for packaging and shipment.
The first system is to be installed in a sporting goods
manufacturing plant to control the packaging of baseballs
for shipment. The first step in your assignment is to learn all
you can about various special-purpose diodes. You will then
apply your knowledge to the system application at the end
of the chapter.

.VISIT THE COMPANION WEBSITE

Study aids for this chapter are available at
http://www.prenhall.com/floyd

109
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A major application for zener diodes is as a type of voltage regulator for providing
stable reference voltages for use in power supplies, voltmeters, and other instraments.
In this section, you will see how the zener diode maintains a nearly constant dc voltage
under the proper operating conditions. You will learn the conditions and limitations for
properly using the zener diode and the factors that affect its performance.

After completing this section, you should be able to

= Describe the characteristics of a zener diode and analyze its operation

= Identify a zener diode by its symbol

# Discuss avalanche and zener breakdown

= Analyze the V-I characteristic curve of a zener diode

= Discuss the zener equivalent circuit

= Define temperature coefficient and apply it to zener analysis

® Discuss power dissipation in a zener and apply derating

w Interpret a zener diode data sheet

Cathode (K)

== The symbol for a zener diode is shown in Figure 3—1. A zener diode is a silicon pn junc-

tion device that is designed for operation in the reverse-breakdown region. The breakdown
voltage of a zener diode 1s set by carefully controlling the doping level during manufacture.
Recall, from the discussion of the diode characteristic curve in Chapter 1, that when a diode

reaches reverse breakdown, its voltage remains almost constant even though the current

Anode (A)
FIGURE 3-1 changes drastically. This volt-ampere characteristic is shown again in Figure 3-2 with nor-
FIGOUKE -3 . . . . .
I — mal operating regions for rectifier diodes and for zener diodes shown as shaded areas. 1f a
Zener diode symbol. zener diode is forward-biased, it operates the same as a rectifier diode.

| Forward-bias
| region

I." Reverse-bias
| region

/
[

1

I

(a) The normal operating regions for a rectifier
diode are shown as shaded areas.

FIGURE 3-2

Ie
L |
[
[
e 1y .I
v .I
Vi = — Ve
|rl
/ JI
Reverse- |
breakdown J‘I
region I
|
/ I

(b) The normal operating region for a zener diode
is shaded.

General diode V-/ characteristic.



Zener Breakdown

Zener diodes are designed to operate in reverse breakdown. Two types of reverse break-
down in a zener diode are avalanche and zener. The avalanche breakdown, discussed in
Chapter 1, occurs in both rectifier and zener diodes at a sufficiently high reverse voltage.
Zener breakdown occurs in a zener diode at low reverse voltages. A zener diode is heav-
ily doped to reduce the breakdown voltage. This causes a very thin depletion region. As a
result, an intense electric field exists within the depletion region. Near the zener breakdown
voltage (V,), the field is intense enough to pull electrons from their valence bands and cre-
ate current.

Zener diodes with breakdown voltages of less than approximately 5 V operate predom-
inately in zener breakdown. Those with breakdown voltages greater than approximately 5 V
operate predominately in avalanche breakdown. Both types, however, are called zener
diodes. Zeners are commercially available with breakdown voltages of 1.8 V to 200 V with
specified tolerances from 1% to 20%.

Breakdown Characteristics

Figure 3-3 shows the reverse portion of a zener diode’s characteristic curve. Notice that as
the reverse voltage (V) is increased, the reverse current (/) remains extremely small up to
the “knee” of the curve. The reverse current is also called the zener current, /,. At this point,
the breakdown effect begins; the internal zener resistance, also called zener impedance (Z,),
begins to decrease as the reverse current increases rapidly. From the bottom of the knee, the
zener breakdown voltage (V) remains essentially constant although it increases slightly as
the zener current, I, increases.

FIGURE 3-3
V, @ Ly Reverse characteristic of a zener
Vi P—— diode. V; is usually specified at the
:.. __________ I7y (zener knee current) zener test current, Iy, and is
:-' designated V.
i
[I
|
'5_ ___________ 71 (zener test current)
| o
$—— Iy (zener maximum current)

Iy

Zener Regulation The ability to keep the reverse voltage across its terminals essentially
constant is the key feature of the zener diode. A zener diode operating in breakdown acts as
a voltage regulator because it maintains a nearly constant voltage across its terminals over
a specified range of reverse-current values.

A minimum value of reverse current, /., must be maintained in order to keep the diode
in breakdown for voltage regulation. You can see on the curve in Figure 3-3 that when the
reverse current is reduced below the knee of the curve, the voltage decreases drastically and
regulation is lost. Also, there is a maximum current, /5y, above which the diode may be
damaged due to excessive power dissipation. So, basically, the zener diode maintains a
nearly constant voltage across its terminals for values of reverse current ranging from 7,

ZENER DIODES

111
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>
Il

(a) ldeal

Equation 3-1

IEXAMPLE 3-1

to I;. A nominal zener voltage, V,, is usually specified on a data sheet ar a value of re-
verse current called the zener test current, Iy.

Zener Equivalent Circuit

Figure 3—4(a) shows the ideal model of a zener diode in reverse breakdown. It has a con-
stant voltage drop equal to the nominal zener voltage. This constant voltage drop 1s repre-
sented by a dc voltage source even though the zener diode does not actually produce an emf
voltage. The dc source simply indicates that the effect of reverse breakdown is a constant
voltage across the zener terminals.

o AV,
+ [ 0
! Vi — 5
R
§ Ly P 1~ —————= Izx
[
oy I
1+ P 1+ [ I
= A= = | bl l
- - 1y
\J I _
I
I
¥ T
/ AV,
1| Sl
0 Zz AL Al
o o g
(b) Practical ; )
. ____________________ L
|
f I
[ I
I
| e ety Iz
Iy

(c) Characteristic curve

FIGURE 3-4

Zener diode equivalent circuit models and the characteristic curve illustrating Z7.

Figure 3—4(b) represents the practical model of a zener diode, where the zener impedance
(Z,) is included. Since the actual voltage curve is not ideally vertical, a change in zener cur-
rent (Al;) produces a small change in zener voltage (AV,), as illustrated in Figure 3—4(c). By
Ohm’s law, the ratio of AV; to Al, is the impedance, as expressed in the following equation:

AL

Normally, Z; is specified at I, the zener test current, and is designated Z,y. In most cases,
you can assume that Z, is constant over the full linear range of zener current values and is
purely resistive.

A zener diode exhibits a certain change in V, for a certain change in I on a portion of

the linear characteristic curve between Iy and Iy as illustrated in Figure 3-5. What is
the zener impedance?



FIGURE 3-5

Solution

Related Problem ™

I EXAMPLE 3-2

Solution

ZENER DIODES

AV, 50 mV
AL,  5mA

=100

113

Calculate the zener impedance if the change in zener voltage is 100 mV for a 20 mA
change in zener current on the linear portion of the characteristic curve.

“Answers are at the end of the chapter.

A IN4736 zener diode has a Z,; ot 3.5 ). The data sheet gives V,r = 6.8 V at I, =
37 mA and I,x = 1 mA. What is the voltage across the zener terminals when the
current 1s 50 mA? When the current is 25 mA? Figure 3—6 represents the zener diode.

FIGURE 3-6

0o ¥

Q 4

For I, = 50 mA: The 50 mA current is a 13 mA increase above 1 = 37 mA.

Al

AV, =

= [Z - ]ZT = +13 mA

AlZ; = (13mA)(3.5Q) = +455mV
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The change in voltage due to the increase in current above the /¢ value causes the
zener terminal voltage to increase. The zener voltage for /; = 50 mA is

V, =68V -+ AV, =68V +455mV =685V

For I, = 25 mA: The 25 mA current is a 12 mA decrease below I+ = 37 mA.
Al = -12mA
AV, = AlLZ,r = (—12mA)(35 Q) = —42mV

The change in voltage due to the decrease in current below [, causes the zener
terminal voltage to decrease. The zener voltage for [, = 25 mA is

V, =68V — AV, =68V —42mV =6.76V

Related Problem  Repeat the analysis for /, = 10 mA and for /; = 30 mA using a IN4742 zener with
Viap=12Vatl,y =21 mAand Z,r = 9 Q).

Temperature Coefficient

The temperature coefficient specifies the percent change in zener voltage for each degree
centigrade change in temperature. For example, a 12 V zener diode with a positive tem-
perature coetficient of 0.01%/°C will exhibit a 1.2 mV increase in V, when the junction
temperature increases one degree centigrade. The formula for calculating the change in
zener voltage for a given junction temperature change, for a specified temperature coeffi-
cient, is

AV, = V, X TC x AT

[¥F]

cquation

where V; is the nominal zener voltage at 25°C, TC is the temperature coefficient, and AT is the
change in temperature. A positive 7C means that the zener voltage increases with an increase
in temperature or decreases with a decrease in temperature. A negative T7C means that the zener
voltage decreases with an increase in temperature or increases with a decrease in temperature.

In some cases, the temperature coefficient is expressed in mV/°C rather than as %/°C.
For these cases, AV, is calculated as

Equation 3-3 AV, = TCx AT

| EXAMPLE 3-3
An 8.2V zener diode (8.2 V at 25°C) has a positive temperature coefficient of
0.05%/°C. What is the zener voltage at 60°C?

Solution  The change in zener voltage 1s

AV, = V, X TC X AT = (8.2 V)(0.05%/°C)(60°C — 25°C)
(8.2 V)(0.0005/°C)(35°C) = 144 mV

Notice that 0.05%/°C was converted to 0.0005/°C. The zener voltage at 60°C is

V, + AV, =82V + 144mV = 8.34 V

Related Problem A 12V zener has a positive temperature coefficient of 0.075%/°C. How much will the
zener voltage change when the junction temperature decreases 50 degrees centigrade?
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Zener Power Dissipation and Derating

Zener diodes are specified to operate at a maximum power called the maximum dc power dis-
sipation, Ppgy,,. For example, the IN746 zener is rated at a Ppyy,y, of 500 mW and the
IN3305A is rated at a Pp,,,,, of 50 W. The dc power dissipation is determined by the formula,

Pp =Vl

wer Derating  The maximum power dissipation of a zener diode is typically specified
f01 temperatures at or below a certain value (50°C, for example). Above the specified tem-
perature, the maximum power dissipation is reduced according to a derating factor. The de-
rating factor is expressed in mW/°C. The maximum derated power can be determined with
the following formula:
PD(deraled) = PD(max) - (mW/OC)AT

Equation 3-4

A certain zener diode has a maximum power rating of 400 mW at 50°C and a derating
factor of 3.2 mW/°C. Determine the maximum power the zener can dissipate at a
temperature of 90°C.
Solution PD(dCIaICd) = PD(max) - (mW/OC)AT
= 400 mW — (3.2 mW/°C)(90°C — 50°C)
=400 mW — [28 mW = 272 mW

lem A certain 50 W zener diode must be derated with a derating factor of 0.5 W/°C above
75°C. Determine the maximum power it can dissipate at 160°C.

Zener Diode Data Sheet Information
The amount and type of information found on data sheets for zener diodes (or any category
of electronic device) varies from one type of diode to the next. The data sheet for some zen-
ers contains more information than for others. Figure 3-7 gives an example of the type of
information that you have studied that can be found on a typical data sheet but does not rep-
resent the complete data sheet. This particular information is for a popular zener series, the
IN4728~1N4764.

aracteristics The electrical characteristics are listed in a tabular form in
Floure 3 7(a) w1th the zener type numbers in the first column. This feature is common to
most device data sheets.

Zener voltage  For each zener type number, the nominal zener voltage, V, for a
specified value of zener test current, I, is listed in the second column. The nominal
value of V;, can vary depending on the tolerance. For example, the 1N4738 has a
nominal V, of 8.2 V. For 10% tolerance, this value can range from 7.38 V t0 9.02 V.

Zener test current  The value of zener current, /¢, in mA at which the nominal zener
voltage is specified is listed in the third column of the table in Figure 3-7(a).

Zener impedance Z,y is the value of dynamic impedance in ohms measured at the
test current. The values ot Z, for each zener type are listed in the fourth column. The
term dynamic means that it is measured as an ac quantity; that is, the change in voltage
for a specified change in current (Z;7 = AV,/Al). You cannot get Z,; using V, and
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Maximum Ratings

‘ Rating Symbol Value Unit
DC power dissipation @ T, = 50°C Py Lo Wait
Derate above 50°C 6.67 mw/°C
Operating and storage junction Ty Tye —65 to +200 °C
Temperature range

Electrical Characteristics (7, = 25°C unless otherwise noted) Vi = 1.2 V max.
/1: =200 mA for all types.

Nominal Zener Test Maximum Zener Impedance Leakage Current
JEDEC Voltage Current
TypeNo. | v, @1,y Ipy | Zyp @Iyy Zyg @Dk L | Ie Ve
(Note 1) Volts mA Ohms Ohms mA | uA Max  Volts
IN4728 33 76 10 400 1.0 100 1.0
1N4729 3.6 69 10 400 1.0 100 1.0
IN4730 3.9 64 9.0 400 1.0 50 1.0
IN473} 4.3 58 9.0 400 1.0 10 1.0
IN4732 4.7 53 8.0 500 1.0 10 1.0
1N4733 5.1 49 7.0 550 1.0 10 1.0
IN4734 5.6 45 5.0 600 1.0 10 2.0
IN4735 6.2 41 2.0 700 1.0 10 30
IN4736 6.8 37 3.5 700 1.0 10 4.0
IN4737 7.5 34 4.0 700 0.5 10 5.0
IN4738 8.2 31 4.5 700 0.5 10 6.0
1N4739 9.1 28 5.0 700 0.5 10 7.0
IN4740 10 25 7.0 700 0.25 10 7.6
IN4741 [ 23 8.0 700 0.25 5.0 8.4
1N4742 12 21 9.0 700 0.25 5.0 9.1
IN4743 13 19 10 700 0.25 5.0 9.9
IN4744 15 17 14 700 0.25 5.0 11.4
IN4745 16 15.5 16 700 0.25 5.0 12.2
1N4746 18 14 20 750 0.25 50 13.7
1N4747 20 12.5 22 750 0.25 5.0 15.2
1N4748 22 115 23 750 0.25 30 16.7
IN4749 24 10.5 25 750 0.25 5.0 18.2
1N4750 27 9.5 35 750 0.25 5.0 20.6
IN4751 30 8.5 40 1000 0.25 5.0 22.8
IN4752 33 7.5 45 1000 0.25 5.0 25.1
IN4753 36 7.0 50 1000 0.25 5.0 27.4
IN4754 39 6.5 60 1000 0.25 5.0 29.7
IN4755 43 6.0 70 1500 0.25 5.0 327
IN4756 47 5.5 80 1500 0.25 5.0 35.8
IN4757 51 5.0 95 1500 0.25 5.0 388
IN4758 56 4.5 110 2000 0.25 5.0 42.6
IN4759 62 4.0 125 2000 0.25 5.0 47.1
IN4760 68 3.7 150 2000 0.25 50 51.7
IN4761 75 3.3 175 2000 0.25 5.0 56.0
IN4762 82 3.0 200 3000 0.25 50 2.2
1N4763 91 2.8 250 3000 0.25 5.0 69.2
IN4764 100 2.5 350 3000 0.25 5.0 76.0

NOTE 1 — Tolerance and Type Number Designation. The JEDEC type numbers listed have a
standard tolerance on the nominal zener voltage of £10%. A standard tolerance of 5% on individual
units is also available and is indicated by suffixing “A” to the standard type number. C for £2.0%, D
for x1.0%.

(a) Electrical characteristics
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Partial data sheet for the 1N4728—1N4764 series 1 W zener diodes.

[;r, which are dc values. The table also includes Z,y, which is the impedance
measured at the zener knee current, /.

Reverse leakage current  The values of leakage current are listed in the fifth column
of the table. The leakage current is the current through the reverse-biased zener diode
for values of reverse voltage less than the value at the knee of the characteristic curve.
Notice that the values are extremely small as was the case for rectifier diodes.

Maximum zener current  The maximum dc current, I, is not specified on this
particular data sheet. However, it is worth mentioning because you will find it on some
data sheets. The value of I,y is specified based on the power ratin g, the zener voltage
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at I, and the zener voltage tolerance. An approximate value for [ can be calculated
using the maximum power dissipation, Ppy ., and V7 at [1 as follows:

PD(max)
Iz = v E ;
7 quation 3-5

Graphical Data  Some data sheets provide various types of data in the form of graphs while
others do not. Figure 3—7 includes graphs for data related to concepts covered in this section.

Power derating  Figure 3-7(b) shows a power derating curve for this particular series
of zener diodes. Notice that the zeners are rated for a maximum power dissipation of

1 W for temperatures of 50°C and below. Above 50°C the power rating decreases
linearly as shown. For example, at 140°C the power rating is approximately 400 mW.

Temperature coefficients  Figure 3-7(c) shows the temperature coefficient in mVv/°C
versus zener voltage for zener voltages up to 12 V. The two curves define a range for
the temperature coefficient. For example, a 6 V zener diode exhibits a temperature
coefficient that can range from about 1.5 mV/°C to about 3 mV/°C.

Effect of zener current on zener impedance Figure 3—7(d) shows how the zener
impedance, Z,, varies with current for selected values of nominal zener voltage: 2.7 V,
6.2V, 27V, and 47 V. Notice that Z, decreases with increasing current.

SECTION 3-1
REVIEW 1. In what region of their characteristic curve are zener diodes operated?

Answers are at the end 2. At what value of zener current is the zener voltage normally specified?
of the chapter. 3. How does the zener impedance affect the voltage across the terminals of the
device?

4. For a certain zener diode, V; = 10V at Iy = 30 mA. If Z, = 8 (), what is the
terminal voltage at /; = 50 mA?

5. What does a positive temperature coefficient of 0.05%/°C mean?

6. Explain power derating.

3-2 ZENER DIODE APPLICATIONS

The zener diode can be used as a type of voltage regulator for providing stable
reference voltages. In this section, you will see how zeners can be used as regulators
and as simple limiters or clippers.

After completing this section, you should be able to
# Explain how a zener can be used in voltage regulation and limiting applications
= Analyze zener diode regulators under varying input and varying load conditions

® Analyze zener waveform-limiting circuits

Zener Regulation with a Varying Input Voltage

Figure 3-8 illustrates how a zener diode can be used to regulate a varying dc voltage. As
the input voltage varies (within limits), the zener diode maintains a nearly constant output
voltage across its terminals. However, as Vp changes, [, will change proportionally so that
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FIGURE 3-8

Power
Zener regulation of a varying input supply |7 ™
voltage. /,(_\ [
‘ O 'I‘ i’}:_'l':‘\'?ii“l:'

Wi
|\\\\~§\ - _[Z- ---.J.(‘_i ‘

Vi >V 1

(a) As the input voltage increases, the output voltage remains constant (Izx < Iz < 7).

Power
supply |

Vin>Vz L

(b} As the input voltage decreases, the output voltage remains constant (Izx < I7 < Izy).

the limitations on the input voltage variation are set by the minimum and maximum current
values (I7x and I,,,) with which the zener can operate. Resistor R is the series current-
limiting resistor. The meters indicate the relative values and trends.

To illustrate regulation, suppose that the 1N4740 10 V zener diode in Figure 3-9 can
maintain regulation over a range of zener current values from I, = 0.25 mA to Iy, =
100 mA. From the data sheet in Figure 37, Ppp,y = | Wand V; = 10V,

Ly =R LW A
B v, 10V

For the minimum zener current, the voltage across the 220 () resistor is
Ve = IxR = (025 mA)(220 Q) = 55 mV

Since Vp = Viy — V5,
Viniy = Ve + Vp, =55mV + 10V = 10055V

FIGURE 3-9 R

AV~ o
2200
+
Vi I IN4740 0y

+ 0
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For the maximum zener current, the voltage across the 220 £ resistor is

Vi = IyR = (100 mA)(220 ) = 22V

Therefore,

Vingmen =22V + 10V =32V

This shows that this zener diode can regulate an input voltage from 10.055 V to 32 V and
maintain an approximate 10 V output. The output will vary slightly because of the zener im-
pedance, which has been neglected in these calculations.

| EXAMPLE 3-5

Solution

FIGURE 3-11

Determine the minimum and the maximum input voitages that can be regulated by the
zener diode in Figure 3-10.

FIGURE 3-10

Equivalent of circuit in
Figure 3-10.

+ 0

i1
Vin % IN4733

From the data sheet in Figure 3-7, obtain the following information for the 1N4733:
V,=51Vatl,y =49 mA, I,y = 1 mA, and Z; = 7 Q at I,+. For simplicity, assume
this value of Z; over the range of current values. The equivalent circuit is shown in

Figure 3—-11.
AW —o:
100 O
70
+

T
Vin 2=
Z 51V

At I;x = 1 mA, the output voltage is

VOUT = 51 V — AVZ = 51 VvV — (IZT - IZK)ZZ
— 51V — (48mA)(7Q) =51V — 0336V = 476V

Therefore,
VIN(min) = IZKR + ‘/OUT = (1 H’LA)(IOO Q) +476V =486V

To find the maximum input voltage, first calculate the maximum zener current.
Assume the temperature is 50°C or below, so from the graph in Figure 3-7(b), the
power dissipation is 1 W.

PD(mnx) 1 W
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=

=

At Iy, the output voltage is
VOUT = 51 V + AVZ = 51 V + (IZM - IZT)ZZ
=51V + (147TmA)(7Q) =51V + 1.03V =613V
Therefore,

Vinimao = IR + Vour = (196 mA)(100 Q) + 6.13V = 25.7V

{max)

Determine the minimum and maximum input voltages that can be regulated if a
IN4736 zener diode is used in Figure 3—10.

Open the Multisim file E03-05 in the Examples folder on your CD-ROM. For the |
calculated minimum and maximum dc input voltages, measure the resulting output
voltages. Compare with the calculated values.

Zener Regulation with a Variable Load

Figure 3—-12 shows a zener voltage regulator with a variable load resistor across the termi-
nals. The zener diode maintains a nearly constant voltage across R, as long as the zener cur-
rent is greater than /¢ and less than /zy,.

Zener regulation with a variable M =1
load. )

R,

From No Load to Full Load

When the output terminals of the zener regulator are open (R, = ), the load current is zero
and all of the current is through the zener; this is a no-load condition. When a load resistor
(R;) is connected, part of the total current is through the zener and part through R,. The to-
tal current through R remains essentially constant as long as the zener is regulating. As R,
is decreased, the load current, /,, increases and /, decreases. The zener diode continues to
regulate the voltage until I, reaches its minimum value, /. At this point the load current is
maximum, and a full-load condition exists. The following example will illustrate this.

Determine the minimum and the maximum load currents for which the zener diode in
Figure 3—13 will maintain regulation. What is the minimum value of R, that can be
used? V; = 12V, Iy = 1 mA, and Iz, = 50 mA. Assume Z; = 0 ) and V5 remains a
constant 12 V over the range of current values, for simplicity.
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R
—W —
470 Q .
Vi = "' *
N T——
24V = Ru

Solution  When /| = 0 A (R, = %), I; is maximum and equal to the total circuit current /.

Vw—V, 24V -12V

Ity = It = =255 mA
Z{max) T R 470 QO m

Since lz(may 1s less than Iy, 0 A is an acceptable minimum value for /; because the
zener can handle all of the 25.5 mA. If R, is removed from the circuit, the load current
is0A.

Lmim = 0A
The maximum value of /| occurs when /; is minimum (I, = I;x), so
Tmay = It — Iz¢ = 25.5 mA — 1 mA = 245 mA
The minimum value of R, is

v, 12V
IL(mnx) 24.5 mA

RL(min) -

= 490 2

Therefore, if R, is less than 490 ), R, will draw more of the total current away from
the zener and 1, will be reduced below /. This will cause the zener to lose regulation.
Regulation is maintained for any value of R; between 490 (2 and infinity.

Related Problem  Find the minimum and maximum load currents for which the circuit in Figure 3—13
will maintain regulation. Determine the minimum value of R, that can be used. V, =
3.3V (comstant), I,y = 1 mA, I,y = 150 mA. Assume Z, = 0 () for simplicity.

g ‘ Open the Multisim file E03-06 in the Examples folder on your CD-ROM. For the
calculated minimum value of load resistance, verify that regulation occurs.

In the last example, we assumed that Z; was zero and, therefore, the zener voltage re-
mained constant over the range of currents. We made this assumption to demonstrate the
concept of how the regulator works with a varying load. Such an assumption is often ac-
ceptable and in many cases produces results that are reasonably accurate. In Example 3-7,
we will take the zener impedance into account.
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| EXAMPLE 3-7
For the circuit in Figure 3—14:

(a) Determine Voyr at Iz and at Iy,
(b) Calculate the value of R that should be used.

{¢) Determine the minimum value of R, that can be used.

FIGURE 3-14

L

i

Solution  First, review Example 3-6. The 1N4744 zener used in the regulator circuit of Figure
3-14is a 15V diode. The data sheet in Figure 3-7(a) gives the following information:
V=15V @ I1, Iy = 025 mA, I;7 = 17 mA, and Z,; = 14 ().
(a) For L:
Vour = Vz = ISV = ALZyy = 15V = (Izr = Ii)Zg
15V — (16.75mA)(14 ) = 15V — 0235V = 1476 V

1N4744 R,

It

Calculate the zener maximum current. The power dissipation is 1 W.

_PD(max)_lw_ 7
Iz = v T v 66.7 mA
Z

For Iny:

VOUT = VZ =15V + AIZZZT
15V + (Iyg — Ip1)Zpr = 15V + (49.7mA)(14 Q) = 157V

(b) Calculate the value of R for the maximum zener current that occurs when there 1s
no load as shown in Figure 3—15(a).
Vin — Vo 24V - 157V

R=——= — =124 0
Im 66.7 mA

R = 130  (nearest larger standard value).

R
1V o AN PS 0157V Vo AN S

130 Q 100

R L76
=
{0 mA

(a) (b)

FIGURE 3-15
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(¢) For the minimum load resistance (maximum load current), the zener current is
minimum (Ix = 0.25 mA) as shown in Figure 3—15(b).

RL(min) -

Related Problem
(1N4742).

Zener Limiting

Vin — Vour 24V — 1476V
- s T  —710mA
R 130 Q M
=1y — Ix = 71.0mA — 0.25mA = 70.75 mA
% 14.76 V
_ Your _ 147 =209 0Q
I, 70.75mA

Repeat each part of the preceding analysis if the zener is changed to a 12 V device

In addition to voltage regulation applications, zener diodes can be used in ac applications
to limit voltage swings to desired levels. Figure 3—16 shows three basic ways the limiting
action of a zener diode can be used. Part (a) shows a zener used to limit the positive peak
of a signal voltage to the selected zener voltage. During the negative alternation, the zener
acts as a forward-biased diode and limits the negative voltage to —0.7 V. When the zener is
turned around, as in part (b), the negative peak is limited by zener action and the positive
voltage is limited to +0.7 V. Two back-to-back zeners limit both peaks to the zener voltage
+0.7 V, as shown in part (c). During the positive alternation, D, is functioning as the zener
limiter and D is functioning as a forward-biased diode. During the negative alternation, the

roles are reversed.

o o
Vi % 0 _l—ﬁ_
V_/
vz
_L o)

(b)

R
AW o
1%
7
Vin 0 A L
=
% -0.7V
T
(@)
R
Wy

n

(©)
FIGURE 3-16

-07V

+V41 + () TV
\___.
_L

Basic zener limiting action with a sinusoidal input voltage.
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IEXAMPLE 3-8
Determine the output voltage for each zener limiting circuit in Figure 3—-17.

FIGURE 3-17

()

Solution  See Figure 3-18 for the resulting output voltages. Remember, when one zener is
operating in breakdown, the other one is forward-biased with approximately 0.7 V
across it.

FIGURE 3-18

S8V

-157V
(@ (b)

Related Problem (a) What is the output in Figure 3—17(a) if the input voltage is increased to a peak
value of 20 V?

(b) What is the output in Figure 3—17(b) if the input voltage is decreased to a peak
value of 5 V?

Open the Multisim file EQ3-08 in the Examples folder on your CD-ROM. For the
specified input voltages, measure the resulting output waveforms. Compare with
the waveforms shown in the example.

SECTION 3-2
REVIEW 1. In a zener diode regulator, what value of load resistance results in the maximum

zener current?
2. Explain the terms no-load and full-load.

3. How much voltage appears across a zener diode when it is forward-biased?
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Varactor diodes are also known as variable-capacitance diodes because the junction
capacitance varies with the amount of reverse-bias voltage. Varactor diodes are
specifically designed to take advantage of this variable-capacitance characteristic.
These devices are commonly used in electronic tuning circuits used in
communications systems.

After completing this section, you should be able to

Describe the variable-capacitance characteristics of a varactor diode and
analyze its operation in a typical circuit

Identify a varactor diode symbol

Explain why a reverse-biased varactor exhibits capacitance

Discuss how the capacitance varies with reverse-bias voltage

® Interpret a varactor data sheet

Define tuning ratio

Define quality factor, Q

Discuss varactor temperature coefficients

Analyze a varactor-tuned band-pass filter

A varactor is a diode that always operates in reverse-bias and is doped to maximize the
inherent capacitance of the depletion region. The depletion region, widened by the reverse
bias, acts as a capacitor dielectric because of its nonconductive characteristic. The p and n
regions are conductive and act as the capacitor plates, as illustrated in Figure 3—19.

:| FIGURE 3-19

The reverse-biased varactor diode

acts as a variable capacitor.

|
Dhieleciric J
— —0 - Vgias +O——m—

Basic Operation

As the reverse-bias voltage increases, the depletion region widens, effectively increasing
the plate separation and the dielectric thickness and thus decreasing the capacitance. When
the reverse-bias voltage decreases, the depletion region narrows, thus increasing the capac-
itance. This action is shown in Figure 3—20(a) and (b). A graph of diode capacitance (Cy)
versus reverse voltage for a certain varactor is shown in Figure 3-20(c). For this particular
device, Cy varies from 40 pF to slightly greater than 4 pF as Vj varies from 1 V to 40 V.

VARACTOR DIODES
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(a) Greater reverse bias, less capacitance

T

r3 |

Varactor diode symbol.
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Cr, diode capacitance (pF)

! 10

Vg, reverse voltage (V)

|
|
|
S J

Vaias + O

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

JURE o—£LV

Varactor diode capacitance varies with reverse voltage.

Recall that capacitance is determined by the parameters of plate area (A), dielectric con-
stant (e), and dielectric thickness (d), as expressed in the following formula:
_ e

d

C

In a varactor diode, these capacitance parameters are controlled by the method of dop-
ing near the pn junction and the size and geometry of the diode’s construction. Nominal var-
actor capacitances are typically available from a few picofarads to several hundred
picofarads. Figure 3-21 shows a common symbol for a varactor.

Varactor Data Sheet Information

A partial data sheet for a specific series of varactor diodes (1N5139—-1N5148) is shown in
Figure 3-22. The values of nominal diode capacitance, Cr, are measured at a reverse volt-
age of 4 V dc and range from 6.8 pF to 47 pF for this particular series.

Capacitance Tolerance Range The minimum and maximum values of C; are based on
10% tolerance. For example, this means that when reverse-biased at 4 V, the IN5139 can
exhibit a capacitance anywhere between 6.1 pF and 7.5 pF. This tolerance range should not
be confused with the range of capacitance values that result from varying the reverse bias

as determined by the tuning ratio, which we will discuss next.

Tuning Ratio  The varactor tuning ratio is also called the capacitance ratio. It is the ra-
tio of the diode capacitance at a minimum reverse voltage to the diode capacitance at a max-
imum reverse voltage. For the varactor diodes represented in Figure 3-22, the tuning ratio
is the ratio of Cy measured at a Vi of 4 V divided by C; measured at a Vi of 60 V. The tun-
ing ratio is designated as C,/Cy, in this case.

For the IN5139, the typical tuning ratio is 2.9. This means that the capacitance value de-
creases by a factor of 2.9 as Vj is increased from 4 V to 60 V. The following calculation il-
lustrates how to use the tuning ratio (7R) to find the capacitance range for the 1N5139.

From the data table in Figure 3—22(a), C; = 6.8 pF, and the typical TR = C,/C¢ = 2.9.
Therefore,

Copp = — =—— =23pF

© = TR p
The diode capacitance varies from 6.8 pF to 2.3 pF when Vj is increased from 4 V to 60 V.
The capacitance range can also be determined from the graph in Figure 3-22(b), which
shows how the varactor capacitance varies for reverse voltages from 1 V 10 60 V. On the



Maximum Ratings (7. = 25°C unless otherwise noted)

VARACTOR DIODES

‘ Rating Symbol Value Unit
Reverse voltage Ve 60 Volts
Forward current Ie 250 mA
RF power input* P, 5.0 Watts
Device dissipation @ T, =25°C Py 400 mW
Derate above 25°C 2.67 mwW/°C
Device dissipation @ 7. = 25°C Pe 20 Walts
Derate above 25°C 13.3 mw/eC
Junction temperature 7) +175 °C
Storage temperature range Tng —65 10 +200 °C
*The RF power input rating assumes that an adequate heat sink is provided.
Electrical Characteristics (T, = 25°C unless otherwise noted)
Characteristic Symbol Min Typ Max Unit
Reverse breakdown voltage (/g = 10 #A dc) V(BR)R 60 70 - Vde
Reverse voltage leakage current (Vg = 55V de, T, =25°C) Iy - - 0.02 HA de
(Vg = 55V de, T, = 150°C) - - 20
Series inductance (f = 250 MHz, L= 1/16") Ly - 5.0 - nH
Case capacitance (f= 1.0 MHz, L= 1/16") Ce - 0.25 - pF
Diode capacitance temperature coefficient (Vg =4.0 V de. f= 1.0 MHz) TCe - 200 300 ppm/°C
Cy, Diode Capacitance Q, Figure of Merit|| TR, Tuning Ratio
Vg =40V de,f= 1.0 MHz V=40V de Cy/Cep
pF f=50 MHz f=1.0 MHz,
Device Min Typ Max Min Min Typ
INS139 6.1 6.8 7.5 350 2.7 29
IN5140 9.0 10 il 300 28 3.0
INSt4[ 10.8 12 13.2 300 2.8 3.0
IN5142 13.5 15 16.5 250 2.8 3.0
INS143 16.2 18 19.8 250 2.8 3.0
IN5i44 19.8 22 24.2 200 3.2 3.4
INS145 24.3 27 29.7 200 3.2 3.4
IN5146 29.7 33 36.3 200 3.2 34
INS147 36.1 39 429 200 3.2 34
IN5148 42.3 47 517 200 3.2 3.4
(a) Electrical characteristics
100 — 10000 ——
Zg = T,=25°C 2888 Ty=25C H
o = 1 f=1MHz || =50 MHz | |
& 30 ==l e S _ 3000 :
3 i N 1 L b A A
5:3: ~ -J oLl £ //I_/’ >
5 \\-\'\h}(_‘ L “5 = - /'/
g 10 - L o 1000 j—
Iz = =
o 7 = 3 700 =1
3 5 5 & 500 A R T
3 — S o i D |
T 3—IN5148 =Tl 300 = = IN5139
O I 1N5144 i~ / il [ INS144
IN5139 =t IN5148
I | 100 = | |
1.0 3.0 507010 30 5060 1 3 5 710 30 5060
Vg, reverse voltage (V) Vg, reverse voltage (V)
(b) Diode capacitance (c) Figure of merit

FIGURE 3-22
Partial data sheet for the 1N5139-1N5148 varactor diodes.

eraph, you can see that the capacitance for the IN5139 is approximately 10.5 pF at Vi =
| V and approximately 2.3 pFat V; = 60 V.

The IN51XX series of varactor diodes are abrupt junction devices. The doping in the
n and p regions is made uniform so that at the pn junction there is a relatively abrupt
change from n to p instead of the more gradual change found in the rectifier diodes. The
abruptness of the pn junction determines the tuning ratio. Other types of varactor diodes
such as the MV 1401 are hyper-abrupt devices in which the doping pattern results in an
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even more abrupt junction. Many hyper-abrupt varactor diodes exhibit tuping ratios
from 10 to 15.

Figure of Merit  The figure of merit or quality factor (Q) of a reactive component is the
ratio of energy stored and then returned by a capacitor {or inductor) to the energy dissipated
in the resistance. The IN5139 has a minimum Q of 350 at V; = 4 V, which indicates that
the energy stored and returned by the diode capacitance is 350 times greater than the en-
ergy lost in the resistance of the device. High values of Q are desirable. Figure 3-22(c) is a
graph showing how the typical figure of merit increases with increasing reverse voltage for
three varactors in the series.

Temperature Coefficients The diode capacitance has a positive temperature coefficient
so Cr increases a small amount as the temperature increases. The figure of merit has a neg-
ative temperature coefficient, so Q decreases as the temperature increases.

An Application

A major application of varactors is in tuning circuits. For example, electronic tuners in TV
and other commercial receivers utilize varactors. When used in a resonant circuit, as illus-
trated in Figure 3-23, the varactor acts as a variable capacitor, thus allowing the resonant fre-
quency to be adjusted by a variable voltage level. The varactor diode provides the total
variable capacitance in the parallel resonant band-pass filter. The varactor diode and the in-
ductor form a parallel resonant circuit from the output to ac ground. Capacitors C,, C,, C3, and
C, are coupling capacitors to prevent the dc bias circuit from being loaded by the filter circuit.
These capacitors have no effect on the filter’s frequency response because their reactances are
negligible at the resonant frequencies. C, prevents a dc path from the potentiometer wiper
back to the ac source through the inductor and R;. C, prevents a dc path from the cathode to
the anode of the varactor through the inductor. C; prevents a dc path from the wiper to a load
on the output through the inductor. C, prevents a dc path from the wiper to ground.

FIGURE 3-23 Parallel resonant lilie

A resonant band-pass filter using a

C] Rl C3
varactor diode for adjusting the i o\ i | o
resonant frequency over a specified Jl 1\

range.

+

)
3y

Vgias

Ry

C
IA Rs

Resistors R, R;, Rs, and potentiometer R, form a variable dc voltage divider for biasing the
varactor. The reverse-bias voltage across the varactor can be varied with the potentiometer.
Recall that the parallel resonant frequency is
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I EXAMPLE 3-9
For the varactor-tuned band-pass filter in Figure 3—24, determine the range of resonant

frequencies over which it can be adjusted. The values of the bias resistors are selected
to prevent significant ac loading on the filter.

FIGURE 3-24

o R,
Voo AN .
10 uF 47 kQ)
L
1 mH

Solution  From the data sheet information in Figure 3-22(a), the 1N5148 varactor has a nominal
capacitance of 47 pF at a reverse bias of 4 V.
First, determine the range of reverse-bias voltages for the filter circuit. The dc
voltage at the cathode (Vi) of the varactor is fixed at

Ry + R, + Ry 2.44 MQ
K = BIAS — — |60V =316V
Ry + Ry + Ry + Ry

4.64 MQ

The dc voltage at the anode (V,) of the varactor can be varied from a minimum to a
maximum with the potentiometer R,.

1% = Rs Viiag = va—zz&sv
Almin) Ry + Ry + R, + Ry ) ™ 4.64 MQ '

Vi) = il Vons = | 222 M) v — 287y
Amax) R, + Ry + R, + R, ) B 7 \4.64 MQ '

The minimum and maximum values for the reverse voltage, Vy, are determined as
follows:

VR(min) = VK - VA(max) = 316 VvV — 287 V= 29 A%
VR(max) = VK - VA(min) = 316\/ - 285 V = 29 A%
Although it is difficult to get exact figures from the graph in Figure 3-22(b), the

approximate capacitance values of the varactor at 2.9 V and 29V are C,4 = 55 pF and
Cs9 = 17 pF. The minimum resonant frequency for the filter is

1 1

f;' min) = = = 679 kHz
" T 0 VIC 20V/(1 mH)(55 pF)
The maximum resonant frequency for the filter is
1 1
£ = 1.22 MHz

T 0mVIC 20\ mH)(17 pF)
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Related Problem If the bias voltage source in Figure 3-24 is reduced to 30 V, determine the range of the

reverse voltage across the varactor.
l SECTION 3-3
REVIEW

. What is the key feature of a varactor diode?
. Under what bias condition is a varactor operated?

. What part of the varactor produces the capacitance?

H W N -

. Based on the graph in Figure 3-22(b), what happens to the diode capacitance
when the reverse voltage is increased?

5. Define tuning ratio.

3-4 OPTICAL DIODES

In this section, two types of optoelectronic devices—the light-emitting diode (LED)
and the photodiode—are introduced. As the name implies, the LED is a light emitter.
The photodiode, on the other hand, is a light detector. We will examine the
characteristics of both devices, and you will see an example of their use in a system
application at the end of the chapter.

After completing this section, you should be able to

= Discuss the operation and characteristics of LEDs and photodiodes
= Identify LED and photodiode symbols

= Explain basically how an LED emits light

= Analyze the spectral output curves and radiation patterns of LEDs
" Interpret an LED data sheet

® Define radiant intensity and irradiance

= Use an LED seven-segment display

® Explain how a photodiode detects light

® Analyze the response curve of a photodiode

= Interpret a photodiode data sheet

® Discuss photodiode sensitivity

The Light-Emitting Diode (LED)

i . -

The symbol for an LED is shown in Figure 3-25.
== 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-type material and recombine
4 FIGURE 3-25 with holes in the p-type material. Recall from Chapter 1 that these free electrons are in the
Symbol for an LED. When forward- conduction band and at a higher energy than the holes in the valence band. When recombi-
biased, it emits light. nation takes place, the recombining electrons release energy in the form of heat and light.

A large exposed surface area on one layer of the semiconductive material permits the
[T  photons to be emitted as visible light. This process, called electroluminescence, is illus-
trated in Figure 3-26. Various impurities are added during the doping process to establish



Light energy FIGURE 3-26
Electroluminescence in a forward-
biased LED.
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the wavelength of the emitted light. The wavelength determines the color of the light and if
it is visible or infrared (IR).

LED Semiconductor Materials The semiconductor gallium arsenide (GaAs) was used in
early LEDs. The first visible red LEDs were produced using gallium arsenide phosphide
(GaAsP) on a GaAs substrate. The efficiency was increased using a gallium phosphide
(GaP) substrate, resulting in brighter red LEDs and also allowing orange LEDs. GaAs
LEDs emit infrared (IR) radiation, which is invisible.

Later, GaP was used as the light-emitter to achieve pale green light. By using a red and
a green chip, LEDs were able to produce yellow light. The first super-bright red, yellow,
and green LEDs were produced using gallium aluminum arsenide phosphide (GaAlAsP).
By the early 1990s ultrabright LEDs using indium gallium aluminum phosphide (InGaAlP)
were available in red, orange, yellow, and green.

Blue LEDs using silicon carbide (SiC) and ultrabright blue LEDs made of gallium ni-
tride (GaN) became available. High intensity LEDs that produce green and blue are also
made using indium gallium nitride (InGaN). High-intensity white LEDs are formed using
ultrabright blue GaN coated with fluorescent phosphors that absorb the blue light and re-
emit it as white light.

LED Biasing The forward voltage across an LED is considerably greater than for a silicon
diode. Typically the maximum V¢ for LEDs is between 1.2 V and 3.2 V, depending on the
device. Reverse breakdown for an LED is much less than for a silicon rectifier diode (3 V
to 10V is typical).

The LED emits light in response to a sufficient forward current, as shown in Figure
3-27(a). The amount of power output translated into light is directly proportional to the for-
ward current, as indicated in Figure 3-27(b). An increase in /¢ corresponds proportionally
to an increase in light output.

Light Emission  The wavelength of light determines whether it is visible or infrared. An
LED emits light over a specified range of wavelengths as indicated by the spectral output
curves in Figure 3-28. The curves in part (a) represent the light output versus wavelength
for typical visible LEDs, and the curve in part (b) is for a typical infrared LED. The wave-
length (M) is expressed in nanometers (nm). The normalized output of the visible red LED
peaks at 660 nm, the yellow at 590 nm, green at 540 nm, and blue at 460 nm. The output
for the infrared LED peaks at 940 nm.

OPTICAL DIODES
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FIGURE 3-27 Ve 1
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FIGURE 3-28
Examples of typical spectral output curves for LEDs.

The graph in Figure 3-29 is the radiation pattern for a typical LED. It shows how di-
rectional the emitted light is. The radiation pattern depends on the type of lens structure of
the LED. The narrower the radiation pattern, the more the light is concentrated in a partic-
ular direction. Also, colored lenses are used to enhance the color.

Typical LEDs are shown in Figure 3-30. Photodiodes, to be studied next, generally have
a similar appearance.

FIGURE 3-29 30° 20° 10° | 10° 20° 30°
General radiation pattern of a
. 40° 40°
typical LED.
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90°
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FIGURE 3-30
Typical LEDs.

i
ey
Cathode Anode Anode
(lead on right (longer lead) (lead near tab)

looking from front)

LED Data Sheet Information

A partial data sheet for an MLEDS] intrared (IR) light-emitting diode is shown in Figure
3-31. Notice that the maximum reverse voltage is only 5 V, the maximum continuous for-
ward current is 100 mA, and the forward voltage drop is 1.35 V for Iz = 100 mA.

From the graph in part (c), you can see that the peak power output for this device occurs
at a wavelength of 940 nm; its radiation pattern is shown in part (d). At 30° on either side
of the maximum orientation, the output power drops to approximately 60% of maximum.

Radiant Intensity and Irradiance In Figure 3-31(a), the axial radiant intensity, /. (symbol
not to be confused with current), is the output power per steradian and is specified as 15 mW/sr.
The steradian (sr) is the unit of solid angular measurement. Irradiance, H, is the power per
unit area at a given distance from an LED source expressed in mW/cm? and can be calculated
using radiant intensity and the distance in centimeters (cm) using the following formula:

I

H=—

2 Equation 3-6

Irradiance is important because the response of a detector (photodiode) used in conjunction
with an LED depends on the irradiance ot the light it receives. We will discuss this further
in relation to photodiodes.

| EXAMPLE 3-10
From the LED data sheet in Figure 3-31 determine the following:

(a) The radiant intensity at 900 nm if the maximum output is 15 mW/sr.
(b) The forward voltage drop for Ir = 20 mA.
(c) The radiant intensity for /z = 30 mA.

(d) The maximum irradiance at a distance of 10 cm from the LED source.

Solution (a) From the relative spectral emission graph in Figure 3-31(c), the relative radiant
intensity at 900 nm is approximately 0.75. The radiant intensity is, therefore,

I. = 0.75(15 mW/sr) = 11.3 mW/sr

(b) From the graph in part (b), Vy = 1.23 V for Iz = 20 mA.
(c) From the graph in part (e), I, = 5 mW/sr for Iz = 30 mA.

I 15 mW/sr
d H=—"= """ =015mW 2
@ & (10 cm)? mW/cm

Related Problem  If I, = 12 mW/sr, at a wavelength of 940 nm, determine the radiant intensity at 1000 nm.
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Maximum Ratings

‘ Rating Symbol Value Unit
‘ Reverse voltage Vi 5 Volts
‘ Forward current — continuous I 100 mA
Forward currcol — peak pulse Ig | A
Total power dissipation @ T, =25°C Pp 100 mW
Derate above 25°C 2.2 mW/°C
Ainbient operating temperature range Ta -3010+70 °C
Storage teroperature Tag -30to +80 °C
Lcad soldering temperature. — 260 °C
5 seconds max. /16 inch from case
Electrical Characteristics (7, = 25°C unless otherwise noted)
Characteristic Symbol | Min Typ Max Unit
Reverse leakage current (Vg =3 V) In — 10 — na
Reverse leakage current (Vg =5 V) In — 1 10 UA
Forward voltage (Iz = 100 mA) Ve — 1.35 1.7 v
Temperature coefficient of forward voltage AVg — -1.6 — mV/K
Capacitance (f= | MHz) C — 25 — pF
MLEDS!
Optical Characteristics (7, = 25°C unless otherwise noted)
Characteristic Symbol | Min Typ Max Unit
Peuk wavelength (/z = 100 mA) Ap — 940 — nm
Spectral half-power bandwidth Al — 50 — nm
Total power output {1 = 100 mA) [ — 16 — mw
Temperature coetficicnt of total power output | Age — -0.25 — %lK
Axial radiant intensity (/i = 100 mA) L 1. 10 15 — mW/sr
Temperature coefficient of axial radiant intensity ‘ Al — -0.25 — Go/K
Power half-angle ‘ (0] — 30 — °
(a) Ratings and characteristics
2 7
< 1 by 1.2
2 18 ; Z
5 . a g5 ! 7R
< 16 == == Pulse only - 2 03 7 3
Z . - \
2 S E ] |
; 1.4 25 06 | |
< == | |
S = % 04 ] \
e 1.2 gi— ‘Vr jﬂ \
> 11711 o 0.2 74 b
! 11 0 . -
10 100 1000 700 800 900 1000 1100

Iz, LED forward current (mA)

(b) LED forward voltage versus forward current
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(d) Spatial radiation pattern

FIGURE 3-31

X, wavelength (nm)

(c) Relative spectral emission

[, axial radiant intensity (mW/sr)

=t ~——— Pulse only
= — DC 1
100
10 gt
1
1 10 100

g, forward current (mA)

(e) Intensity versus forward current

1000

Partial data sheet for an MLEDS81 IR light-emitting diode.




Applications  Standard LEDs are used for indicator lamps and readout displays on a wide
variety of instruments, ranging from consumer appliances to scientific apparatus. A com-
mon type of display device using LEDs is the seven-segment display. Combinations of the
segments form the ten decimal digits as illustrated in Figure 3-32. Each segment in the dis-
play is an LED. By forward-biasing selected combinations of segments, any decimal digit
and a decimal point can be formed. Two types of LED circuit arrangements are the com-
mon anode and common cathode as shown.

A
N
-

e
Ei D EC Decimal
e, [ point

(a) LED segment arrangement and typical device

(b) Common anode (¢c) Common cathode

IR light-emitting diodes are used in optical coupling applications, often in conjunction
with fiber optics. Areas of application include industrial processing and control, position
encoders, bar graph readers, and optical switching.

High-Intensity LEDs

LEDs come in a variety of colors, and they are available in different light intensities. High-
intensity LEDs produce many times more light than do the standard LEDs and are found in
a variety of applications. Many traffic signals in the United States use high-intensity LED
arrays and, in the near future, all traffic lights will be LEDs. The large video screens that
are seen everywhere from sports stadiums to banks and other commercial buildings are
mostly constructed with high-intensity LEDs. The automotive industry plans to replace all
incandescent bulbs, even headlights, with LEDs. Also, LEDs will play a significant role in
home and office lighting in the future.

The Photodiode

The photodiode is a device that operates in reverse bias, as shown in Figure 3-33(a), where
I, is the reverse current. The photodiode has a small transparent window that allows light
to strike the prn junction. Some typical photodiodes are shown in Figure 3-33(b). An alter-
nate photodiode symbol is shown in Figure 3-33(c).

Recall that when reverse-biased, a rectifier diode has a very small reverse leakage cur-
rent. The same is true for a photodiode. The reverse-biased current is produced by thermally
generated electron-hole pairs in the depletion region, which are swept across the pn 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.

OPTICAL DIODES

FIGURE 3-32
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The 7-segment LED display.
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FIGURE 3-33

Photodiode. (E I)

-
Vi |
- + I >
|||
R
Vr
(a) Reverse-bias operation (b) Typical devices (c) Alternate symbol

A photodiode differs from a rectifier diode in that when its pn junction is exposed to
light, the reverse current increases with the light intensity. When there is no incident light,
the reverse current, /,, is almost negligible and is called the dark current. An increase in
the amount of light intensity, expressed as irradiance (mW/cm?), produces an increase in
the reverse current, as shown by the graph in Figure 3-34(a).

100 T
[{ =20 mW/em:®
S0FE—fF——
—_ 1)
- R —
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2 / 8 '
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5 o 10
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2 7 5 s—
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0 Irradiance, H | ’_
(a) General graph of reverse current versus uradiance 0 10 20 30 40 50 60 70 80 90 100

Vi reverse voltage (V)

(b) Example of a graph of reverse current versus reverse voltage for several
values of irradiance

FIGURE 3-34

Typical photodiode characteristics.

From the graph in Figure 3-34(b), you can see that the reverse current for this particu-
lar device is approximately 1.4 pA at a reverse-bias voltage of 10 V with an irradiance of
0.5 mW/cm®. Therefore, the resistance of the device is

VR 10V

Ry =—=——=1714MQ
L 14uA

At 20 mW/cm?, the current is approximately 55 A at Vi = 10 V. The resistance under this
condition is

_ Ve _ 10V

== = 182 kQ
RO L s5uA B2k

These calculations show that the photodiode can be used as a variable-resistance device
controlled by light intensity.

Figure 3-35 illustrates that the photodiode allows essentially no reverse current (except
for a very small dark current) when there is no incident light. When a light beam strikes the

photodiode, it conducts an amount of reverse current that is proportional to the light inten-
sity (irradiance).
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reverse current.

Photodiode Data Sheet Information

A partial data sheet for an MRD821 photodiode is shown in Figure 3-36. Notice that the
maximum reverse voltage is 35 V and the dark current (reverse current with no light) is typ-
ically 3 nA for a reverse voltage of 10 V. As the graphs in parts (b) and (c) show, the dark
current (leakage current) increases with an increase in reverse voltage and also with an in-
crease in temperature.

Sensitivity  From the graph in part (d), you can see that the maximum sensitivity for this
device occurs at a wavelength of 940 nm. The angular response graph in part (e) shows a
broad area of response measured as relative sensitivity. At 50° on either side of the maxi-
mum orientation, the sensitivity drops to approximately 80% of maximum.

In Figure 3-36(a), the typical sensitivity is specified as S0 wA/mW/cm? for a wavelength
of 940 nm and a reverse voltage of 20 V. This means, for example, that if the irradiance is
| mW/cim?, there are 50 MA of reverse current and if the irradiance is 0.5 mW/cm?, there
are 25 uA of reverse current.

EXAMPLE 3-11
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FIGURE 3-35

Operation of a photodiode.

Solution

An MRD821 photodiode is exposed to a 1000 nm infrared light with an irradiance (H)
of 2.5 mW/cm?. The angle at which the light strikes the photodiode is 35°. Determine
the response of the photodiode in terms of the reverse current (/,) through the device.

From the photodiode data sheet in Figure 3—-36, the sensitivity of the photodiode is

50 uA/mW/cm? at 940 nm. The light on the photodiode is at a wavelength of 1000 nm.
From the data sheet graph in part (d), the sensitivity (S) at 000 nm is approximately
83% of the sensitivity at 940 nm.

Si000 = 0.838040 = 0.83(50 uA/mW/cm?) = 41.5 uA/mW/cm?

Also, the angle at which the light strikes the photodiode reduces the sensitivity further.
From the graph in Figure 3-36(e), at an angle of 35° from the maximum orientation
(0°), the relative sensitivity is approximately 90%.

S = 0.9(41.5 uA/mW/cm?) = 37.4 uA/mW/cm?
For an irradiance, H, of 2.5 mW/cm?, the reverse current is

I = SxH = (37.4 uA/mW/cm?) (2.5 mW/cm?) = 93.5 uA
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Related Problem
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wavelength of 900 nm at an angle of 60° from maximum orientation.

Maximum Ralings

Determine the MRD821 response (reverse current) to an irradiance of 1 mW/cm’ for a

Rating Symbol Value Unit
Reverse voltage Ve 35 Volts
Forward current — continuous I 100 mA
Total power dissipation @ T, =25°C Pp 150 mw
Derate above 25°C 33 mw/°C
Ambient operating temperature rangc Ty -3010 +70 °C
Storage temperature Tag —40 to +80 °C
Lead soldering temperature, — 260 °C
5 seconds max, i/16 inch from case
Electrical Characteristics (7, = 25°C unless otherwise noted)
Characteristic Symbol | Min Typ Max Unit
Dark current (V, = 10 V) Iy — 3 30 nA
Capacitance (f= | MHz. V=0) C — 175 — pF
Optical Characteristics (Ty= 25°C unless otherwise noted)
Characterjstic Symbol | Min Typ Max Unit
Wavelength of maximum sensitivity Amax — 940 — nm MRDS821
Spectral range Al — 170 — nm
Sensitivity (A = 940 nm. Vg =20V) S — 50 — | uAImW/em?
Temperature coefficient of sensitivity AS — 0.18 — DIK
Acceptance half-angle ) — +70 — >
Short circuit current (Ev = 1000 lux) Is — 50 — uA
Open circuit voltage (Ev = 1000 Tux) Vi — 0.3 — v
(a) Ratings and characteristics
< <
£ 10 £ 10
= =
5 10? g 10 —
E —_
- pm3
S 0! et s o =t
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(b) Dark current versus reverse voltage (c) Dark current versus temperature
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Partial data sheet for the MRD821 photodiode.




OTHER TYPES OF DIODES = 139

ISECTION 3-4 ) o .
REVIEW . Name two types of LEDs in terms of their light-emission spectrum.

. Which has the greater wavelength, visible light or infrared?

. In what bias condition is an LED normally operated?

. What happens to the light emission of an LED as the forward current increases?
. The forward voltage drop of an LED is 0.7 V. (true or false)

. In what bias condition is a photodiode normally operated?

NN bW N =

. When the intensity of the incident light (irradiance) on a photodiode increases,
what happens to its internal reverse resistance?

8. What is dark current?

3-5 OTHER TYPES OF DIODES

In this section, several types of diodes that you are less likely to encounter as a
technician but are nevertheless important are introduced. Among these are the current
regulator diode, the Schottky diode, the pin diode, the step-recovery diode, the tunnel
diode, and the laser diode.

After completing this section, you should be able to

= Discuss the basic characteristics of current regulator, Schottky, pin, step-
recovery, tunnel, and laser diodes

= Identify the various diode symbols

m Discuss how the current regulator diode maintains a constant forward current

® Describe the characteristics of the Schottky diode

= Describe the characteristics of the pin diode

m Describe the characteristics of the step-recovery diode

u Describe the characteristics of the tunnel diode and explain its negative resistance

= Describe the laser diode and how it differs from an LED

Current Regulator Diode

The current regulator diode is often referred to as a constant-current diode. Rather than
maintaining a constant voltage, as the zener diode does, this diode maintains a constant cur-
rent. The symbol is shown in Figure 3-37.

FIGURE 3-37
Anode Q Cathode

Symbol for a current regulator diode.

Figure 3-38 shows a typical characteristic curve. The current regulator diode operates
in forward bias (shaded region), and the forward current becomes a specified constant
value at forward voltages ranging from about 1.5 V to about 6 V, depending on the diode
type. The constant forward current is called the regulator current and is designated /. For
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FIGURE 3-38

Typical characteristic curve for a

current regulator diode.

m

FIGURE 3-39

Schottky diode symbol.

example, the 1N5283-1N5314 series of diodes have nominal regulator currents ranging
from 220 pA to 4.7 mA. These diodes may be used in parallel to obtain higher currents.
This diode does not have a sharply defined reverse breakdown, so the reverse current be-
gins to increase for V¢ values of less than 0 V (unshaded region of the figure). This de-
vice should never be operated in reverse bias.
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In forward bias, the diode regulation begins at the limiting voltage, V|, and extends up
to the POV (peak operating voltage). Notice that between Vi and POV, the current is es-
sentially constant. V; is the test voltage at which /, and the diode impedance, Zy, are spec-
ified on a data sheet. The impedance Z; has very high values ranging from 235 k{) to 25 MQ)
for the diode series mentioned before.

The Schottky Diode

Schottky diodes are used primarily in high-frequency and fast-switching applications. They are
also known as hot-carrier diodes. A Schottky diode symbol is shown in Figure 3-39. A Schottky
diode is formed by joining a doped semiconductor region (usually n-type) with a metal such as
gold, silver, or platinum. Rather than a pn junction, there is a metal-to-semiconductor junction,
as shown in Figure 3—40. The forward voltage drop is typically around 0.3 V.

» FIGURE 3-40 Metal-silicon junction
Basic internal construction of a . .
. nregion Metal region
Schottky diode.
Cathode Anode

The Schottky diode operates only with majority carriers. There are no minority carriers
and thus no reverse leakage current as in other types of diodes. The metal region 1s heavily
occupied with conduction-band electrons, and the n-type semiconductor region is lightly
doped. When forward-biased, the higher energy electrons in the n region are injected into
the metal region where they give up their excess energy very rapidly. Since there are no mi-
nority carriers, as in a conventional rectifier diode, there is a very rapid response to a change
in bias. The Schottky is a fast-switching diode, and most of its applications make use of this

property. It can be used in high-frequency applications and in many digital circuits to de-
crease switching times.
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The PIN Diode
The pin diode consists of heavily doped p and # regions separated by an intrinsic (¢) region,
as shown in Figure 3—41(a). When reverse-biased, the pin diode acts like a nearly constant
capacitance. When forward-biased, it acts like a current-controlled variable resistance. This
is shown in Figure 3—41(b) and (c). The low forward resistance of the intrinsic region de-
creases with increasing current.
The forward series resistance characteristic and the reverse capacitance characteristic
are shown graphically in Figure 3—42 for a typical pin diode.
A—pl—K
intrinsic
nregion region pregion
.ﬂoi&?_ ; Cathode 3 Ca Re
[l
+0 0— -0 o+
(a) Construction (b) Reverse-biased (¢) Forward-biased
FIGURE 3-41
PIN diode.
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FIGURE 3-42

PIN diode characteristics.

The pin diode is used as a dc-controlled microwave switch operated by rapid changes in
bias or as a modulating device that takes advantage of the variable forward-resistance char-
acteristic. Since no rectification occurs at the pn junction, a high-frequency signal can be
modulated (varied) by a lower-frequency bias variation. A pin diode can also be used in at-
tenuator applications because its resistance can be controlled by the amount of current. Cer-
tain types of pin diodes are used as photodetectors in fiber-optic systems.

The Step-Recovery Diode

The step-recovery diode uses graded doping where the doping level of the semiconductive
materials is reduced as the pn junction is approached. This produces an abrupt turn-off
time by allowing a fast release of stored charge when switching from forward to reverse
bias. It also allows a rapid re-establishment of forward current when switching from re-

verse to forward bias. This diode is used in very high frequency (VHF) and fast-switching
applications.

VR, reverse voltage (V)
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Tunnel diode symbols.

The Tunnel Diode

The tunnel diode exhibits a special characteristic known as negative resistance. This fea-
ture makes it useful in oscillator and microwave amplifier applications. Two alternate sym-
bols are shown in Figure 3-43. Tunnel diodes are constructed with germanium or gallium
arsenide by doping the p and n regions much more heavily than in a conventional rectifier
diode. This heavy doping results in an extremely narrow depletion region. The heavy dop-
ing allows conduction for all reverse voltages so that there is no breakdown effect as with
the conventional rectifier diode. This is shown in Figure 3—44.

FIGURE 3-44 Ie

Tunnel diode characteristic curve.

’Ir T & \
tunneling N - -

, ‘ current ~—"

A

Also, the extremely narrow depletion region permits electrons to “tunnel” through the
pn junction at very low forward-bias voltages, and the diode acts as a conductor. This is
shown in Figure 3—44 between points A and B. At point B, the forward voltage begins to de-
velop a barrier, and the current begins to decrease as the forward voltage continues to in-
crease. This is the negative-resistance region.

o AV
FOAL

This effect is opposite to that described in Ohm’s law, where an increase in voltage resulls
in an increase in current. At point C, the diode begins to act as a conventional forward-
biased diode.

An Application A parallel resonant circuit can be represented by a capacitance, induc-
tance, and resistance in parallel, as in Figure 3—45(a). R; is the parallel equivalent of the se-
ries winding resistance of the coil. When the tank circuit is “shocked” into oscillation by an
application of voltage as in Figure 3—45(b), a damped sinusoidal output results. The damp-
ing is due to the resistance of the tank, which prevents a sustained oscillation because en-
ergy is lost when there is current through the resistance.

WS o=k . Apn,

we g = e
L7

(b)

FIGURE 3-45

Parallel resonant circuit.
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1f a tunnel diode is placed in series with the tank circuit and biased at the center of the
negative-resistance portion of its characteristic curve, as shown in Figure 3-46, a sustained
oscillation (constant sinusoidal voltage) will result on the output. This is because the
negative-resistance characteristic of the tunnel diode counteracts the positive-resistance

characteristic of the tank resistance.

Dy

FIGURE 3-46

Basic tunnel diode oscillator.

The Laser Diode

The term laser stands for /ight amplification by stimulated emission of radiation. Laser
light is monochromatic, which means that it consists of a single color and not a mixture of
colors. Laser light is also called coherent light, a single wavelength, as compared to inco-
herent light, which consists of a wide band of wavelengths. The laser diode normally emits
coherent light, whereas the LED emits incoherent light. The symbols are the same as shown
in Figure 3-47(a).

Ve

Anfde Partially "
Highly reflective
reflective end
end j A
\’ P }<—Depletion P
pn junction region i S
sy (SEEEERNRGS
n
Cathode
(a) Symbol (b) (c)

FIGURE 3-47

Basic laser diode construction and operation.

The basic construction of a laser diode is shown in Figure 3-47(b). A pn junction is
formed by two layers of doped gallium arsenide. The length of the pn junction bears a pre-
cise relationship with the wavelength of the light to be emitted. There is a highly reflective
surface at one end of the pn junction and a partially reflective surface at the other end pro-
duced by “polishing” the ends. External leads provide the anode and cathode connections.

The basic operation is as follows. The laser diode is forward-biased by an external volt-
age source. As electrons move through the junction, recombination occurs just as in an or-
dinary diode. As electrons fall into holes to recombine, photons are released. A released
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| SECTION 3-5
REVIEW

photon can strike an atom, causing another photon to be released. As the forward current is
increased, more electrons enter the depletion region and cause more photons to be emitted.
Eventually some of the photons that are randomly drifting within the depletion region strike
the reflected surfaces perpendicularly. These reflected photons move along the depletion re-
gion, striking atoms and releasing additional photons due to the avalanche effect. This back-
and-forth movement of photons increases as the generation of photons “snowballs” until a
very intense beam of laser light is formed by the photons that pass through the partially re-
flective end of the pn junction.

Each photon produced in this process is identical to the other photons in energy level,
phase relationship, and frequency. So a single wavelength of intense light emerges from the
laser diode, as indicated in Figure 3-47(c). Laser diodes have a threshold level of current
above which the laser action occurs and below which the diode behaves essentially as an
LED, emitting incoherent light.

An Application Laser diodes and photodiodes are used in the pick-up system of compact
disk (CD) players. Audio information (sound) is digitally recorded in stereo on the surface
of a compact disk in the form of microscopic “pits” and “flats.” A lens arrangement focuses
the laser beam from the diode onto the CD surface. As the CD rotates, the lens and beam
follow the track under control of a servomotor. The laser light, which is altered by the pits
and flats along the recorded track, is reflected back from the track through a lens and opti-
cal system to infrared photodiodes. The signal from the photodiodes is then used to repro-
duce the digitally recorded sound.

. Between what two voltages does a current regulator diode operate?
. What are the primary application areas for Schottky diodes?

. What is a hot-carrier diode?

. What is the key characteristic of a tunnel diode?

. What is one application for a tunnel diode?

. Name the three regions of a pin diode.

. What does laser mean?

W N O AW N -

. What is the difference between incoherent and coherent light and which is
produced by a laser diode?

3-6 TROUBLESHOOTING

In this section, you will see how a faulty zener diode can affect the output of a
regulated dc power supply. Although IC regulators are generally used for power supply
outputs, the zener is occasionally used when less precise regulation is required. Like
other diodes, the zener can fail open, it can exhibit degraded performance in which its
internal resistance increases significantly, or it can short out.

After completing this section, you should be able to
= Troubleshoot zener diode regulators
= Recognize the effects of an open zener

B Recognize the effects of a zener with excessive impedance
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A Zener-Regulated DC Power Supply

Figure 3-48 shows a filtered dc power supply that produces a constant 24 V before it is reg-
ulated down to 15 V by the zener regulator. The 1N4744 zener diode is the same as the one
in Example 3-7. A no-load check of the regulated output voltage shows 15.5 V as indicated
in part (a). The voltage expected at maximum zener current (Izy) for this particular diode
is 15.7 V. In part (b), a potentiometer is connected to provide a variable load resistance. It
is adjusted to a minimum value for a full-load test as determined by the following calcula-
tions. The full-load test is at minimum zener current (/). The meter reading of 14.8 V in-
dicates approximately the expected output voltage of 14.76 V.

24V — 14776 V

=Y " 00V s13ma
T 130 Q) m
I, =513mA — 025mA = 5.1 mA
1476 V
- 1476V g9 0

Hmim) ™ 511 mA

31y

! Regulator
R.s-urge t b

s E|E

(a) Correct output voltage with no load

180 Q

C .
Filer | IN4744

Rectifier

RE &Y

o o
110V E
60 Hz —

(b) Correct output voltage with full load

Rectifier

FIGURE 3-48

Zener-regulated power supply test.

Case 1: Zener Diode Open If the zener diode fails open, the power supply test gives the
approximate results indicated in Figure 3-49. In the no-load check shown in part (a), the
output voltage is 24 V because there is no voltage dropped between the filtered output of
the power supply and the output terminal. This definitely indicates an open between the
output terminal and ground. In the full-load check, the voltage of 14.8 V results from the
voltage-divider action of the 180 ) series resistor and the 289 ) load. In this case, the re-
sult is too close to the normal reading to be a reliable fault indication but the no-load check
will verify the problem. Also, if R is varied, Voyy will vary if the zener diode is open.
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FIGURE 3-49

Indications of an open zener.

FIGURE 3-50

Indication of excessive zener
impedance.

1oV Power supply

60 Hz :i— Transformer, -

Rectifier, Filter

(a) Open zener diode with no load

LoV Power supply

60 Hz :i— Transformer,

Rectifier, Filter

(b) Open zener diode cannot be detected by full-load measurement in this case.

Case 2: Excessive Zener Impedance As indicated in Figure 3-50, a no-load check that
results in an output voltage greater than the maximum zener voltage but less than the power
supply output voltage indicates that the zener has failed such that its internal impedance is
more than it should be. The 20 V output in this case is 4.5 V higher than the expected value
of 15.5 V. That additional voltage is caused by the drop across the excessive internal im-
pedance of the zener.

! Regulator ;
1oV Power supply { 0
60 Hz :i_ Transformer,
Rectifier, Filter 180 2
1N4744

Muiltisim Troubleshooting Exercises

These file circuits are in the Troubleshooting Exercises folder on your CD-ROM.

1. Open file TSE03-01. Determine if the circuit is working properly and, if not, deter-
mine the fault.

2. Open file TSE03-02. Determine if the circuit is working properly and, if not, deter-
mine the fault.

3. Open file TSE03-03. Determine if the circuit is working properly and, if not, deter-
mine the fault.

4. Open file TSE03-04. Determine if the circuit is working properly and, if not, deter-
mine the fault.
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In a zener regulator, what are the symptoms of an open zener diode?

2. If a zener regulator fails so that the zener impedance is greater than the specified
value, is the output voltage more or less than it should be?

3. If you measure 0 V at the output of a zener-regulated power supply, what is the
most likely fault(s)?

4. The zener diode regulator in a power supply is open. What will you observe on the
output with a voltmeter if the load resistance is varied within its specified range?

SYSTEM
APPLICATION

You have been assigned to modify the
power supply circuit board from the
system application of Chapter 2. You are
to incorporate voltage regulation and
light emission and detection circuits to
be used in a new system your company is

Counting and
Stop control system

mechanism

IR emiiter

FIGURE 3-51

developing. This system will be used in a
sporting goods manufacturing plant for
counting and controlling the number of
baseballs going into various sizes of boxes
for shipment. You will apply the
knowledge you have gained in this
chapter to complete your assignment.

The Counting and Control System

This particular system is used to count
baseballs as they are fed down a chute into
a box for shipping. It can also be applied to
i inventory and shipping control for many
other types of products. The portion of the

| system for which ible consists |
1 Wil e 2y il o i schematic of Figure 3-52. Also, the new

IR detector

of the regulated power supply, an infrared
emitter circuit, and an infrared detector
circuit that are all on the same board.

The complete system also includes a

! threshold circuit that senses the output of

| the infrared detector and provides a
pulse output to a digital counter. The
output of the counter goes to a display
and a control mechanism for stopping
the baseballs when a box is full. The

| system concept and block diagram are
shown in Figure 3-51.

The Power Supply Circuit

The dc power supply circuit is the same as
| the one developed in the system applica-
tion of Chapter 2 except that it is
modified by the addition of a zener

| voltage regulator as shown in the

i circuit board will include the IR emitter
i and IR detector circuits. The basic power
i supply specifications are

1. Input voltage: 115V rms at 60 Hz

IR IR To “stop”
emitting detecting mechanism
device device T

. Threshold,
IR emitter IR detector i 2
k=T PR counter,
circult circuit

and control

i

siv. | t

‘Regulated

power
supply

Basic system concept and block diagram of the counting and control system.
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FIGURE 3-52

Zener regulated power supply preliminary schematic.

2. Unregulated output voltage: \ W The limiting resistor Determine avalue | beam of light is interrupted as a baseball
12V dc £10% i of limiting resistor to be used in the i passes in the tube.
‘ regulator. The IR detector senses the interruption

3. Regulated output voltage: .
51V £10% i ® The fuse Determine a rating for the
i fuse to be used in the power supply.

! in the LED emission and produces a
! minimum positive-going output transition of
! 4. Maximum ripple factor: 3% { 3V forthe threshold circuit that generates a

i pulse to advance the digjtal counter. The
5. Maximum load current: 100 mA !

, The IR Emitter and IR Detector Circuits counter is advanced by one count for each
! The MLEDS81 light-emitting diode is used | baseball that passes the IR beam. When a

The Power Supply Component: i as the IR emitter, and the MRD821 i preset number of baseballs has been packed
) ' P P

| photodiode is used as the IR detector. ! into a box, the control circuit produces a

m Th lated portion of th :
% unregu~ 3 ;?or e = -epo.w-er i These devices are located on either side of | signal to activate the stop mechanism. The
supply  This portion of the circuit is the ;

e et i E the tube through which the baseballs are system is reset for the next box.
i routed. The diameter of the tube is 1.5 cm ! Both the LED and photodiode are
® The regulator Select a zener diode to greater than the diameter of a baseball. connected to their series-limiting resistors
be used as the regulator. Refer to the The LED emits a constant beam of infrared and the voltage source on the circuit
data sheet in Figure 3-7(a). light directly toward the photodiode; this | board with a four-wire cable. Figure 3-53
R R

thresiaid

74
14

‘ (a) IR emitter (b) IR detector

FIGURE 3-53

Basic schematics of the IR emitter and IR detector circuits.




shows the basic IR emitter and IR detector

circuits.

The IR Emitter and IR Detector
Components

8 The distance between emitter and
detector Determine the distance
from the LED to the photodiode
(diameter of the tube) based on the
diameter of a baseball (7.3 cm) plus a
clearance of 1.5 cm.

8 The IR emitter series-limiting resistor
Determine a value for the current-
limiting series resistor to achieve the
maximum possible irradiance (H) at the
detector. Assume the emitter and
detector are aligned for maximum
angular response. Refer to the data
sheet in Figure 3-31.

B The IR detector resistor

value of resistor in the IR detector to

Determine a

produce minimum voltage transitions of
3 V on the threshold output when the
photodiode turns on and off. Refer to
the data sheet in Figure 3-36.

FIGURE 3-54

The Schematic

Produce a complete schematic that

! includes the regulated power supply, the
! IR emitter, and the IR detector.

B Specify voltage values and appropriate

The Printed Circuit Board

i ® Check out the printed circuit board in

Figure 3-54 to verify that it is correct
according to the schematic.

u |abel a copy of the board with the

component and input/output
designations in agreement with the
schematic.

A Test Procedure

| W Provide a fault analysis for all possible

B Expand the test procedure you

i ® Develop a step-by-step set of

instructions on how to completely
check the power supply and IR
emitter/detector for proper operation
using the test points (circled numbers)
indicated in the test bench setup of

Figure 3—-55. There is a test fixture that
simulates the operation of the LED and

photodiode by momentarily inserting a

Troubleshooting

Several prototype boards have been

| assembled and are ready for testing. The test
bench setup is shown in Figure 3-55. Based
on the sequence of measurements for each
board indicated in Figure 3-56, determine
the most likely fault in each case.

connections to the circuit board. The
! DMM function setting is indicated below

SYSTEM APPLICATION = 149

blocking plate for the IR beam in a
tube-type mounting device. The IR
beam is shown as a red beam for
illustration.

waveforms for all the measurements to
be made.

component failures.

developed for the unregulated portion
of the power supply circuit in Chapter 2
to include the additional circuits.

The circled numbers indicate test point

Power supply and IR emitter/detector printed circuit board. All black resistor bands indicate values to

be determined.
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settings for the oscilloscope are shown on includes the following:
the screen in each case.
1. A physical description of the circuits.

the display and the volt/div and sec/div board using an organized format that 4. Alist of parts with part numbers if

available.

5. A list of the types of problems on the

three circuit boards.

cunsoR

-

Final Report (Optional) 2 A-d|'s<.::ss1'on ol s e TnQifcect 6. A complete description of how you
circui
Submit a final written report on the power i determined the problem on each of
supply and IR emitter/detector circuit i 3. Alist of the specifications. the three circuit boards.
MEASURE u:mm AUTOSET
J

Ll

| - ARDCOPY, [ nurestor B

-@

& posmon

g J ' + | |
[ [vmiac ) com Jormserll vono i ‘ Lo G@D|| oo
RESET 0iLPIL | U3 - | ol
i) i 3 i 3 e HENU

23
mi

S VERTICAL S HORIZONTAL

CEY)

S {rosmon

©)
j@:

CURSOR 2
TAIGAER MENU

SET LEVEL 1O 50%

VX indicates dc¢/ac function

Pt indicates diode test

Tube fixture for testing [R emitter and detector.
Beam (red) is shown unblocked.

FIGURE 3-55

Power supply and IR emitter/detector test bench.
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/—\ Step 1 7 - Step2 Step 3
| ST i /_\ | i | o |
L1504 (5.8
4 cQ : OM com

M VD COM VA )
® @ = ® ® = ) @ V=
IR beam unblocked ~ (2) () DC - (1) (1. DE IR beam hiocked < (1) () DC
Board 1 : :
/ Stepl- - - : Step 2
//—\ In 3 : T ; r i
EEEEE SRR R ey et =
FESdie e BT ﬂfv oy
| ol LELY QT . A A
A S W i - . ___!_
IR beam unblocked ATl injn i T T ' a .
but pulsating - - ] T ;

Board 2

N /TN D s
@U o Ty

0.5sON - 0.5 s OFF i w1 i

OV—> [ 1
"2 Vidiv 0.1 sfdiv_

Board 3 . :

IR beam alternately blocked

FIGURE 3-56

Test results of three prototype circuit boards.
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CHAPTER SUMMARY

R

(a) Zener

_"L_

(f) Schottky

KEY TERMS

= The zener diode operates in reverse breakdown.

= There are two breakdown mechanisms in a zener diode: avalanche breakdown and zener
breakdown.

# When V; <5V, zener breakdown is predominant.
® When V; > 5V, avalanche breakdown is predominant.

= A zener diode maintains a nearly constant voltage across its terminals over a specified range of
ZEener currents.

= Zener diodes are used as voltage regulators and limiters.

®  Zener diodes are available in many voltage ratings ranging from L.8 V to 200 V.

® A varactor diode acts as a variable capacitor under reverse-bias conditions.

®  The capacitance of a varactor varies inversely with reverse-bias voltage.

® The current regulator diode keeps its forward current at a constant specified value.

u The Schottky diode has a metal-to-semiconductor junction. It is used in fast-switching
applications.

®  The tunne! diode is used in oscillator circuits.

= An LED emits light when forward-biased.

= LEDs are available for either infrared or visible light.

# The photodiode exhibits an increase in reverse current with light intensity.

= The pin diode has a p region, an n region, and an intrinsic (i) region and displays a variable
resistance characteristic when forward-biased and a constant capacitance when reverse-biased.

® A laser diode is similar to an LED except that it emits coherent (single wavelength) light when
the forward current exceeds a threshold value.

= A summary of special-purpose diode symbols is given in Figure 3-57.

e o

(b) Light-emitting (¢) Photo (d) Varactor (e) Current-regulator

a
(g) PIN (h) Tunnel (i) Laser

FIGURE 3-57

Diode symbols.

Key terms and other bold terms in the chapter are defined in the end-of-book glossary.

Electroluminescence The process of releasing light energy by the recombination of electrons in a
semiconductor.

Laser Light amplification by stimulated emission of radiation.
Light-emitting diode (LED) A type of diode that emits light when there is forward current.
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Photodiode A diode in which the reverse current varies directly with the amount of light.

Varactor A variable capacitance diode.

Zener breakdown The lower voltage breakdown in a zener diode.

Zener diode A diode designed for limiting the voltage across its terminals in reverse bias.

KEY FORMULAS

7, =0 Zener imped
=— ener impedance
z Al ner imp
AV, =V, X TC x AT V, temperature change when 7C is %/°C
AV, =TC x AT V; temperature change when 7C is mV/°C
Ppideratedy = Ppayy — (MW/°C)AT Derated power dissipation
PD(mux) .
I = Maximum zener current
V2

I, .

H= 2 Irradiance

CIRCUIT-ACTION QU 1Z Answers are at the end of the chapter.

1.

10.

11.

If the input voltage in Figure 3-10 is increased from 5 V to L0V, ideally the output voltage will
(a) increase (b) decrease (¢) not change

If the input voltage in Figure 3—13 is reduced by 2 V, the zener current will

(a) increase (b) decrease (¢) not change

If R, in Figure 3—13 is removed, the current through the zener diode will

(a) increase (b) decrease (¢) not change

. If the zener opens in Figure 3—13, the output voltage will

(a) increase (b) decrease (¢) not change

If R in Figure 3—13 is increased, the current to the load resistor will

(a) increase (b) decrease (c¢) not change

If the input voltage amplitude in Figure 3—16(a) is increased, the positive output voltage will
(a) increase (b) decrease (¢) not change

If the input voltage amplitude in Figure 3—17(a) is reduced, the amplitude of the output
voltage will

(a) increase (b) decrease (¢) not change

If the varactor capacitance is increased in Figure 3—24, the resonant frequency will

(a) increase (b) decrease (c¢) not change

It the reverse voltage across the varactor in Figure 3-24 is increased, the frequency will
(a) increase (b) decrease (c¢) not change

It the bias voltage in Figure 3-27 is increased, the light output of the LED will

(a) increase (b) decrease (¢) not change

If the bias voltage in Figure 3-27 is reversed, the light output of the LED will

(a) increase (b) decrease (¢) not change
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SELF-TEST Answers are at the end of the chapter.

1.

10.

11.

12.

The cathode of a zener diode in a voltage regulator is normally

(a) more positive than the anode (b) more negative than the anode
(¢) at +0.7V (d) grounded

If a certain zener diode has a zener voltage of 3.6 V, it operates in

(a) regulated breakdown (b) zener breakdown

(¢) forward conduction (d) avalanche breakdown

For a certain 12 V zener diode, a 10 mA change in zener current produces a 0.1 V change in
zener voltage. The zener impedance for this current range is

(a 1 Q (b) 100 O (© 10Q d) 010

The data sheet for a particular zener gives V, = 10V at I,;; = 500 mA. Z; for these
conditions is

(a) 50Q (b) 200 (© 10Q (d) unknown

A no-load condition means that

(a) the load has infinite resistance (b) the load has zero resistance
(c¢) the output terminals are open (d) answers (a) and (c)
A varactor diode exhibits

(a) a variable capacitance that depends on reverse voltage
(b) a variable resistance that depends on reverse voltage
(c) a variable capacitance that depends on forward current
(d) aconstant capacitance over a range of reverse voltages
An LED

(a) emits light when reverse-biased

(b) senses light when reverse-biased

(¢) emits light when forward-biased

(d) acts as a variable resistance

Compared to a visible red LED, an infrared LED

(a) produces light with shorter wavelengths

(b) produces light of all wavelengths

(¢) produces only one color of light

(d) produces light with longer wavelengths

The internal resistance of a photodiode

(a) increases with light intensity when reverse-biased

(b) decreases with light intensity when reverse-biased

(c) increases with light intensity when forward-biased

(d) decreases with light intensity when forward-biased

A diode that has a negative resistance characteristic is the
(a) Schottky diode (b) tunnel diode

(¢) laser diode (d) hot-carrier diode

An infrared LED is optically coupled to a photodiode. When the LED is turned off, the reading
on an ammeter in series with the reverse-biased photodiode will

(a) not change (b) decrease (¢) increase (d) fluctuate

In order for a system to function properly, the various types of circuits that make up the system
must be

(a) properly biased (b) properly connected
(c) properly interfaced (d) all of the above
(e) answers (a) and (b)
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PROBLEMS Answers to all odd-numbered problems are at the end of the book.

BASIC PROBLEMS
SECTION 3-1 Zener Diodes

1. A certain zener diode has a V; = 7.5V and an Z, = 5 () at a certain current. Draw the
equivalent circuit.

2. From the characteristic curve in Figure 3—58, what is the approximate minimum zener current
(1) and the approximate zener voltage at /7, ?

\’_
oo

FIGURE 3-5
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w o = C
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3. When the reverse current in a particular zener diode increases from 20 mA to 30 mA, the zener
voltage changes from 5.6 V to 5.65 V. What is the impedance of this device?

4. A zener has an impedance of 15 £). What is its terminal voltage at 50 mA if V. = 4.7V at
I+ =25 mA?

5. A certain zener diode has the following specifications: V, = 6.8 V at 25°C and TC =
+0.04%/°C. Determine the zener voltage at 70°C.

SECTION 3-2 Zener Diode Applications

6. Determine the minimum input voltage required for regulation to be established in Figure 3-59.
Assume an ideal zener diode with I;x = 1.5 mA and V, = 14 V.

7. Repeat Problem 6 with Z, = 20 ) and V,,; = 14 V at 30 mA.

FIGURE 3-59 R
Wy

560 Q)

VIN

.||—4+.
8 !
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SECTION 3-3

8. To what value must R be adjusted in Figure 3—60 to make 7, = 40 mA? Assume V, = 12V at
30 mA and Z;, = 30 Q.

9. A 20V peak sinusoidal voltage is applied to the circuit in Figure 3—60 in place of the dc¢
source. Draw the output waveform. Use the parameter values established in Problem 8.

FIGURE 3-60 L_l
M—— o
R

Vi
18v T
j_ O

10. A loaded zener regulator is shown in Figure 3-61. V, = 5.1 V atI = 49 mA, I,y = | mA,
Zz = 7€, and I, = 70 mA. Determine the minimum and maximum permissible load currents.

FIGURE 3-61 R

Multisim file circuits are identified e MW *
with a CD logo and are in the 2240
Problems folder on your CD-ROM. Vin IN4733 R,
Filenames correspond to figure 8V
numbers (e.g., F03-61). _

o

L

11. Find the load regulation expressed as a percentage in Problem 10. Refer to Chapter 2,
Equation 2—15.

12. Analyze the circuit in Figure 3-61 for percent line regulation using an input voltage from 6 V
to 12 V with no load. Refer to Chapter 2, Equation 2-14.

13. The no-load output voltage of a certain zener regulator is 8.23 V, and the full-load output is 7.98 V.
Calculate the load regulation expressed as a percentage. Refer to Chapter 2, Equation 2-15.

14. In a certain zener regulator, the output voltage changes 0.2 V when the input voltage goes from
5V to 10 V. What is the input regulation expressed as a percentage? Refer to Chapter 2,
Equation 2—-14.

15. The output voltage of a zener regulator is 3.6 V at no load and 3.4 V at full load. Determine the
load regulation expressed as a percentage. Refer to Chapter 2, Equation 2-135.

Varactor Diodes

16. Figure 3-62 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.

17. Refer to Figure 3-62 and determine the value of Vj, that produces 25 pF.

FIGURE 3-62 50
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< .
g 30—
E i
g 20 e
[=9
<
(o] “\
L .
2 10
S X
&
5

] 2 4 6 10 20 4060
Vg. reverse voltage (V)



SECTION 3-4

FIGURE 3-64

FIGURE 3-65

PROBLEMS = 157

18. What capacitance value is required for each of the varactors in Figure 3-63 to produce a
resonant frequency of 1 MHz?

FIGURE 3-63

D,

ot

D,

2 mH

19. At what value must the voltage Vg be set in Problem 18 if the varactors have the characteristic
curve in Figure 3—-627

Optical Diodes

20. The LED in Figure 3—64(a) has a light-producing characteristic as shown in part (b).
Neglecting the forward voltage drop of the LED, determine the amount of radiant (light)
power produced in mW.

Radiant (light)

power (mW)
1504+— I L //
—AWV- 100- / L
680 Q . ;/. Il
+ /- | |
- AT
| | l
- T T —» ] A
20 40 60 so Fu
(2) (b)

21. Determine how to connect the seven-segment display in Figure 3—-65 to display “5.” The
maximum continuous forward current for each LED is 30 mA and a +5 V dc source is to be used.

. g~~~ |
=t
A | >—>|—o-" G
N ____J 0 | .
F G B :
————J |
E' D IC Decimal c@+—lg—e
2 point Decimal @—:—K—:i |
|
|

22. Tor a certain photodiode at a given irradiance, the reverse resistance is 200 kQ) and the reverse
voltage is 10 V. What is the current through the device?

23. What is the resistance of each photodiode in Figure 3-667

(b) ()

FIGURE 3-66
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24. When the switch in Figure 3-67 is closed, will the microammeter reading increase or
decrease? Assume D, and D, are optically coupled.

FIGURE 3-67

I+
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SECTION 3-5 Other Types of Diodes

25. The V-1 characteristic of a certain tunnel diode shows that the current changes from 0.25 mA
to 0.15 mA when the voltage changes from 125 mV to 200 mV. What is the resistance?

26. In what type of circuit are tunnel diodes commonly used?

27. What purpose do the reflective surfaces in the laser diode serve? Why is one end only partially
reflective?

TROUBLESHOOTING PROBLEMS
SECTION 3-6 Troubleshooting

28. For each set of measured voltages at the points (1, 2, and 3) indicated in Figure 3-68,
determine if they are correct and if not, identify the most likely fault(s). State what you would
do to correct the problem once it is isolated. The zener is rated at 12 V.

(@ v, =110Vms, V,=30Vdc, V; =12V dc

(b) v, =100V rms, V, = 30V dc, V5 =30V dc

(©) V,=0V,V, =0V, V;=0V

(d) v, =110V rms, V, = 30 V peak full-wave 120 Hz, V; = 12 V 120 Hz pulsating voltage
(€) V,=110Vrms,V, =9V, V; =0V

Power on F T

110V ac

-1(“ I

330 8)

O

5:1

C
1000 uF

All IN4001 — —

FIGURE 3-68

29. What is the output voltage in Figure 3-68 for each of the following faults?
(a) Dsopen
(b) R open
(c) Cleaky
(d) Copen
(e) D, open
(f) D, open
(g) Topen
(h) Fopen



FIGURE 3-69

FIGURE 3-70

PROBLEMS = 159

SYSTEM APPLICATION PROBLEMS

30. The counting and control system has been installed at a customer’s location. The system is
performing erratically, so you decide to first check the power supply and IR emitter/detector
board. Based on Figure 3-69, determine the problem.

31. Another problem has developed with the counter and control system. This time, the system
completely quits working and again you decide to first check the power supply board. Based
on Figure 3-70, determine the problem.

NNNNSNNSSN

32. List the possible reasons for the LED in Figure 3-55 not emitting infrared light when the
power supply is plugged in.

33. List the possible reasons for the photodiode in Figure 3-55 not responding to the infrared light
from the LED. List the steps in sequence that you would take to isolate the problem.

DATA SHEET PROBLEMS

34, Refer to the zener diode data sheet in Figure 3-7.
(a) What is the maximum dc power dissipation at 25°C for a 1N47387
(b) Determine the maximum power dissipation at 70°C and at 100°C for a 1N4751.
(¢) What is the minimum current required by the 1N4738 for regulation?
(d) What is the maximum current for the 1N4750 at 25°C?

(e) The current through a 1N4740 changes from 25 mA to 0.25 mA. How much does the
zener impedance change?

(f) What is the maximum zener voltage of a |N4736 at 50°C?
(g) What is the minimum zener voltage for a IN4747 at 75°C?
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35. Refer to the varactor diode data sheet in Figure 3-22.
(a) What is the maximum reverse voltage for the 1IN5139?
(b) Determine the maximum power dissipation for a IN5141 at an ambient temperature of 60°C.
(c) Determine the maximum power dissipation for a IN5148 at a case temperature of 80°C.
(d) What is the capacitance of a IN5148 at a reverse voltage of 20 V?
(e) If figure of merit were the only criteria, which varactor diode would you select?
(f) What is the typical capacitance at Vi = 60V for a IN51427
36. Refer to the LED data sheet in Figure 3-31.
(a) Can 9V be applied in reverse across an MLED81?

(b) Determine the minimum value of series resistor for the MLED81 when a voltage of 5.1 V
is used to forward-bias the diode.

(¢) Assume the forward current is 50 mA and the forward voltage drop is 1.5 V at an ambient
temperature of 45°C. Is the maximum power rating exceeded?

(d) Determine the axial radiant intensity for a forward current of 30 mA.
(e) What is the radiant intensity at an angle of 20° from the axis if the forward current is 100 mA?
37. Refer to the photodiode data sheet in Figure 3-36.

(a) An MRDS821 is connected in series with a 10 k() resistor and a reverse-bias voltage source.
There is no incident light on the diode. What is the voltage drop across the resistor?

(b) At what wavelength will the reverse current be the greatest for a given irradiance?
(¢) What is the dark current at an ambient temperature of 60°C?

(d) At what wavelength is sensitivity of the MRD821 at a maximum?

(€) If the maximum sensitivity is 50 wA/mW/cm?, what is the sensitivity at 900 nm?

(f) An infrared light with a wavelength of 900 nm strikes an MRD821 with an irradiance of
3 mW/cm? and an angle of 40° from the maximum axis. Determine the reverse current.

ADVANCED PROBLEMS

38. Develop the schematic for the circuit board in Figure 3-71 and determine what type of
circuit it is.

FIGURE 3-71

Output 1 £

ac inputs =

Rectifier diodes: IN4QOI
Zener diodes: D1-1N4736, D2-1N4749
Filter capacitors: 100 uF



FIGURE 3-72

ANSWERS

39.

40,
41.

42,

43.

44.

ANSWERS = 161

Ifa 110V rms, 60 Hz input voltage is connected to the ac inputs, determine the output
voltages on the circuit board in Figure 3-71.

If each output of the board in Figure 3-71 is loaded with 1.0 k), what fuse rating should be used?
Design a zener voltage regulator to meet the following specifications: The input voltage is

24 V de, the load current is 35 mA, and the load voltage is 8.2 V.

The varactor-tuned band-pass filter in Figure 3-24 is to be redesigned to produce a bandwidth

of from 350 kHz to 850 kHz within a 10% tolerance. Using the basic circuit in Figure 3-72,
determine all components necessary to meet the specification. Use the nearest standard values.

VW I
L)Wy j_ ——"
A
p — Vhias

4

+

t

L

I C
Design a seven-segment LED display circuit in which any of the ten digits can be displayed
using a set of switches. Each LED segment is to have a current of 20 mA = 0% from a 12V
source and the circuit must be designed with a minimum number of switches.

If you used a common-anode seven-segment display in Problem 43, redesign it for a common-
cathode display or vice versa.

MULTISIM TROUBLESHOOTING PROBLEMS

These file circuits are in the Troubleshooting Problems folder on your CD-ROM.

45.
46.
47.
48.

Open file TSP03-45 and determine the fault.
Open file TSP03-46 and determine the fault.
Open file TSP03-47 and determine the fault.
Open file TSP03-48 and determine the fault.

SECTION 3-1

SECTION REVIEWS

Zener Diodes

1.

S S A

Zener diodes are operated in the reverse-breakdown region.

The test current, I,

The zener impedance causes the voltage to vary slightly with current.
V, =10V + 20mA)8 Q) = 10.16 V

The zener voltage increases (or decreases) 0.05% for each degree centigrade increase (or
decrease).

Power derating is the reduction in the power rating of a device as a result of an increase in
temperature.



162 m SPECIAL-PURPOSE DIODES

SECTION 3-2 Zener Diode Applications
1. An infinite resistance (open)
2. With no load, there is no current to a load. With full load, there is maximum current to the load.
3. Approximately 0.7V, just like a rectifier diode

SECTION 3-3 Varactor Diodes

1. A varactor exhibits variable capacitance.
A varactor is operated in reverse bias.
The depletion region

Capacitance decreases with more reverse bias.

nok W

The tuning ratio is the ratio of a varactor’s capacitance at a specified minimum voltage to the
capacitance at a specified maximum voltage.

SECTION 3-4 Optical Diodes

Infrared and visible light

Infrared has the greater wavelength.

An LED operates in forward bias.

Light emission increases with forward current.
False, Vi of an LED is usually greater than [.2 V.
A photodiode operates in reverse bias.

The internal resistance decreases.

Sl A G ol o

Dark current is the reverse photodiode current when there is no light.

SECTION 3-5 Other Types of Diodes

A current regulator operates between V| (limiting voltage) and POV (peak operating voltage).
High-frequency and fast-switching circuits

Hot carrier is another name for Schottky diodes.

Tunnel diodes have negative resistance.

Oscillators

p region, n region, and intrinsic (i) region

light amplification by stimulated emission of radiation

® NS, R LD

Coherent light has only a single wavelength, but incoherent light has a wide band of
wavelengths. A laser diode produces coherent light.

SECTION 3-&é Troubleshooting
1. The output voltage is too high and equal to the rectifier output.
2. More

3. Series limiting resistor open, fuse blown

4

. The output voltage changes as the load resistance changes.

RELATED PROBLEMS FOR EXAMPLES

3-1 50

32 V,=—119Vat 10 mA; V, = 12.08 V at 30 mA
3-3 The voltage will decrease by 0.45 V.

34 75W

3-5 Vinin = 677 V; Viggman = 21.9V

3=6 T ming = 0 A; [imaxy = 43 MA; Ry iy = 76.7 Q)



3-7 (a)11.8Vatly; 12,6V at Ly,
(b) 144 O
(¢) 140 Q

3-8 (a) A waveform identical to Figure 3—18(a)
(b) A sine wave with a peak value of SV

39 Vgim = 143 V; Vo, = 144V

3-10 2.4 mW/sr

3-11 29.8 A

CIRCUIT-ACTION QUIZ

1. (¢) 2. (b) 3. (a) 4. (a) 5.(b)
10. (a) 11.(b)

SELF-TEST

L @ 2.0 3@ 40 5@
10. (b) 1L.(b) 12.(d)

6. (c)

6. (a)

7.(c)

7.(c)

ANSWERS
8. (b) 9. (a)
8. (d) 9. (b)
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BIPOLAR JUNCTION
TRANSISTORS (B)Ts)

INTRODUCTION

The transistor was invented by a team of three men at Bell
Laboratories in 1947. Although this first transistor was not a
bipolar junction device, it was the beginning of a
technological revolution that is still continuing. All of the
complex electronic devices and systems today are an
outgrowth of early developments in semiconductor
transistors.

Two basic types of transistors are the bipolar junction
transistor (BJT), which we will begin to study in this chapter,
and the field-effect transistor (FET), which we will cover in
later chapters. The BJT is used in two broad areas—as a linear
amplifier to boost or amplify an electrical signal and as an
electronic switch. Both of these applications are introduced
in this chapter.

CHAPTER OUTLINE

4-1
4-2
4-3
4-4
4-5
4-6
4-7

Transistor Structure

Basic Transistor Operation

Transistor Characteristics and Parameters

The Transistor as an Amplifier

The Transistor as a Switch

Transistor Packages and Terminal Identification

Troubleshooting

m System Application




CHAPTER OBJECTIVES HEEE 5YSTEM APPLICATION PREVIEW

Describe the basic structure of the BJT (bipolar junction Suppose you work for a company that makes a security alarm
transistor) system for protecting homes and places of business against
illegal entry. You are given the responsibility for final
development and for testing each system before it goes to
the customer’s location. The first step in your assignment is

Explain how a transistor is biased and discuss the transistor
currents and their relationships

Discuss transistor parameters and characteristics and use these to to learn all you can about transistor operation. You will then
analyze a transistor circuit apply your knowledge to the system application at the end
Discuss how a transistor is used as a voltage amplifier of the chapter.
Discuss how a transistor is used as an electronic switch
Identify various types of transistor package configurations

Troubleshoot various faults in transistor circuits
WA £ VISIT THE COMPANION WEBSITE

' Study aids for this chapter are available at

KEY TERMS http://www.prenhall.com/floyd

BJT (bipolar junction transistor)

Emitter

Base
Collector
Bias

Beta

Gain
Saturation
Linear
Cutoff
Amplification

165
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4-1

BIPOLAR JUNCTION TRANSISTORS (BJTs)

TRANSISTOR STRUCTURE

The basic structure of the bipolar junction transistor (BJT) determines its operating
characteristics. In this section, you will see how semiconductive materials are used to
form a transistor, and you will learn the standard transistor symbols.

After completing this section, you should be able to

= Describe the basic structure of the BJT (bipolar junction transistor)

® Explain the difference between the structure of an npn and a prp transistor
® Jdentify the symbols for apn and pap transistors

» Name the three regions of a BJT and their labels

The BJT (bipolar junction transistor) is constructed with three doped semiconductor
regions separated by two pn junctions, as shown in the epitaxial planar structure in Figure
4—](a). The three regions are called emitter, base, and collector. Physical representations
of the two types of BITs are shown in Figure 4-1(b) and (c). One type consists of two n re-
gions separated by a p region (npn), and the other type consists of two p regions separated
by an n region (pnp).

The prn junction joining the base region and the emitter region is called the base-emitter junc-
tion. The pn junction joining the base region and the collector region is called the base-collector
Junction, as indicated in Figure 4-1(b). A wire lead connects to each of the three regions, as
shown. These leads are labeled E, B, and C for emitter, base, and collector, respectively. The base
region is lightly doped and very thin compared to the heavily doped emitter and the moderately
doped collector regions. (The reason for this is discussed in the next section.)

C (collector) (

Metalized contacts Oxide ’_I]_‘ 'ﬂ’

junction

e, P B | n
Emmitter {base) T\ Base-Emitter
'} junction p

Base -
Collector L|]J T

E (emitter) E

(a) Basic epitaxial planar structure (b) npn (c) pnp

FIGURE 4-1

Basic BJT construction.

Figure 4-2 shows the schematic symbols for the npr and prp bipolar junction transis-
tors. The term bipolar refers to the use of both holes and electrons as carriers in the tran-
sistor structure.

FIGURE 4-2 C C

Standard BJT (bipolar junction
transistor) symbols.

(a) npn () pnp



BASIC TRANSISTOR OPERATION

SECTION 4-1
REVIEW 1. Name the two types of BJTs according to their structure.

Answers are at the end 2. The BJT is a three-terminal device. Name the three terminals.

of the chapter. 3. What separates the three regjons in a BJT?

4-2 BASIC TRANSISTOR OPERATION

In order for the transistor to operate properly as an amplifier, the two pn junctions
must be correctly biased with external dc voltages. In this section, we use the npn
transistor for illustration. The operation of the pnp is the same as for the npn except
that the roles of the electrons and holes, the bias voltage polarities, and the current
directions are all reversed.

After completing this section, you should be able to

# Explain how a transistor is biased and discuss the transistor currents and their
relationships

Describe forward-reverse bias

-

u Show how to connect a transistor to the bias-voltage sources

Describe the basic internal operation of a transistor

=

State the formula relating the collector, emitter, and base currents in a transistor

Figure 4-3 shows the proper bias arrangement for both npn and pnp transistors for ac-  [T—%

tive operation as an amplifier. Notice that in both cases the base-emitter (BE) junction is
forward-biased and the base-collector (BC) junction is reverse-biased.

FIGURE 4-3

167
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(a) npn

To illustrate transistor action, let’s examine what happens inside the npn transistor. 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 4—4. The heav-
ily doped n-type emitter region is teeming with conduction-band (free) electrons that eas-
ily diffuse through the forward-biased BE junction into the p-type base region where they
become minority carriers, just as in a forward-biased diode. The base region is lightly doped
and very thin so that it has a 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 electrons flow out of the base lead as valence elec-
trons, forming the small base electron current, as shown in Figure 44.

Forward-reverse bias of a BJT.
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FIGURE 4-4

Iustration of BJT action.

Collector electron current (/)
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BC junction 1
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=
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T cwrent (Ig) = Emitter electron L]
|~ current (g =/ +1g) il
" — -
—

Most of the electrons flowing from the emitter into the thin, lightly doped base region
do not recombine but diffuse into the BC depletion region. Once in this region they are
pulled through the reverse-biased BC junction by the electric field set up by the force of at-
traction between the positive and negative ions. Actually, you can think of the electrons as
being pulled across the reverse-biased BC junction by the attraction of the collector supply
voltage. The electrons now move through the collector region, out through the collector
lead, and into the positive terminal of the collector voltage source. This forms the collector
electron current, as shown in Figure 4—4. The collector current is much larger than the base
current. This is the reason transistors exhibit current gain.

Transistor Currents

The directions of the currents in an npn transistor and its schematic symbol are as shown in
Figure 4-5(a); those for a pnp transistor are shown in Figure 4-5(b). Notice that the arrow
on the emitter of the transistor symbols points in the direction of conventional current.
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(a) npn (b) pnp

FIGURE 4-5

Transistor currents.

These diagrams show that the emitter current (/) is the sum of the collector current (/) and
the base current (/), expressed as follows:

Ig=1Ic+ 13 Equation 4-1

As mentioned before, I is very small compared to I or /. The capital-letter subscripts in-
dicate dc values.

SECTION 4-2
REVIEW 1. What are the bias conditions of the base-emitter and base-collector junctions for a

transistor to operate as an amplifier?
2. Which is the largest of the three transistor currents?
3. Is the base current smaller or larger than the emitter current?

4. Is the base region much thinner or much wider than the collector and emitter
regions?

5. If the collector current is 1 mA and the base current is 10 uA, what is the emitter
current?

4-3 TRANSISTOR CHARACTERISTICS AND PARAMETERS

Two important parameters, Bpe (dc current gain) and ap are introduced and used to
analyze a transistor circuit. Also, transistor characteristic curves are covered, and you
will learn how a transistor’s operation can be determined from these curves. Finally,
maximum ratings of a transistor are discussed.

After completing this section, you should be able to

= Discuss transistor parameters and characteristics and use these to analyze a
transistor circuit

= Define dc beta (Bpe)
® Define dc alpha {(ape)

#® Identify all currents and voltages in a transistor circuit
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Transistor dc bias circuits.

Equation 4-2

® Analyze a basic transistor dc circuit

* Interpret collector characteristic curves and use a dc load line

# Describe how Bpc varies with temperature and collector current
= Discuss and apply maximum transistor ratings

= Derate a transistor for power dissipation

= Interpret a transistor data sheet

As discussed in the last section, when a transistor is connected to dc bias voltages, as
shown in Figure 4-6 for both npn and pnp types, Vpy forward-biases the base-emitter junc-
tion, and V¢ reverse-biases the base-collector junction. Although in this chapter we are us-
ing battery symbols to represent the bias voltages, in practice the voltages are often derived
from a dc power supply. For example. V. is normally taken directly from the power sup-
ply output and Vyg (which is smaller) can be produced with a voltage divider. Bias circuits
are examined thoroughly in Chapter 5.

I +

Ves =

(a) npn (b) pnp

DC Beta (Bpc) and DC Alpha {(apc)

The ratio of the dc collector current (/) to the dc base current (/) is the dc beta (Bp),
which is the dc current gain of a transistor.

Ic
BDC - IB
Typical values of By range from less than 20 to 200 or higher. By is usually designated as

an equivalent hybrid () parameter, hgg, on transistor data sheets. A-parameters are covered
in Chapter 6. All you need to know now is that

hee = Boe

The ratio of the dc collector current (Ic) to the dc emitter current (/g) is the dc
alpha (apc). The alpha is a less-used parameter than beta in transistor circuits.

lc
ape = =
e =
Typically, values of apc range from 0.95 to 0.99 or greater, but apc is always less than 1.
The reason is that I is always slightly less than /g by the amount of 7. For example, if Iz =
100 mA and /5 = 1 mA, then Ic = 99 mA and ape = 0.99.
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| EXAMPLE 4-1

Solution Boc =

Determine Bpc and Ig for a transistor where Iy = 50 A and /I = 3.65 mA.

fe _365mA _
Iy S50 nA

Iy = Ic + Iy = 3.65mA + 50 uA = 3.70 mA

73

Related Probiem™ A certain transistor has a Bpc of 200. When the base current is 50 1A, determine the
collector current.

*Answers are at the end of the chapter.

Current and Voltage Analysis

Consider the basic transistor bias circuit configuration in Figure 4-7. Three transistor dc
currents and three dc voltages can be identified.

Iy: dc base current

Ig: dec emitter current

I dc collector current

Vee: de voltage at base with respect to emitter
Veg: de voltage at collector with respect to base

Veg: de voltage at collector with respect to emitter

FIGURE 4-7

Transistor currents and voltages.

Vap forward-biases the base-emitter junction, and V. reverse-biases the base-collector
junction. When the base-emitter junction is forward-biased, it is like a forward-biased diode
and has a nominal forward voltage drop of

Ve = 0.7V Equation 4-3

Although in an actual transistor Vg can be as high as 0.9 V and is dependent on current, we
will use 0.7 V throughout this text in order to simplify the analysis of the basic concepts.
Since the emitter is at ground (0 V), by Kirchhoff’s voltage law, the voltage across Ry is

VRB = Vg — Vie
Also, by Ohm’s law,
VRB = IBRB
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Equation 4-4

Equation 4-5

Equation 4-6

| EXAMPLE 4-2

Solution

Substituting for Vi, yields
IgRg = Vg — Vg

Solving for I3,

_ Ves — Vie

[y = —

Ry
The voltage at the collector with respect to the grounded emitter is
Vee = Vee — VRC

Since the drop across R is
VRC = ICRC

the voltage at the collector can be written as
Veg = Vee = IcRc

where I = Bpclp.

The voltage across the reverse-biased collector-base junction is

Vep = Vee — Ve

Determine Iy, I, I, Vg, Veg, and Vg in the circuit of Figure 4-8. The transistor has a
Bpc = 150.

FIGURE 4-8

From Equation 4-3, Vg = 0.7 V. Calculate the base, collector, and emitter currents as
follows:

Ves — Ver S5V — 07V
Rs  10kQ

Ie = Bocly = (150)(430 wA) = 64.5 mA

I = Ic + I = 64.5mA + 430 pA = 64.9 mA

Iy = = 430 pA

Solve for Vg and V.

Veg = Vee — IoRe = 10V — (645 mA)(1000) = 10V — 645V = 355V
Veg = Vg — Vg =355V — 07V = 285V

Since the collector is at a higher voltage than the base, the collector-base junction is
reverse-biased.
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Related Problem  Determine lg, I¢, Ig, Vg, and Vg in Figure 4-8 for the following values: Ry = 22 k{},
RC = 220 Q, VBB = 6V, VCC = 9V, and BDC = 90.

Open the Multisim file E04-02 in the Examples folder on your CD-ROM. Measure
each current and voltage and compare with the calculated values.

Collector Characteristic Curves

Using a circuit like that shown in Figure 4-9(a), you can generate a set of collector char-
acteristic curves that show how the collector current, I, varies with the collector-to-emitter
voltage, Vg, for specified values of base current, I. Notice in the circuit diagram that both
Vag and V. are variable sources of voltage.

Assume that Vi is set to produce a certain value of /g and V¢ is zero. For this condi-
tion, both the base-emitter junction and the base-collector junction are forward-biased

(a) Circuit
Ic
(
B —_— |
I
| |
i | |
| I
| I
| I
| I
| I
| I
| I
| I
| I
| I
| I
1 !
: I
| I
L I y
; == — T > Ve = Ve
0 07 \Y% VCE(max) 0|
1 .
; o 1 Bredhdinu (c) Family of /- versus Vg curves for several values of I
- | rewion

(Ig1< Ig2< Ips etc.)
(b) I versus Vg curve for one value of /g : '

FIGURE 4-9

Collector characteristic curves.
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|EXAMP!.E 4-3

Solution

because the base is at approximately 0.7 V while the emitter and the collector are at 0 V.
The base current is through the base-emitter junction because of the low impedance path to
ground and, therefore, /¢ is zero. When both junctions are forward-biased, the transistor is
in the saturation region of its operation.

As Vi is increased, Vg increases gradually as the collector current increases. This is in-
dicated by the portion of the characteristic curve between points A and B in Figure 4-9(b).
I increases as V¢ is increased because Vg remains less than 0.7 V due to the forward-
biased base-collector junction.

Ideally, when Vg exceeds 0.7 V, the base-collector junction becomes reverse-biased and the
transistor goes into the active or linear region of its operation. Once the base-collector junc-
tion is reverse-biased, /- levels off and remains essentially constant for a given value of Iy as
Vg continues to increase. Actually, /- increases very slightly as Vi increases due to widening
of the base-collector depletion region. This results in fewer holes for recombination in the base
region which effectively causes a slight increase in Bpe. This is shown by the portion of the
characteristic curve between points B and C in Figure 4-9(b). For this portion of the charac-
teristic curve, the value of /- is determined only by the relationship expressed as I = Bpclp.

When V¢ reaches a sufficiently high voltage, the reverse-biased base-collector junction
goes into breakdown; and the collector current increases rapidly as indicated by the part of
the curve to the right of point C in Figure 4-9(b). A transistor should never be operated in
this breakdown region.

A family of collector characteristic curves is produced when /- versus Vg is plotted for
several values of Iy, as illustrated in Figure 4-9(c). When Iy = 0, the transistor is in the cutoff
region although there is a very small collector leakage current as indicated. The amount of
collector leakage current for /z = 0 is exaggerated on the graph for illustration.

Sketch an ideal family of collector curves for the circuit in Figure 4-10 for Iy = 5 pA to
25 pA in 5 pA increments. Assume Bpe = 100 and that Vg does not exceed breakdown.

FIGURE 4-10

Re
Ay

[

BDC =100 i VCC

Using the relationship I = Bpclg, values of I are calculated and tabulated in Table 4-1.
The resulting curves are plotted in Figure 4—11. These are ideal curves because the slight
increase in /- for a given value of Iy as V¢ increases in the active region is neglected.

_T_,ii’,l. E 4-1
Is Ic
5 pA 0.5 mA
10 uA 1.0 mA
15 nA 1.5 mA
20 wA 2.0 mA

25 uA 2.5mA



FIGURE 4-11
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Related Problem

collector leakage current?

Cutoff

As previously mentioned, when /3 = 0, the transistor is

in the cutoff region of its operation.

This is shown in Figure 4-12 with the base lead open, resulting in a base current of zero.

Under this condition, there is a very small amount of

collector leakage current, /-go, due

mainly to thermally produced carriers. Because /g s extremely small, it will usually be
neglected in circuit analysis so that Vg = V. In cutoff, both the base-emitter and the base-

collector junctions are reverse-biased.

Saturation

When the base-emitter junction becomes forward-bias

FIGURE 4-12

Cutoff: Collector leakage current
(Iceo) is extremely small and is usually
neglected. Base-emitter and base-
collector junctions are reverse-

biased.

ed and the base current is increased,

the collector current also increases (/c = Bpe/p) and Vi decreases as a result of more drop

across the collector resistor (Veg = Ve — IcRe). This

is illustrated in Figure 4—13. When

Vg reaches its saturation value, Vg, the base-collector junction becomes forward-

biased and /- can increase no further even with a cont
saturation, the relation /- = Bpc/p is no longer valid.

inued increase in /. At the point of
Veresay fOr a transistor occurs some-

where below the knee of the collector curves, and it is usually only a few tenths of a volt

for silicon transistors.

Where would the curve for /g = 0 appear on the graph in Figure 4-11, neglecting
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FIGURE 4-13

Saturation: As /g increases due to

increasing Vg, Ic also increases and

Ve decreases due to the increased

voltage drop across R.. When the

transistor reaches saturation, /- can
increase no further regardless of
further increase in lg. Base-emitter

and base-collector junctions are
forward-biased.

DC Load Line

Cutoff and saturation can be illustrated in relation to the collector characteristic curves by
the use of a load line. Figure 4-14 shows a dc load line drawn on a family of curves con-
necting the cutoff point and the saturation point. The bottom of the load line is at ideal cut-
oft where Ic = 0 and Vg = Vc. The top of the load line is at saturation where Ic = I¢
and Veg = Vg In between cutoff and saturation along the load line is the active region
of the transistor’s operation. Load line operation is discussed more in Chapter 5.

FIGURE 4-14 I

DC load line on a family of collector
characteristic curves illustrating the
cutoff and saturation conditions.

Vee
0 VCE(sal) VCC
| EXAMPLE 4-4
Determine whether or not the transistor in Figure 4-15 is in saturation. Assume
Ve = 0.2 V.

FIGURE 4-15

I

Vee

_I TR




Solution

Related Problem

More About B¢

TRANSISTOR CHARACTERISTICS AND PARAMETERS

First, determine Jo,).

P Vee = Vegay 10V =02V 98V 0.8 mA
el Rc 1.0kO 10kQ
Now, see if Iy is large enough to produce J¢ (.
Ve — Vgg 3V —-07V 23V
S = — =——=023mA
s Ry 10 kQ 10 kQ M

This shows that with the specified Bpc, this base current is capable of producing an /-

greater than Ic,,. Therefore, the transistor is saturated, and the collector current
value of 11.5 mA is never reached. If you further increase /g, the collector current
remains at its saturation value.

Determine whether or not the transistor in Figure 4—15 is saturated for the following

values: BDC = 125, VBB =1.5 V, RB =68 kQ, RC =180 Q, and VCC =12V.

Open the Multisim file E0O4-04 in the Examples folder on your CD-ROM.
Determine if the transistor is in saturation and explain how you did this.

The Bpe or Agg is an important bipolar junction transistor parameter that we need to exam-
ine further. Bp¢ is not truly constant but varies with both collector current and with tem-
perature. Keeping the junction temperature constant and increasing /- causes Bpc to
increase to a maximum. A further increase in /- beyond this maximum point causes Bp¢ to
decrease. If /¢ is held constant and the temperature is varied, Bpc changes directly with the
temperature. If the temperature goes up, Bpc goes up and vice versa. Figure 4—16 shows the
variation of Bpc with I and junction temperature (7;) for a typical transistor.

~1
<o

FIGURE 4-16
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Variation of Bp¢ with /.- for several
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A transistor data sheet usually specifies Bpc (hgg) at specific I- values. Even at fixed val-
ues of I and temperature, B, varies from device to device for a given transistor due to in-
consistencies in the manufacturing process that are unavoidable. The Bp specified at a
certain value of /¢ is usually the minimum value, Bpc (i) although the maximum and typ-

ical values are also sometimes specified.
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Equation 4-7

FIGURE 4-17

Maximum power dissipation curve
and tabulated values.

I EXAMPLE 4-5

Solution

Related Problem

Maximum Transistor Ratings

A transistor, like any other electronic device, has limitations on its operation. These limita-
tions 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-base voltage,
collector-to-emitter voltage, emitter-to-base voltage, collector current, and power dissipation.
The product of Vg and I must not exceed the maximum power dissipation. Both Vg
and /- cannot be maximum at the same time. If V¢ is maximum, /. can be calculated as

PD(max)
vCE

1C:

If I is maximum, Vg can be calculated by rearranging Equation 4-7 as follows:

For any given transistor, a maximum power dissipation curve can be plotted on the col-
lector characteristic curves, as shown in Figure 4-17(a). These values are tabulated in
Figure 4-17(b). Assume Ppyyuy) 1S 500 MW, Vegguay is 20V, and Je ey 1s 50 mA. The curve
shows that this particular transistor cannot be operated in the shaded portion of the graph.
Icmayy 18 the limiting rating between points A and B, Ppn.s IS the limiting rating between
points B and C, and Vgay) is the limiting rating between points C and D.

Ic (mA)

60— \
{ B
lemay 90
. 40— \\.\
30— C
\\TN

20—
l PD(mm&) | VCE | [C
10 I, S00mwW | 5V | 100 mA
0 I I I i Veg (V) 500mwW | 10V 50 mA
5 10 15 20 S00mW | 15V | 33maA
Vermar) 500mw | 20V 25 mA

(a) (b)

A certain transistor is to be operated with Vg = 6 V. If its maximum power rating is
250 mW, what is the most collector current that it can handle?

o PD(max) _ 250 mW — 417 mA
Ver 6V )

Ic
Remember that this is not necessarily the maximum /.. The transistor can handle more
collector current if Vi is reduced, as long as Pp,, is not exceeded.

If Pponayy = 1 W, how much voltage is allowed from coliector to emitter if the
transistor is operating with /- = 100 mA?
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|EKAMDI_E 4-6
The transistor in Figure 4-18 has the following maximum ratings: Ppgna = 800 mW,

Vegmay = 15V, and logmag = 100 mA. Determine the maximum value to which Ve
can be adjusted without exceeding a rating. Which rating would be exceeded first?

FIGURE 4-18

Solution  First, find [ so that you can determine /.

Veg — Vg _ 5V - 07V
Ry 22 kO

Bocly = (100)(195 pA) = 19.5 mA

Iy =

= 195 uA

Ic

Ic is much less than /¢, and will not change with Vec. It is determined only by /g

and Bpe.
The voltage drop across R is

Ve = IcRe = (195mA)(1.0kQ) = 195V
Now you can determine the value of Vee when Veg = Vg, = 15 V.
Ve = Vee = Ve
So,
VCC(mﬂX) = vCE(max) + VRC =15V + 195 V=345V

Vee can be increased to 34.5 V, under the existing conditions, before Vg . 15 exceeded.
However, at this point it is not known whether or not Pp,,..,, has been exceeded.

Po = Vegomm le = (15 V)(19.5 mA) = 293 mW

Since Ppypay is 800 mW, it is not exceeded when Ve = 34.5 V. So, Vegan = 15V is
the limiting rating in this case. If the base current is removed causing the transistor to
turn off, Vegmay Will be exceeded first because the entire supply voltage, V., will be
dropped across the transistor.

Related Problem  The transistor in Figure 4-18 has the following maximum ratings: Pp. = 500 mW,
Vegmay = 25V, and legmay = 200 mA. Determine the maximum value to which Ve
can be adjusted without exceeding a rating. Which rating would be exceeded first?

Derating Pp (a0

PD(m&“) is usuq]]y specified at 25°C. For higher temperatures, Pp ., is less. Data sheets of-
ten give derating factors for determining Pp,,,,,, at any temperature above 25°C. For exam-
ple, a derating factor of 2 mW/°C indicates that the maximum power dissipation is reduced
2 mW for each degree centigrade increase in temperature.
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I EXAMPLE 4-7
A certain transistor has a Pp,,,) of | W at 25°C. The derating factor is 5 mW/°C.

What is the Pp g at a temperature of 70°C?

Solution  The change (reduction) in Ppp,y, 1S
APpinay = (5 mW/°C)(T70°C — 25°C) = (5 mW/°C)(45°C) = 225 mW
Therefore, the Py, at 70°C is
I W —225mW =775 mW

Related Problem A transistor has a Ppy,,,, = 5 W at 25°C. The derating factor is 10 mW/°C. What is the
Piimax) at 70°C?

Transistor Data Sheet

A partial data sheet for the 2N3903 and 2N3904 npn transistors is shown in Figure 4-19.
Notice that the maximum collector-emitter voltage (Vigo) is 40 V. The CEO subscript in-
dicates that the voltage is measured from collector (C) to emitter (E) with the base open (O).
In the text, we use Vg for clarity. Also notice that the maximum collector current is
200 mA.

The Bpe (hee) is specified for several values of I~ and, as you can see, hgg varies with /-
as we previously discussed.

The collector-emitter saturation voltage, Vg, 1S 0.2 V maximum for I¢,, = 10 mA
and increases with the current.

. Define Bp¢ and apc. What is hgg?

. If the dc current gain of a transistor is 100, determine Bpc and apc.

|SECTION 4-3
REVIEW
. What two variables are plotted on a collector characteristic curve?

. What bias conditions must exist for a transistor to operate as an amplifier?

. Does Bpc increase or decrease with temperature?

N AW N -

. For a given type of transistor, can B¢ be considered to be a constant?

4-4 THE TRANSISTOR AS AN AMPLIFIER

Amplification is the process of linearly increasing the amplitude of an electrical signal
and is one of the major properties of a transistor. As you learned, a transistor exhibits
current gain (called 8). When a transistor is biased in the active (or linear) region, as
previously described, the BE junction has a low resistance due to forward bias and the
BC junction has a high resistance due to reverse bias.

After completing this section, you should be able to

= Discuss how a transistor is used as a voltage amplifier

® Describe amplification

® Develop the ac equivalent circuit for a basic transistor amplifier

= Determine the voltage gain of a basic transistor amplifier



Maximum Ratings

THE TRANSISTOR AS AN AMPLIFIER

2N3903
2N3904

Rating Symbol Value Unit
Collector-Emitter voltage Veeo 40 Vde
Collector-Base voltage Veso 60 Vdc NN
Emitter-Base voltage Vego 6.0 Vde y 3 Collector
Collector current — continuous Ic 200 mA dc
Total device dissipation @ T, =25°C|  Pp 625 mWw 2
Derate above 25°C 5.0 mW/°C Base
Total device dissipation @ T = 25°C Pp 1.5 Watts 12 1 Emitter
Derate above 25°C 12 mW/°C 3
Operating and storage junction 7. Ty | —-5510+150 °C ] )
Temperature range s Ge;ern—?urpohe
ransistors
Thermal Characteristics
Characteristic Symbol Max Unit NPN Silicon
Thermal vesistance, junction to case Ry 83.3 °CIW
Thermal resistance, junction to ambient|  Rgja 200 °C/W
Electrical Characteristics (T, = 25°C unless otherwise noted.)
‘ Characteristic ‘ Symbol | Min | Max | Unit |
OFF Characteristics
Collector-Emitter breakdown voltage ViBr)CEO 40 - Vdc
(Ic=1.0mAdc, /g =0)
Collector-Base breakdown voltage Vigr)cBO 60 - Vde
(Ic=10uAdc, Ig=0)
Emitter-Base breakdown voltage Visr)EBO 6.0 - Vdc
(Ig=10 uAde, Ic =0)
Base cutoft current I - 50 nAdc
(Veg =30V de, Vgg =3.0 Vde)
Collector cutoff current lcex - 50 nAdc
(Vep=30V dc, Vgg =3.0V de)
ON Characteristics
DC current gain heg -
(Ic =0.1 mAdc, Veg = 1.0V dc) 2N3903 20 -
2N3904 40 -
(Ic = 1.0 mAdc, Vg = 1.0V de) 2N3903 35 -
2N3904 70 -
(UIc=10mAdc, Veg = 1.0V de) 2N3903 50 150
2N3904 100 300
(Ic =50 mAdc, Vg = 1.0 Vdc) 2N3903 30 -
2N3904 60 -
(Ic =100 mA dc, Vg = 1.0V de) 2N3903 15 -
2N3904 30 -
Collector-Emitter saturation voltage VeEesay Vde
(Ic =10 mA dc, /g = 1.0 mA dc) - 0.2
(Ic =50 mAdc, Iy = 5.0 mA dc) - 0.3
Base-Emitter saturation voltage VBE(san) Vdc
(Ic=10mA dc, Iy = 1.0 mA dc) 0.65 0.85
(e =50 mAdc, Iy = 5.0 mA de) - 0.95

FIGURE 4-19

Partial transistor data sheet.

DC and AC Quantities

Before introducing the concept of transistor amplification, the designations that we will [
use for the circuit quantities of current, voltage, and resistance must be explained because

amplifier circuits have both dc and ac quantities.

In this text, italic capital letters are used for both dc and ac currents () and voltages (V).
This rule applies to rms, average, peak, and peak-to-peak ac values. AC current and voltage

181
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FIGURE 4-20

Basic transistor amplifier circuit.

values are always rms unless stated otherwise. Although some texts use lowercase i and v
for ac current and voltage, we reserve the use of lowercase i and v only for instantaneous
values, as you learned in your dc/ac circuits course. In this text, the distinction between a
dc current or voltage and an ac current or voltage is in the subscript.

DC quantities always carry an uppercase roman (nonitalic) subscript. For example, /g,
I, and Iy are the dc transistor currents. Vgg, Vg, and Vg are the dc voltages from one tran-
sistor terminal to another. Single subscripted voltages such as Vg, V¢, and Vg are dc volt-
ages from the transistor terminals to ground.

AC and all time-varying quantities always carry a lowercase italic subscript. For exam-
ple, 1,, I., and [, are the ac transistor currents. V,,,, V,, and V,, are the ac voltages from one
transistor terminal to another. Single subscripted voltages such as V,, V,, and V, are ac volt-
ages from the transistor terminals to ground.

The rule is different for internal transistor resistances. As you will see later, transistors
have internal ac resistances that are designated by lowercase »” with an appropriate sub-
script. For example, the internal ac emitter resistance is designated as r,.

Circuit resistances external to the transistor itself use the standard italic capital R with a sub-
script that identifies the resistance as dc or ac (when applicable), just as for current and voltage.
For example Ry is an external dc emitter resistance and R, is an external ac emitter resistance.

Transistor Amplification

As you have learned, a transistor amplifies current because the collector current is equal to
the base current multiplied by the current gain, 3. The base current in a transistor is very
small compared to the collector and emitter currents. Because of this, the collector current
is approximately equal to the emitter current.

With this in mind, let’s look at the circuit in Figure 4-20(a). An ac voltage, V;,, is superim-
posed on the dc bias voltage Vgg by connecting them in series with the base resistor, Ry, as
shown. The dc bias voltage V- is connected to the collector through the collector resistor, Re.

Vin
A
Re
—Wy / "~/
Vas =X N ==
\ W
0
+ V.,
Vee =
AN
cc FoE o S
/ | R /—
VARVERY
= = = 0
(a) Circuit with ac input voltage V;, and dc bias (b) Waveforms

voltage superimposed

The ac input voltage produces an ac base current, which results in a much larger ac col-
lector current. The ac collector current produces an ac voltage across R, thus producing an
amplified, but inverted, reproduction of the ac input voltage in the active region of opera-
tion, as illustrated in Figure 4-20(b).

The forward-biased base-emitter junction presents a very low resistance to the ac signal.
This internal ac emitter resistance is designated r7. In Figure 4-20(a), the ac emitter current is

L,=1 = Kf’
-

e
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The ac collector voltage, V., equals the ac voltage drop across R.
V.=1I.Rc

Since I. = [,, the ac collector voltage is
V.= ILRc

V, can be considered the transistor ac input voltage where V, = V, — [,Rg. V. can be
considered the transistor ac output voltage. The ratio of V, to V, is the ac voltage gain, A,,
of the transistor circuit.

1%

<

A, ===
Vb

Substituting I, R for V. and Ir/, for V, yields
VC — IeRC

A, =S
V[) Ierg,

The I, lerins cancel; therefore,

R
A = ,C Equation 4-8
Te

Equation 4-8 shows that the transistor in Figure 4-20 provides amplification in the form of
voltage gain, which is dependent on the values of R and r..

Since R is always considerably larger in value than r,, the output voltage is always greater
than the input voltage. Various types of amplifiers are covered in detail in Jater chapters.

I EXAMPLE 4-8
Determine the voltage gain and the ac output voltage in Figure 4-21 if r, = 50 ().

FIGURE 4-21

Rc

Solution  The voltage gain is

Therefore, the ac output voltage is

Vom =AV,=(20)(100 mV) =2V rms

Related Problem  What value of R¢ in Figure 4-21 will it take to have a voltage gain of 50?

183
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SECTION 4-4
REVIEW

. What is amplification?
. How is voltage gain defined?

. Name two factors that determine the voltage gain of an amplifier.

HWN -

. What is the voltage gain of a transistor amplifier that has an output of 5 V rms and
an input of 250 mV rms?

5. A transistor connected as in Figure 4-21 has an r, = 20 £L. If Rc is 1200 £}, what is
the voltage gain?

4-5 THE TRANSISTOR AS A SWITCH

In the previous section, you saw how the transistor can be used as a linear amplifier.
The second major application area is switching applications. When used as an
electronic switch, a transistor is normally operated alternately in cutoff and saturation.
Digital circuits make use of the switching characteristics of transistors.

After completing this section, you should be able to
= Discuss how a transistor is used as an electronic switch

= Analyze a transistor switching circuit for cutoff and saturation

Describe the conditions that produce cutoff

Describe the conditions that produce saturation

® Discuss a basic application of a transistor switching circuit

Figure 4-22 illustrates the basic operation of the transistor as a switching device. In part
(a), the transistor is in the cutoff region because the base-emitter junction is not forward-
biased. In this condition, there is, ideally, an open between collector and emitter, as indi-
cated by the switch equivalent. In part (b), the transistor is in the saturation region because
the base-emitter junction and the base-collector junction are forward-biased and the base
current is made large enough to cause the collector current to reach its saturation value. In
this condition, there 1s, ideally, a short between collector and emitter, as indicated by the
switch equivalent. Actually, a voltage drop of up to a few tenths of a volt normally occurs,
which is the saturation voltage, V(-

FIGURE 4-22

+Vee +Vee +Vee
Ideal switching action of a transistor.
=0 Re Féen Rc f
H
C C
()
E E

(a) Cutoff — open switch (b) Saturation — closed switch
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Conditions in Cutoff

As mentioned before, a transistor is in the cutoff region when the base-emitter junction is not
forward-biased. Neglecting leakage current, all of the currents are zero, and V; is equal to V.

Veruotn = Vee Equation 4-9

Conditions in Saturation

As you have learned, when the base-emitter junction is forward-biased and there is enough
base current to produce a maximum collector current, the transistor is saturated. The for-
mula for collector saturation current is

Vee — Ver(say

Equation 4-10
Re

IC(Sal) =
Since Veggay 18 very small compared to Ve, it can usually be neglected.
The minimum value of base current needed to produce saturation is

- IC(S;II)
IB(min) - BDC

Equation 4-11

I3 should be significantly greater than /g, to keep the transistor well into saturation.

I EXAMPLE 4-9

(a) For the transistor circuit in Figure 4-23, what is Vg when V), = 0 V?

(b) What minimum value of [y is required to saturate this transistor if Spc is 2007
Neglect Vegga.

(¢) Calculate the maximum value of Ry when Vg = 5V.

FIGURE 4-23

Vee
+10V

VIN

Solution  (a) When V|, = 0V, the transistor is in cutoff (acts like an open switch) and
Veg = Vee =10V

(b) Since Vg, is neglected (assumed to be 0 V),

Vee 10V
I~ = — = =
0 T R T Tokn  LOmA
IC sal 10 mA
lB(min) = o = 50 PA

" Boe 200

185
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Related Problem

| EXAMPLE 4-10

Solution

This is the value of I necessary to drive the transistor to the point of saturation.
Any further increase in /5 will drive the transistor deeper into saturation but will
not increase /c.

(¢) When the transistor is on, Ve = 0.7 V. The voltage across Ry is

Ve =V — Vgg =5V — 07V =43V

B
Calculate the maximum value of Ry needed to allow a minimum /5 of 50 wA by
Obhm’s law as follows:

Vg 43V

Remme = = = 86 kQ
Bl IB(min) 50 /J“A

Determine the minimum value of [ required to saturate the transistor in Figure 4-23 if
Boc is 125 and Vg, is 0.2 V.

A Simple Application of a Transistor Switch

The transistor in Figure 4-24 is used as a switch to turn the LED on and off. For example,
a square wave input voltage with a period of 2 s is applied to the input as indicated. When
the square wave is at 0 V, the transistor is in cutoff; and since there is no collector current,
the LED does not emit light. When the square wave goes to its high level, the transistor sat-
urates. This forward-biases the LED, and the resulting collector current through the LED
causes it to emit light. Thus, the LED is on for | s and off for | s.

FIGURE_-4:24 +Vee

A transistor used to switch an LED on

and off. Re

v, oJ_] R

The LED in Figure 4-24 requires 30 mA to emit a sufficient level of light. Therefore, the
collector current should be approximately 30 mA. For the following circuit values,
determine the amplitude of the square wave input voltage necessary to make sure that the
transistor saturates. Use double the minimum value of base current as a safety margin to
ensure saturation. Vec = 9V, Vegoy = 0.3 V, Re = 270 £, Ry = 3.3 k{}, and B = 50.

Vee = Veggay 9V —-03V
Re 270 (2

/ B -IC(sal)i _ 32.2 mA
B(inin) BDC 50

Ictsay = =32.2mA

= 644 pA
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To ensure saturation, use twice the value of /g, Which is 1.29 mA. Use the formula
for Iy to solve for V,,.

VRB Vin B VBE Vin - 07 v
IB = — = =
Ry Ry 33kQ
Vi, = 07V = 2giRs = (129 mA)(3.3 k)

V, = (129 mA)(33kQ) + 0.7V =496V

Related Problem  If you change the LED in Figure 4-24 to one that requires 50 mA for a specified light
emission and you can’t increase the input amplitude above 5 V or Vi above 9 V, how
would you modify the circuit? Specify the component(s) to be changed and the value(s).

Open the Multisim file E0O4-10 in the Examples folder on your CD-ROM. Using a
! 0.5 Hz square wave input with the calculated amplitude, verify that the transistor is
switching between cutoff and saturation and that the LED is alternately turning on

and off.

SECTION 4-5
REVIEW . When a transistor is used as a switch, in what two states is it operated?

. When is the collector current maximum?

. When is the collector current approximately zero?

. Under what condition is Vi = V7

Ui b W N =

. When is Ve minimum?

4-6 TRANSISTOR PACKAGES AND TERMINAL IDENTIFICATION

Transistors are available in a wide range of package types for various applications.
Those with mounting studs or heat sinks are usually power transistors. Low-power and
medium-power transistors are usually found in smaller metal or plastic cases. Still
another package classification is for high-frequency devices. You should be familiar
with common transistor packages and be able to identify the emitter, base, and
collector terminals.

After completing this section, you should be able to
= Identify various types of transistor package configurations
m List three broad categories of transistors

B Recognize various types of cases and identify the pin configurations

Transistor Categories

Manufacturers generally classify their bipolar junction transistors into three broad categories:
general-purpose/small-signal devices, power devices, and RF (radio frequency/microwave)
devices. Although each of these categories, to a large degree, has its own unique package
types, you will find certain types of packages used in more than one device category. Let’s
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look at transistor packages for each of the three categories so that you will be able to recog-
nize a transistor when you see one on a circuit board and have a good idea of what general
category it is in.

General-Purpose/Small-5ignal Transistors General-purpose/small-signal transistors 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 transistors.
Figure 4-25 illustrates common plastic cases, Figure 4-26 shows packages called metal
cans, and Figure 4-27 shows multiple-transistor packages. Some of the multiple-transistor
packages such as the dual in-line (DIP) and the small-outline (SO) are the same as those
used for many integrated circuits. Typical pin connections are shown so you can identify
the emitter, base, and collector.

J-<_

(a) TO-92 or TO-226AA

3 Collector 3 Collector

Emitter - 2 Emitter

(b) TO-92 or TO-226AE (c) SOT-23 or TO-236AB

FIGURE 4-25

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.

3 Collector 3 Collector

3 Collector % Hector
Buse i " Base ﬁ/] Base
/ | Emitter 1 I

(a) TO-18 or TO-206AA

Emitter . I Emitter

(b) TO-39 or TO-205AD (c) TO-46 or TO-206AB

3 Collecto 7 By

3 Collector
3 / @ | I-r.]i-‘wr@ 3 Collector
Base

“mitter i p | Emine
(f) Pin configuration (bottom view).
Emitter is closest to tab.

(d) TO-52 or TO-206AC (e) TO-72 or TO-206AF

FIGURE 4-26

Metal cases for general-purpose/small-signal transistors.

Power Transistors  Power transistors are used to handle large currents (typically more than
I A) and/or large voltages. For example, the final audio stage in a stereo system uses a
power transistor amplifier to drive the speakers. Figure 4-28 shows some common package
configurations. In most applications, the metal tab or the metal case is common to the col-
lector and is thermally connected to a heat sink for heat dissipation. Notice in part (g) how
the small transistor chip is mounted inside the much larger package.



Colleeror | 7 Collector

Emitter 3 5 Emitter

£

(a) Dual metal can

[MEIEEpEEp N
e e P s

16

(c) Quad small outline (SO) package for
surface- mount technology

FIGURE 4-27

TRANSISTOR PACKAGES AND TERMINAL IDENTIFICATION

6 7

(b) Quad dual in-line (DIP) and quad
flat-pack. Dot indicates pin 1.

Collector 9 7 Collector

|
9 [h;hc Ii ii ibﬁ Bise

=mitter 2 4 Eminer

(d) Dual ceramic flat-pack

Typical multiple-transistor packages.

(a) TO-3 or TO-204AE

(e) TO-225AA

FIGURE 4-28

(b) TO-218

(f) Surface-mount technology

() TO-218AC (d) TO-220AB

(g) Greatly enlarged cutaway view of tiny transistor chip mounted in the
encapsulated package

Typical power transistors.

189
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FIGURE 4-29

Examples of RF transistors.

RF Transistors RF transistors are designed to operate at extremely high frequencies and
are commonly used for various purposes in communications systems and other high-
frequency applications. Their unusual shapes and lead configurations are designed to opti-
mize certain high-frequency parameters. Figure 4-29 shows some examples.

SECTION 4-6
REVIEW 1. List the three broad categories of bipolar junction transistors.

2. In Figure 4-26, how is the emitter identified?

3. In power transistors, the metal mounting tab or case is connected to which
transistor region?

4-7 TROUBLESHOOTING

As you already know, a critical skill in electronics work is the ability to identify a
circuit malfunction and to isolate the failure to a single component if necessary. 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

» Troubleshoot various faults in transistor circuits

® Explain floating point measurement

= Use voltage measurements to identify a fault in a transistor circuit

m Use a DMM to test a transistor

= Explain how a transistor can be viewed in terms of a diode equivalent
® Discuss in-circuit and out-of-circuit testing

= Discuss point-of-measurement in troubleshooting

® 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 4-30 is a basic transistor bias circuit with all voltages referenced
to ground. The two bias voltages are Vgg = 3 V and Vi = 9 V. The correct voltage meas-
urements at the base and collector are shown. Analytically, these voltages are verified as
follows. A Bpe = 200 is taken as midway between the minimum and maximum values of

heg given on the data sheet for the 2N3904 in Figure 4-19. A different heg (Bpe), of course,
will produce different results for the given circuit.



Vee FIGURE 4-30
oV A basic transistor bias circuit.
Re
560 £} 1 Yy
_*; -
2N3904

VB = VBE =07V

Vs — 07V 3V —07V 23V

Yty BV BTN S A
Rs 56 kQ 56 k()

Ve=9V — [Re = 9V — (82mA)(560 Q) = 4.4V

o
I

Several faults that can occur in the circuit and the accompanying symptoms are illus-
trated in Figure 4-31. Symptoms are shown in terms of measured voltages that are incor-
rect. The term floating point refers to a point in the circuit that is not electrically connected
to ground or a “solid” voltage. Normally, very small and sometimes fluctuating voltages in
the wV to low mV range are generally measured at floating points. The faults in Figure 4-31
are typical but do not represent all possible faults that may occur.

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 4-32 for both npn and pap transistors. The base-collector junction is one
diode and the base-emitter junction is the other.

Recall that a good diode will show an extremely high resistance (or open) with reverse
bias and a very low resistance with forward bias. A defective open diode will show an ex-
tremely 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 (DMMSs) have a diode test po-
sition that provides a convenient way fo test a transistor. A typical DMM, as shown in
Figure 4-33, 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 3.5V 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 4-33(a), the red (positive) lead of the me-
ter is connected to the base of an apn transistor and the black (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.

TROUBLESHOOTING
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(a) Fault: Open base resistor.
Symptoms: Readings from uV to a

few mV at base due to floating point.

9 V 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.

Vig
+3V

(b) Fault: Open collector resistor.

Symptoms: Readings from £V 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
EAY

(e) Fault: Emitter internally open.

Symptoms: 3V at base lead. OV
at collector because there is no
collector current. 0 V at the emitter
as normal.

(c) Fauli: Base internally open.

Symptoms: 3V at base lead.
9 V at collector because transistor
is in cutoff.

(£) Fault: Open ground connection.

Symptoms: 3V at base lead. 9 V

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.

FIGURE 4-31

Typical faults and symptoms in the basic transistor bias circuit.

FIGURE 4-32

A transistor viewed as two diodes.

npn pnp npi pnp

(a) Both junctions should read (b) Both junctions should
0.7V £0.2V when ideally read OPEN when
forward-biased. reverse-biased.

In Figure 4-33(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 me-
ter’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.



(a) Forward-bias test of (b) Reverse-bias test of (c) Forward-bias test of
BE junction BE junction BC junction

FIGURE 4-33

TROUBLESHOOTING =

(d) Reverse-bias test of
BC junction

Typical DMM test of a properly functioning npn transistor. Leads are reversed for a pnp transistor.

The process just described is repeated for the base-collector junction as shown in Figure
4-33(c) and (d). For a pnp transistor, the polarity of the meter leads are reversed for each test.

When the Transistor Is Defective When a transistor has failed with an open junction or
internal connection, you get an open circuit voltage reading (2.6 V is typical for many
DMMs) for both the forward-bias and the reverse-bias conditions for that junction, as il-
lustrated in Figure 4-34(a). If a junction is shorted, the meter reads O V in both forward-and
reverse-bias tests, as indicated in part (b). Sometimes, a failed junction may exhibit a small
resistance for both bias conditions rather than a pure short. In this case, the meter will show
a small voltage much less than the correct open voltage. For example, a resistive junction
may result in a reading of 1.1 V in both directions rather than the correct readings of 0.7 V
for forward bias and 2.6 V for reverse bias.

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 func-
tioning properly due to a faulty junction or internal connection, a typical meter will flash
a | or display a 0. If a value of By within the normal range for the specific transistor is
displayed, the device is functioning properly. The normal range of Bp¢ can be determined
from the data sheet.

= i
e Liv

! RESET Jrard
I i

(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 0 V reading. If the junction
BC junction. is resistive, the reading is less

than 2.6 V.

FIGURE 4-34

193

Testing a defective npn transistor.
Leads are reversed for a pnp
transistor.
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Checking a Transistor with the OHMs Function DMMs that do not have a diode test po-
sition or an hgg 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 meter’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 indication
on most DMMs because the reverse resistance is too high to measure. An out-of-range in-
dication 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

An individual transistor can be tested either in-circuit or out-of-circuit with a transistor
tester. For example, let’s say that an amplifier on a particular printed circuit (PC) board has
malfunctioned. Good troubleshooting practice dictates that you do not unsolder a compo-
nent from a circuit board unless you are reasonably sure that it is bad or you simply cannot
isolate the problem down to a single component. When components are removed, there 1s
a risk of damage to the PC board contacts and traces.

The first step is to do an in-circuit check of the transistor using a transistor tester simi-
lar to the one shown in Figure 4-35. The three clip-leads are connected to the transistor ter-
minals and the tester gives a positive indication if the transistor is good.

FIGURE 4-35

Transistor tester (courtesy of B+K
Precision).

Case ] 1If the transistor tests defective, it should be carefully removed and replaced with
aknown good one. An out-of-circuit check of the replacement device is usually a good idea,

Just to make sure it is OK. The transistor is plugged into the socket on the transistor tester
for out-of-circuit tests,

Case 2 If the transistor tests good in-circuit but the circuit is not working properly, ex-
amine the circuit board for a poor connection at the collector pad or for a break in the con-
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necting trace. A poor solder joint often results in an open or a highly resistive contact. The
physical point at which you actually measure the voltage is very important in this case. For
example, if you measure on the collector lead when there is an external open at the collec-
tor pad, you will measure a floating point. If you measure on the connecting trace or on the
Rc lead, you will read V. This situation is illustrated in Figure 4-36.

Meter reads dc FIGURE 4-~36

supply voltage.

The indication of an open, when
itis in the circuit external to the
A fewuVto a few
mV indicates

a floating point.

transistor, depends on where you
measure.

GND — gz

(IPEN connection
at pad

Importance of Point-of-Measurement in Troubleshooting Incase 2, if you had taken the
initial measurement on the transistor lead itself and the open were internal to the transistor
as shown 1n Figure 4-37, you would have measured V. This would have indicated a de-
fective transistor even before the tester was used. This simple concept emphasizes the im-
portance of point-of-measurement in certain troubleshooting situations.

Meter reads dc FIGURE 4-37

supply voltage. lllustration of an internal open.
Compare with Figure 4-36.

I EXAMPLE 4-11
What fault do the measurements in Figure 4-38 indicate?

Solution  The transistor is in cutoff, as indicated by the 10 V measurement on the collector lead. The
base bias voltage of 3 V appears on the PC board contact but not on the transistor lead, as
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FIGURE 4-38

Related Problem

I
=

GND - - 28

indicated by the floating point measurement. This shows that there is an open external to
the transistor between the two measured base points. Check the solder joint at the base
contact on the PC board. If the open were intemal, there would be 3 V on the base lead.

If the meter in Figure 4-38 that now reads 3 V indicates a floating 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 enough to
neglect (usually nA). When a transistor is connected with the base open (/g = 0), it is in
cutoff. Ideally /- = 0; but actually there is a small current from collector to emitter, as men-
tioned earlier, called /-gq (collector-to-emitter current with base open). This leakage cur-
rent is usually in the nA range for silicon. A faulty transistor will often have excessive
leakage current and can be checked in a transistor tester. Another leakage current in tran-
sistors is the reverse collector-to-base current, /-go. This is measured with the emitter open.
If it is excessive, a shorted collector-base junction is likely.

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 /. is measured. The reading will indicate the value of the
I/l ratio, although in some units only a relative indication is given. Most testers provide
for an in-circuit Bp¢ check, so that a suspected device does not have to be removed from the
circuit for testing.

Curve Tracers

A curve tracer is an oscilloscope type of instrument that can display transistor characteris-
tics such as a family of collector curves. In addition to the measurement and display of var-
1ous transistor characteristics, diode curves can also be displayed.



Multisim Troubleshooting Exercises

These file circuits are in the Troubleshooting Exercises folder on your CD-ROM.

1. Open file TSE04-01. Determine if the circuit is working properly and, if not, deter-

mine the fault.
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2. Open file TSE04-02. Determine if the circuit is working properly and, if not, deter-

mine the fault.

3. Open file TSE04-03. Determine if the circuit is working properly and, if not, deter-
mine the fault.

SECTION 4-7

REVIEW 1. If a transistor on a circuit board is suspected of being faulty, what should you do?

2. In a transistor bias circuit, such as the one in Figure 4-30, what happens if Ry opens?

3. In a circuit such as the one in Figure 4-30, what are the base and collector voltages

if there is an external open between the emitter and ground?

: containing the zone-monitoring circuits is
| included because this is the part of the
system that is the focus of this assignment.
l Two of the zones contain conductive
loops with several magnetic switches that
protect the windows and doors in that
| particular zone. The third zone protects
the main entry door.

SYSTEM When an intrusion occurs, a magnetic
APPLICATION switch at that point of entry breaks
| contact and opens the zone loop. This
| causes the input to the monitoring circuit
| for that zone to go to a 0V level, acti-

vating the circuit which, in turn, energizes

You have been assigned to work on an the relay. The closure of the relay contacts
electronic security alarm system. This sets off the audible alarm (siren) and/or
system has several parts, but you will initiates an automatic telephone dialing
concentrate on the transistor circuits that | sequence. The monitoring circuits for
detect a break (open) in the loops either zone 1 or zone 2 can energize the
containing remote sensors for windows common relay.

and doors. In this particular application, For zone 3, which is the main entry, the
the transistors are used as switching output of the monitoring circuit goes to the
devices. You will apply the knowledge you time-delay circuit to allow time for keying
have gained in this chapter to complete i in an entry code that will disarm the system.

If, after a preset time interval, no code or an

your assignment.
! incorrect code has been entered, the time-

The Security Alarm System delay circuit will set off the alarm and/or the
The block diagram for a three-zone i telephone dialing sequence.

security alarm system is shown in Figure There are many features in a typical
4-39. A detail of the circuit board security system, and systems can range

i there is no @, collector current through

{ the relay coil, the system is unactivated.

from very simple to very complex. For this
assignment, you will concentrate on the
zone-monitoring circuits board.

The Zone-Monitoring Circuits

There are three identical transistor moni-
toring circuits, one for each zone. The
magnetic switches in the zone loop are
normally closed and open only when
there is an intrusion (a window or door
opened). Because the magnetic switches
are in series, the entire locp is open when
one switch is open.

The circuit for one zone consists of two
transistors and is shown in Figure 4-40.
Transistor @, detects when one of the
remote magnetic switches is open, and
transistor Q, drives the relay that activates
the alarm. The transistors operate only in
cutoff or saturation.

The zone loop is normally closed,
keeping the input to R; at 12 V and tran-
sistor Q, in saturation. Since Q, is operating
in saturation, its collector voltage (with
respect to ground) is no more than 0.2 V.
This keeps transistor @, in cutoff; and since

When a magnetic switch in the zone
loop opens, the 12 V at the input is
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removed and transistor Q, switches to B The relay Based on the applicable Analysis of the Circuit

cutoff because R; pulls the base to transistor ratings and parameters and on Verify that the resistors in Figure 4-40
ground. When Q) goes into cutoff, Q, is the power supply voltage, select one of have values that produce adequate
biased into saturation by the 12 V and the the following relays: currents for the transistors to operate in
base curent througllid Brsidul e Relay A: coil voltage, 12 V; cutoff and saturation and to drive the

resulting Q, collector current through the i selected relay. Refer to the transistor data

coil resistance, 55 (); :
i sheet in Figure 4~41.

relay coil energizes the normally open
Y & A turn-on current, 0.2 A;

holding current, 0.15 A
Relay B: coil voltage, 12 V; ‘ The Printed Circuit Board

relay and causes the contact to close; this
activates the alarm. Diode D, across the
relay coil suppresses the induced transient

coil resistance, 95 ();
voltage when the relay is deactivated.

turn-on current, 0.5 A; ® Using the complete zone-monitoring
The Components holding current, 0.4 A circuits schematic in Figure 4-42(b),
i Relay C: coil voltage, 24 V; i check out the printed circuit board in
W The transistors The transistors are coil resistance, 150 (); i Figure 4-42(a) to verify that it is
2N3947s. turn-on current, 0.75 A; i correct.

holding current, 0.5 A

® The resistors Determine the minimum ® | abel a copy of the board with the

power rating for each of the resistors in B The diode Select a diode with a PIV component and input/output
the circuit and specify a standard rating. | rating of at least 100 V. ;
FIGURE 4-39

Basic block di
asic block diagram of the S —

security alarm system. battery backup

Zone-monitoring circuits board

—3 o --3o
Zone |
Remote switch loop

?’.
!
@l
—S o---8o 2
Zone 2
Remote switch loop @
L 3~—o—3 ™ 0o0—— 2
Zone 3 2
Remote switch loop
Keypad
and Entry f«————9
code circuit Time delay circuit
Alarms
« Siren
» Telephone dialer

* Status indicators
Central Unit




designations in agreement with the

schematic.

! run have been found to be defective. You

Test Procedure

Develop a step-by-step set of ‘
instructions on how to completely check |
the zone-monitoring circuits board for I
proper operation using the test points
(circled numbers) and connector
terminals indicated in the test bench
setup of Figure 4-43 on page 202. The
zone loop for each circuit is simulated
with a single SPST switch.

Specify voltage values and/or resistance
for all the measurements to be made.
Provide a fault analysis for all possible

component failures.

i ration for each defective board, determine
i the most likely fault(s) in each case.

points on the circuit board, and the
black numbers in squares are for

| connector terminals on the circuit board.
The DMM function setting is indicated
below the display.

Troubleshooting

SYSTEM APPLICATION =

Final Report (Optional)

Three boards in the initial manufacturing

! must troubleshoot to determine the
i problems. !
The test results are shown in Figure 4-44 |

on page 203. Based on the sequence of

i measurements and the loop switch configu- |

The red circled numbers indicate test

+12V

:

Remote magnelic switches

o 8

FIGURE 4-40

DA

! Submit a final written report on the zone-
! monitoring circuits board using an organized
i format that includes the following:

1. A physical description of the circuits.

2. A discussion of the operation of each
circuit.

3. A list of the specifications.

4. Alist of parts with part numbers if
available.

5. Alist of the types of problems on the
three defective circuit boards.

6. A complete description of how you
determined the problem on each of
the three defective boards.

Relay

O\O

Zone-monitoring circuit. All three circuits are identical with the exception that the zone 3 circuit has
a collector resistor instead of the relay.
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2N3946
Maximum Ratings 2N3947
Rating Symbol Value Unit
Collector-Emitter voltage Veeo 40 V dc
Collector-Base voltage Veso 60 Vdc
Emitter-Base voltage VEBO 6.0 Vde 3 Collector
Collector current — continuous Ic 200 mA dc
Total device dissipation @ T = 25°C Pp 0.36 Watts 2
Derate above 25°C 2.06 mW/°C Base
Total device dissipation @ T = 25°C Pp 1.2 Watts .
Derate above 25°C 6.9 mWw/°C 395 I Emitter
Operating and storage junction Ty, Ty, |—65to+200 °C !
Temperature range ) General-Purpose
Transistors
Thermal Characteristics
Characteristic Symbol Max Unit NPN Silicon
Thermal resistance, junction to case Roic 0.15 °C/mW
Thermal resistance, junction to ambient| Rgja 0.49 °C/mW
Electrical Characteristics (T, = 25°C unless otherwise noted.)
| Characteristic Symbol [ Min Max Unit
OFF Characteristics
Collector-Emitter breakdown voltage ViBRICEO 40 - Vde
(Ic =10 mA dc)
Collector-Base breakdown voltage VisricBO 60 - Vde
(Ic=10uAdc. Ig=0)
Emitter-Base breakdown voltage ViBR)EBO 6.0 - Vde
(Ig=10 yA dc, I =0)
Collector cutoff current Icex HAdc
(Veg =40V dc, Vog = 3.0V de) - 0.010
(Veg =40V dc, Vo =3.0V de, T, = 150°C) - 15
Base cutoff current Igr. - 025 HA dc
(Veg =40V dc, Vg =3.0V de)
ON Characteristics
DC current gain hrg -
(Ic=0.1 mAdec, Veg=1.0V de) 2N3946 30 -
2N3947 60 -
(Ic=1.0mAdc, Vg = 1.0V de) 2N3946 45 -
2N3947 90 -
(Ic=10mAdc, Vep=1.0V dc) 2N3946 50 150
2N3947 100 300
(Ie =50 mA dc, Veg = 1.0V dc) 2N3946 20 -
2N3947 40 -
Collector-Emitter saturation voltage Veresao Vde
(Ic = 10 mA dc, Iy = 1.0 mA dc) - 0.2
(Ic =50 mA dc. /g = 5.0 mA dc) - 0.3
Base-Emitter saturation voltage VBE(san) Vdc
(Ic =10 mAdc, Iz = 1.0 mA dc) 0.6 0.9
(Ic =50 mA dc, /5 = 5.0 mA dc) - 1.0
Small-Sigpal Characteristics
Current gain — Bandwidth product fr MHz
(Ie =10 mA de, Vog =20V de, f= 100 MHz) 2N3946 250 -
2N3947 300 -
Output capacitance Cobo - 4.0 pF
(Veg =10V de, Ig =0, f= 100 kHz)

FIGURE 4-41

Partial data sheet for the 2N3947 npn transistor.
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Relay To alarm

Zone | loop inputs RY1

; . o—4
Zone 2 loop inputs

——0To time delay circuit

F i O Ry
Zone 3 loop inputs

Gndo ® e’ <+
(b)

FIGURE 4-42

Zone-monitoring circuits schematic and printed circuit board.
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FINE COARSE

CURRENT
A H
ll 'ilf-. alo g o
IAMPS

- ON

V= indicates dc/ac function

—H— indicates diode test

SPST switch

o 0 N DN W R W N —

FIGURE 4-43

Zone-monitoring circuits board test bench.
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Step 1 Step 2 Step 3 Step 4 Step 5
= | ™ = iE
‘ ll:.l_l\-'j ‘ |E.|_IV II_I. ID\«" ‘E)Eli Iv’
COM VO COM VO COM VO coM vO COM V()
@ ® O @ ® V= = ® ® V= ~
[io] () pC 0] 5) pc 10 (4)- DC [lo] ) bc
Board 1
Step 1 Step 2 Step 3 Step 4 Step 5
i [ B i1 m - i e =
020, [BEB, (B34, (0BS
COM VO coM VO COM VvV COM VO coM VO
@ é Q @ ® V= O] Ve V= Vi
o] @ bc [0l @ bc [0 & pc [0 (D) DC
Board 2
Step | Step 2 Step 3 Step 4 Step 5
™ | I L Al [ m
G7e) E36) (000 (26
COM VO oM VO COM VO COM VO COM YO
V= ® ~ @ @® V= ® V= @ ® V=
1o [7] pc [lo] 43 pC [0 @3 pc [lo] 4 pC [0 [8] pC
Board 3
Board |
OPEN

CLOSED

CLOSED

FIGURE 4-44

I./D Test point m Connector terminal

Test results for the three defective circuit boards.
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SYMBOLS CURRENTS AND VOLTAGES
Collector Collector
Base Base i
Emitter Emitter
Hpat .,'.'-’_'_'-'
AMPLIFICATION

B DC current gain .
° M AC voltage gain

Ic =Bocly V. R
’ _ Y B¢
+Vag Vin A= Vi
13C Cireni Linear: BE junction forward-biased AC equivalent cirenit
BC junction reverse-biased
CUTOFF AND SATURATION
+Vee +Vee +Vee
¥
R l-= -
% ¢ v R
:{ OPEN +Vgg CLOSED
[deal switch Saturation: BE junction Torward-hi Tueal switch
equivalent for BC junction forward-bi cuivalent for

cutoft SRR

CHAPTER SUMMARY

® The BJT (bipolar junction transistor) is constructed with three regions: base, collector, and
emitter.

= The BIT has two pn junctions, the base-emitter junction and the base-collector junction.

= Current in a BJT consists of both free electrons and holes, thus the term bipolar.

= The base region is very thin and lightly doped compared to the collector and emitter regions.

= The two types of bipolar junction transistor are the npn and the pnp.
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® To operate as an amplifier, the base-emitter junction must be forward-biased and the base-
collector junction must be reverse-biased. This is called forward-reverse bias.

® The three currents in the transistor are the base current (1), emitter current (/g), and collector
current (/).

® [y is very small compared to /¢ and Ig.

#  The dc current gain of a transistor is the ratio of /¢ to /5 and is designated Bpc. Values typically
range from less than 20 to several hundred.

®  Bpc is usually referred to as hgg on transistor data sheets.
®  The ratio of I to I is called ape. Values typically range from 0.95 to 0.99.

®  When a transistor is forward-reverse biased, the voltage gain depends on the internal emitter
resistance and the external collector resistance.

® A transistor can be operated as an electronic switch in cutoff and saturation.

= In cutoff, both pn junctions are reverse-biased and there is essentially no collector current. The
transistor ideally behaves like an open switch between collector and emitter.

= In saturation, both pn junctions are forward-biased and the collector current is maximum. The
transistor ideally behaves like a closed switch between collector and emitter.

® There is a variation in B¢ over temperature and also from one transistor to another of the same type.
®  There are many types of transistor packages using plastic, metal, or ceramic.
= [t is best to check a transistor in-circuit before removing it.

® Common faults are open junctions, low Bp¢, excessive leakage currents, and external opens and
shorts on the circuit board.

KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary.

Amplification The process of increasing the power, voltage, or current by electronic means.

Base One of the semiconductor regions in a BIT. The base is very thin and lightly doped compared
to the other regions.

Beta () The ratio of dc collector current to dc base current in a BIT; current gain from base to collector.

Bias The necessary application of a dc voltage to a transistor or other device to produce a desired
mode of operation.

BJT (bipolar junction transistor) A transistor constructed with three doped semiconductor regions
separated by two pn junctions.

Collector The largest of the three semiconductor regions of a BIT.

Cutoff The nonconducting state of a transistor.

Emitter The most heavily doped of the three semiconductor regions of a BIT.
Gain The amount by which an electrical signal is increased or amplified.
Linear Characterized by a straight-line relationship.

Saturation The state of a BJT in which the collector current has reached a maximum and is inde-
pendent of the base current.

4-1 Ip=Ic+1; Transistor currents
I :
4-2 Boc = 1 DC current gain
B
4-3 Vee =07V Base-to-emitter voltage (silicon)
V] \%
4-4 I; = —BR Base current
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4-5 Ver = Vee — IRe Collector-to-emitter voltage (common-emitter)
4-6 Ve = Ver — Ve Collector-to-base voltage
PD(max) i i
4-7 I = " Maximum [ for given V¢
CE
R¢ . .
4-8 , = Approximate ac voltage gain
rc
4-9 Vereom = Yec Cutoff condition
VCC - VCE(sat) )
4-10 lofny = —""—F""— Collector saturation current
C(sat) RC
IC(sal) .. .
4-11 Igtmim) = Minimum base current for saturation
B(min) B
DC

CIRCUIT-ACTION QUIZ Answers are at the end of the chapter.

1. If a transistor with a higher Bpc is used in Figure 4-8, the collector current will
(a) increase (b) decrease (¢) not change

2. If a transistor with a higher B¢ is used in Figure 4-8, the emitter current will
(a) increase (b) decrease (¢) not change

3. If a transistor with a higher By is used in Figure 4-8, the base current will
(a) increase (b) decrease (¢) not change

4. If Vg is reduced in Figure 4-15, the collector current will
(a) increase (b) decrease (¢) not change

5. If V¢ in Figure 4-15 is increased, the base current will
(a) increase (b) decrease (¢) not change

6. If the amplitude of V,, in Figure 4-21 is decreased, the ac output voltage amplitude will
(a) increase (b) decrease (¢) not change

7. If the transistor in Figure 4-23 is saturated and the base current is increased, the collector
current will

(a) increase (b) decrease (¢) not change
8. If Rc in Figure 4-23 is reduced in value, the value of /¢, will
(a) increase (b) decrease (¢) not change
9. If the transistor in Figure 4-30 is open from collector to emitter, the voltage across R will
(a) increase (b) decrease (¢) not change
10. If the transistor in Figure 4-30 is open from collector to emitter, the collector voltage will
(a) increase (b) decrease (¢) not change
11. If the base resistor in Figure 4-30 is open, the transistor collector voltage will
(a) increase (b) decrease (¢) not change
12. If the emitter in Figure 4-30 becomes disconnected from ground, the collector voltage will

(a) increase (b) decrease (¢) not change

SELF-TEST Answers are at the end of the chapter.

1. The three terminals of a bipolar junction transistor are called
(a) p,n p b) n,pn (c) input, output, ground (d) base, emitter, collector
2. In a pnp transistor, the p regions are

(a) base and emitter (b) base and collector (¢) emitter and collector



PROBLEMS

10.

11.

12.

13.

14.

15.

PROBLEMS =

For operation as an amplifier, the base of an npn transistor must be

(a) positive with respect to the emitter (b) negative with respect to the emitter
(c) positive with respect to the collector d oV

The emitter current is always

(a) greater than the base current (b) less than the collector current

(c) greater than the collector current (d) answers (a) and (c)

The Bpc of a transistor is its

(a) current gain (b) voltage gain (¢) power gain (d) internal resistance
If I is 50 times larger than Jj, then By is

(a) 0.02 (b) 100 (c) 50 (d) 500

(a) OV (b) 0.7V (c) 0.3V (d) Vg

The bias condition for a transistor to be used as a linear amplifier is called

207

. The approximate voltage across the forward-biased base-emitter junction of a silicon BIT is

(a) forward-reverse (b) forward-forward (c) reverse-reverse (d) collector bias

If the output of a transistor amplifier is 5 V rms and the input is 100 mV rms, the voltage gain is

(a) 5 (b) 500 (c) 50 (d) 100

When operated in cutoff and saturation, the transistor acts like a

(a) linear amplifier (b) switch (c¢) variable capacitor (d) variable resistor
In cutoff, Vg is

(a) OV (b) minimum (¢) maximum

(d) equal to V¢ (e) answers (a) and (b) (f) answers (c) and (d)
In saturation, Vg is

(a) 0.7V (b) equal to Ve (¢) minimum (d) maximum

To saturate a BJT,

(@) Iy = logan (b) Iy > lesayBoc

(¢) Vee must be at least [0V (d) the emitter must be grounded
Once in saturation, a further increase in base current will

(a) cause the collector current to increase

(b) not affect the collector current

(¢) cause the collector current to decrease

(d) turn the transistor off

If the base-emuitter junction is open, the collector voltage is

(a) Ve (b) OV (¢) floating (d) 0.2V

Answers to all odd-numbered problems are at the end of the book.

SECTION 4-1

SECTION 4-2

BASIC PROBLEMS

Transistor Structure

1.
2.

What are the majority carriers in the base region of an npn transistor called?

Explain the purpose of a thin, lightly doped base region.

Basic Transistor Operation

3.
4.

Why is the base current in a transistor so much less than the collector current?

In a certain transistor circuit, the base current is 2 percent of the 30 mA emitter current.
Determine the collector current.
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5. For normal operation of a pnp transistor, the base must be (+ or —) with respect to the emitter,
and (+ or —) with respect to the collector.

6. What is the value of /- for Iz = 5.34 mA and Iy = 475 uA?

SECTION 4-3 Transistor Characteristics and Parameters
7. What is the ape when /- = 8.23 mA and Iz = 8.69 mA?
8. A certain transistor has an /- = 25 mA and an /y = 200 pA. Determine the Bpc.
9. What is the Bpc of a transistor if /- = 20.5 mA and /¢ = 20.3 mA?
10. What is the ape if Ic = 5.35 mA and [y = 50 uA?
11. A certain transistor exhibits an ape of 0.96. Determine /- when [z = 9.35 mA.

12. A base current of 50 LA is applied to the transistor in Figure 4-45, and a voltage of 5V is
dropped across Rc. Determine the B¢ of the transistor.

FIGURE 4-45

|+

13. Calculate o for the transistor in Problem 12.
14, Determine each current in Figure 4-46. What is the 87

FIGURE 4-46

Multisim file circuits are identified

with a CD logo and are in the Ry
Problems folder on your CD-ROM. AMN Vee
Fitenames correspond to figure 4.7kQ — 24V
numbers (e.g., F04-46). Ve 4-'—;—

4V T

15. Find Vg, Vgg, and Vg in both circuits of Figure 4-47.

FIGURE 4-47

(b)

16. Determine whether or not the transistors in Figure 447 are saturated.
17. Find Iy, Ig, and I in Figure 4-48. ape = 0.98.



FIGURE 4-49

SECTION 4-4

SECTION 4-5

PROBLEMS =® 209

FIGURE 4-48

— Ve

—_ 10V
Vpp —

2V TF

18. Determine the terminal voltages of each transistor with respect to ground for each circuit in
Figure 4-49. Also determine Vg, Vg, and Vg.

— O .

20V T 12V +—_—
s v,
Ves = i =
v = Re T é R
10 kO 22k
(a) ®

19. If the Bpc in Figure 4-49(a) changes from 100 to 150 due to a temperature increase, what is
the change in collector current?

20. A certain transistor is to be operated at a collector current of 50 mA. How high can Vg go
without exceeding a Pp,,, of 1.2 W?

21. The power dissipation derating factor for a certain transistor is 1 mW/°C. The Pp.y is 0.5 W
at 25°C. What is Prypay at 100°C?

The Transistor as an Amplifier

22. A transistor amplifier has a voltage gain of 50. What is the output voltage when the input
voltage is 100 mV?

23. To achieve an output of 10 V with an input of 300 mV, what voltage gain is required?

24, A 50 mV signal is applied to the base of a properly biased transistor with , = 10 and R¢ =
560 . Determine the signal voltage at the collector.

The Transistor as a Switch

25. Determine /¢, for the transistor in Figure 4-50. What is the value of I necessary to produce
saturation? What minimum value of Vyy is necessary for saturation? Assume Vegg,y = O V.

FIGURE 4-50 +5V

10 kQ

Vin BDC =150
1.0 MQ)
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26. The transistor in Figure 4-51 has a B¢ of 50. Determine the value of Ry required to ensure
saturation when V;y is 5 V. What must V;y be to cut off the transistor? Assume Veg,,, = O V.

FIGURE 4-51 +15V

1.2k}

SECTION 4-6 Transistor Packages and Terminal Identification

(a)

SECTION 4-7

27. Identify the leads on the transistors in Figure 4-52. Bottom views are shown.

c. 9

(a) (b) ()

FIGURE 4-52

28. What is the most probable category of each transistor in Figure 4-53?

FIGURE 4-53

=

()

( ©

TROUBLESHOOTING PROBLEMS
Troubleshooting

29. In an out-of-circuit test of a good npn transistor, what should an analog ohmmeter indicate
when its positive probe is touching the emitter and the negative probe is touching the base?
When its positive probe is touching the base and the negative probe is touching the collector?

30. What is the most likely problem, if any, in each circuit of Figure 4-547 Assume a Bpc of 75.
31. What is the value of the Bp¢ of each transistor in Figure 4-557

SYSTEM APPLICATION PROBLEMS

32. This problem relates to the circuit board and schematic in Figure 4-42. A remote switch loop
is connected between pins 2 and 3. When the remote switches are closed, the relay (RY1)
contacts between pin 11 and pin 12 are normally open. When a remote switch is opened, the
relay contacts do not close. Determine the possible causes of this malfunction.

33. This problem relates to Figure 4-42. The relay contact remains closed between pins 11 and 12

of the circuit board no matter what any of the inputs are. This means that the relay is energized
continuously. What are the possible faults?
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Prot
touching Re
:_"."'.'..I\l . M
1.0kQ
Voo =
15V n
(a)

Probe

touching R

ground ’\M

1.0k
Vee =
1SV T

=T,

L. 1V
+ -
|
(c)

FIGURE 4-54
R¢ Re
33kO 470 Q
+ +
Vee — Vee —
oV _—+ 24V _T

FIGURE 4-55

34. This problem relates to Figure 4-42. Pin 7 stays at approximately 0.1 V, regardless of the input
at pin 8. What do you think is wrong? What would you check first?

DATA SHEET PROBLEMS
35. Refer to the partial transistor data sheet in Figure 4-19.
(a) What is the maximum collector-to-emitter voltage for a 2N3903?
(b) How much dc collector current can the 2N3904 handle?
(c) How much power can a 2N3903 dissipate if the surrounding air is at a temperature of 25°C?
(d) How much power can a 2N3904 dissipate if the case is at a temperature of 25°C?
(e) What is the minimum hgg of a 2N3903 if the collector current is | mA?
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36. Refer to the transistor data sheet in Figure 4-19. A 2N3904 is operating in an environment
where the ambient temperature is 65°C. What is the most power that it can dissipate?

37. Refer to the transistor data sheet in Figure 4-19. A 2N3903 is operating with a case
temperature of 45°C. What is the most power that it can dissipate?

38. Refer to the transistor data sheet in Figure 4-19. Determine if any rating is exceeded in each
circuit of Figure 4-56 based on minimum specified values.

FIGURE 4-56 +30V

+45V
RC
270 Q Re
Ry Ry
3V o——M/y—@) 2N3903 ov 2N3904
3300
(a) Ty =50°C (b) T, =25°C

39. Refer to the transistor data sheet in Figure 4-19. Determine whether or not the transistor is
saturated in each circuit of Figure 4-57 based on the maximum specified value of fgg.

FIGURE 4-57 9V +12V

Re Re
1.0kQ 560 Q)
Rg Ryp
+5V 2N3903 +3V 2N3904
10 kQ) 100 kQ

() (b)

40. Refer to the partial transistor data sheet in Figure 4—41. Determine the minimum and
maximum base currents required to produce a collector current of 10 mA in a 2N3946.
Assume that the transistor is not in saturation and Vg = 1 V.

41. For each of the circuits in Figure 4-58, determine if there is a problem based on the data sheet
information in Figure 4—41. Use the maximum specified Apg.

FIGURE 4-58 +I15V

+35V
Re Re
680 ) <470 Q)

Rg

Ry
+8V o—'\N\,—@ 2N3946 +5V o—Wy—@
68 k) 47kQ

(a) T, =40°C (b) T, =25°C

2N3947

NS

|
|
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ADVANCED PROBLEMS

42,
43.

44,

45.

46.

ANSWERS

Derive a formula for apc in terms of Bpc.

A certain 2N3904 dc bias circuit with the following values is in saturation. /5 = 500 pA,
Vee = 10V, and R = 180 Q, hge = 150. If you increase Ve to 15V, does the transistor come
out of saturation? If so, what is the collector-to-emitter voltage and the collector current?

Design a dc bias circuit for a 2N3904 operating from a collector supply voltage of 9 V and a
base-bias voltage of 3 V that will supply 150 mA to a resistive load that acts as the collector
resistor. The circuit must not be in saturation. Assume the minimum specified 8y from the
data sheet.

Modify the design in Problem 44 to use a single 9 V dc source rather than two different
sources. Other requirements remain the same.

Design a dc bias circuit for an amplifier in which the voltage gain is to be a minimum of 50
and the output signal voltage is to be “riding” on a dc level of 5 V. The maximum input signal
voltage at the base is 10 mV rms. Voo = 12V, and Vg = 4 V. Assume #, = 8 ().

MULTISIM TROUBLESHOOTING PROBLEMS

These file circuits are in the Troubleshooting Problems folder on your CD-ROM.
47.
48.
49,
50.
51.
52.
53.
54.

Open file TSP04-47 and determine the fault.
Open file TSP04-48 and determine the fault.
Open file TSP04-49 and determine the fault.
Open file TSP04-50 and determine the fault.
Open file TSP04-51 and determine the fault.
Open file TSP04-52 and determine the fault.
Open file TSP04-53 and determine the fault.
Open file TSP04-54 and determine the fault.

SECTION REVIEWS

SECTION 4-1 Transistor Structure

1.
2.
3.

The two types of BJTs are npn and pnp.
The terminals of a BJT are base, collector, and emitter.

The three regions of a BJT are separated by two pn junctions.

SECTION 4-2 Basic Transistor Operation

1.

A

To operate as an amplifier, the base-emitter is forward-biased and the base-collector is
reverse-biased.

The emitter current is the largest.

The base current is much smaller than the emitter current.

The base region is very narrow compared to the other two regions.
Ig=1mA + 10 uA = 1.0l mA

SECTION 4-3 Transistor Characteristics and Parameters

1.

B WP

Boc = I/lg; ape = Ic/lg; heg is Boe
Boe = 100; ape = 100/(100 + 1) = 0.99
I is plotted versus Vg.

Forward-reverse bias is required for amplifier operation.
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5. Bopc increases with temperature.

6. No. Bpc generally varies some from one device to the next for a given type.

SECTION 4-4 The Transistor as an Amplifier
1. Amplification is the process where a smaller signal is used to produce a larger identical signal.
Voltage gain is the ratio of output voltage to input voltage.
R¢ and r; determine the voltage gain.
A, =5V250 mV =20
A, = 1200 0/20Q = 60

S O

SECTION 4-5 The Transistor as a Switch

1. A transistor switch operates in cutoff and saturation.
The collector current is maximum in saturation.
The collector current is approximately zero in cutoff.

Vee = Ve in cutoff.

A

Veg is minimum in saturation.

SECTION 4-6 Transistor Packages and Terminal Identification
1. Three categories of BITs are small signal/general purpose, power, and RF.
2. Emitter is the lead closest to the tab.

3. The metal mounting tab or case in power transistors is the collector.

SECTION 4-7 Troubleshooting
1. First, test it in-circuit.
2. If Ry opens, the transistor is in cutoff.

3. The base voltage is +3 V and the collector voltage is +9 V.

RELATED PROBLEMS FOR EXAMPLES

41 10mA

42 Iz =241 pA;le =21.7mA; Iz = 21.94 mA; Vg = 423 V; Vg =353V
4-3  Along the horizontal axis

4-4  Not saturated

45 10V

4-6  Vicrman = 445 V3 Ve I8 exceeded first.
4-7 455W

48 25kQ

49 784 puA

4-10 Reduce R to 160 Q) and R to 2.2 k().
4-11 Ry open



CIRCUIT-ACTION QUIZ

L@ 2@ 3. 40 5@ 60 7.0
9. (b) 10.(a) 1l.(a) 12.(a)

SELF-TEST

LWd 2@ 3@ 4@ 5@ 6.() 7.0
10. ) 1L 12.(c) 13.(b) 14.(b) 15.(a)

ANSWERS

8. (a)

8. (a)

9. (¢)
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TRANSISTOR BIAS CIRCUITS

CHAPTER OUTLINE

As you learned in the last chapter, a transistor must be 5-1  The DC Operating Point
p.ro;.)erl)./ biased in ordef to operate as an amph'ﬁ_er. DC 5-2  Voltage-Divider Bias
biasing is used to establish a steaqy leve'l of tran_sustor currt_ent 53 Other Bias Methods
and voltage called the dc operating point or quiescent point )
(Q-point). In this chapter, several types of bias circuits are 5-4  Troubleshooting
discussed. This material lays the groundwork for the study of m System Application
amplifiers, oscillators, and other circuits that cannot operate

without proper biasing.




CHAPTER OBJECTIVES

Discuss the concept of dc bias in a linear amplifier
Analyze a voltage-divider bias circuit

Analyze a base bias circuit, an emitter bias circuit, and a
collector-feedback bias circuit

Troubleshoot various faults in transistor bias circuits

KEY TERMS
Q-point
DC load line

Linear region

Feedback

EEE SYSTEM APPLICATION PREVIEW

The system application focuses on a system for controlling
temperature in an industrial chemical process. You will be
dealing with a circuit that converts a temperature
measurement to a proportional voltage that is used to adjust
the temperature of a liquid chemical. You will also be
working on the power supply for the system. The first step in
your assignment is to learn all you can about transistor
operation. You will then apply your knowledge to the
system application at the end of the chapter.

badhada N VISIT THE COMPANION WEBSITE
Study aids for this chapter are available at

[ http:/ www.prenhall.com/floyd
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5-1 THE DC OPERATING POINT

A transistor must be properly biased with a dc voltage in order to operate as an
amplifier. A dc operating point must be set so that signal variations at the input terminal
are amplified and accurately reproduced at the output terminal. As you learned in
Chapter 4, when you bias a transistor, you establish the dc voltage and current values.
This means, for example, that at the dc operating point, /- and Vg have specified
values. The dc operating point is often referred to as the Q-point (quiescent point).

After completing this section, you should be able to
® Discuss the concept of dc bias in a linear amplifier

® Describe how to generate collector characteristic curves for a biased transistor

Draw a dc load line for a given biased transistor circuit

Explain Q-point

Explain the conditions for linear operation

Explain the conditions for saturation and cutoff

Discuss the reasons for output waveform distortion

DC Bias
Bias establishes the dc operating point for proper linear operation of an amplifier. If an am-
plifier is not biased with correct dc voltages on the input and output, it can go into satura-
tion or cutoff when an input signal is applied. Figure 5—1 shows the effects of proper and
improper dc biasing of an inverting amplifier. In part (a), the output signal is an amplified
replica of the input signal except that it is inverted, which means that it is 180° out of phase
with the input. The output signal swings equally above and below the dc bias level of the
output, Vpe oy Improper biasing can cause distortion in the output signal, as illustrated in
parts (b) and (c). Part (b) illustrates limiting of the positive portion of the output voltage
=  asaresult of a Q-point (dc operating point) being too close to cutoff. Part (¢) shows lim-
iting of the negative portion of the output voltage as a result of a dc operating point being
too close to saturation.

~— Amplifier symbnl

A

YD (im \_\ / L ARTETTN] I," N !,-'
\/ J
(a) Linear operation: larger output has same shape as input (b) Noulinear operation: output voltage
except that it is inverted limited (clipped) by cutoff

(c) Nonlinear operation: output voltage limited
(clipped) by saturation

FIGURE 5-1

Examples of linear and nonlinear operation of an inverting amplifier (the triangle symbol).
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Graphical Analysis  The transistor in Figure 5-2(a) is biased with variable voltages Vi
and Vgg to obtain certain values of Iy, I, Iy, and V. The collector characteristic curves for
this particular transistor are shown in Figure 5-2(b); we will use these curves to graphically
illustrate the effects of dc bias.

Ic (mA)

60f —600uA
r R

50 I o ——500uA

401 L 00

30 | __'_ﬁ___________————_ 300 ,UA

|
lot e 100 A
— 71— V. (V)
0 7334367 8 o0 el
(a) DC biased circuit (b) Collector characteristic curves
FIGURE 5-2

A dc-biased transistor circuit with variable bias voltages (Vg and V(¢ for generating the collector
characteristic curves shown in part (b).

In Figure 5-3, we assign three values to Iy and observe what happens to I and Vg, First,
Vg is adjusted to produce an /g of 200 pA, as shown in Figure 5-3(a). Since I~ = Bpclp,
the collector current is 20 mA, as indicated, and

Vee = Vee — IcRc = 10V — (20mA)(220 Q) = [0V — 44V =56V

This Q-point is shown on the graph of Figure 5-3(a) as Q.
Next, as shown in Figure 5-3(b), Vg is increased to produce an /g of 300 #A and an /¢
of 30 mA.

Vee =10V — 30mA)220Q2) =10V — 66V =34V

The Q-point for this condition is indicated by 0, on the graph.
Finally, as in Figure 5-3(c), Vg is increased to give an / of 400 pA and an /- of 40 mA.

Vg = 10V — (40 mAY220Q) =10V — 88V =12V
Q5 is the corresponding Q-point on the graph.

DC Load Line Notice that when /Iy increases, /. increases and V- decreases. When /g de-
creases, /- decreases and Vg increases. As Vg 1s adjusted up or down, the dc operating
point of the transistor moves along a sloping straight line, called the dc¢ load line, connect- =
ing each separate Q-point. At any point along the line, values of Iy, I, and V¢ can be picked
off the graph, as shown in Figure 5-4.

The dc load line intersects the Vg axis at 10 V, the point where Vg = V. This is the
transistor cutoff point because Iy and I are zero (ideally). Actually, there is a small leak-
age current, /g, at cutotf as indicated, and therefore Vi is slightly less than 10 V but nor-
mally this can be neglected.

The dc load line intersects the /- axis at 45.5 mA ideally. This is the transistor sat-
uration point because /¢ is maximum at the point where Vo = 0 V and Ic = V¢/Rc.
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FIGURE 5-3
llustration of Q-point adjustment.
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THE DC OPERATING POINT

Actually, there is a small voltage (Vi) across the transistor, and /¢y, is slightly
less than 45.5 mA, as indicated in Figure 5-4. Note that Kirchhoff’s voltage law ap-
plied around the collector loop gives

Vee = IcRe = Vg =0

This results in a straight line equation for the load line of the form y = mx + b as follows:

1 V,
Ie = _(_) ce T —
R R

where — 1/R 1s the slope and V-/R( is the y-axis intercept point.

Linear Operation The region along the load line including all points between saturation
and cutoff is generally known as the linear region of the transistor’s operation. As long as iy
the transistor is operated in this region, the output voltage is ideally a linear reproduction
of the input.

Figure 5-5 shows an example of the linear operation of a transistor. AC quantities are
indicated by lowercase italic subscripts. Assume a sinusoidal voltage, V,, is superimposed
on Vgg, causing the base current to vary sinusoidally 100 wA above and below its Q-point
value of 300 nA. This, in turn, causes the collector current to vary 10 mA above and below
its Q-point value of 30 mA. As a result of the variation in collector current, the collector-
to-emitter voltage varies 2.2 V above and below its Q-point value of 3.4 V. Point A on the
load line in Figure 5-5 corresponds to the positive peak of the sinusoidal input voltage.
Point B corresponds to the negative peak, and point Q corresponds to the zero value of the
sine wave, as indicated. Vcgg, Ieq, and Igq are dec Q-point values with no input sinusoidal
voltage applied.

I (mA)

400 uA
300 uA =1gg
=)= 200 nuA
I ' I
_ | / I
_ | : |
= = = ! : ' Veg (V
V, 07V 37V-07V 0 1i2 >4 5|6 =t
BB T _300uA | Verg |

Igq= Rg - 10kQ k’ﬁ d; V.

Ieq = BocIsg = (100)(300 £A) = 30 mA
Vepg = Vee - IegRe = 10V = (30 mA)(220 ) = 3.4 V

FIGURE 5-5

Variations in collector current and collector-to-emitter voltage as a result of a variation in base
current. Notice that ac quantities are indicated by lowercase italic subscripts.
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Sarurution

Waveform Distortion As previously mentioned, under certain input signal conditions the
location of the Q-point on the load line can cause one peak of the V., waveform to be lim-
ited or clipped, as shown in parts (a) and (b) of Figure 5-6. In each case the input signal is
too large for the Q-point location and is driving the transistor into cutoff or saturation dur-
ing a portion of the input cycle. When both peaks are limited as in Figure 5-6(c), the tran-
sistor is being driven into both saturation and cutoff by an excessively large input signal.
When only the positive peak is limited, the transistor is being driven into cutoff but not sat-
uration. When only the negative peak is limited, the transistor is being driven info satura-
tion but not cutoft.

-

Saturation

i

e — = — = H— =

r__
\

| , !
Verq Veeo

(a) Transistor is driven into saturation because the Q-point is (b) Transistor is driven into cutoff because the Q-point is
too close to saturation for the given input signal. 0o close to cutoff for the given input signal.

(c) Transistor is driven into both saturation and cutoff because the
input signal is too large.

FIGURE 5-6

Graphical load line illustration of a transistor being driven into saturation and/or cutoff.
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Solution

THE DC OPERATING POINT = 223

Determine the Q-point for the circuit in Figure 5-7. Find the maximum peak value of
base current for linear operation. Assume Bpe = 200.

FIGURE 5-7

The Q-point is defined by the values of /- and Vg. Find these values by using
formulas you learned in Chapter 4.
Ve — Vgg 10V =07V
Ry 47 kQ)
Veg = Vee = IR =20V — 13.07V = 693V
The Q-point is at /- = 39.6 mA and at Vg = 6.93 V.

Since Iy = 0, you need to know ¢, to determine how much variation in
collector current can occur and still maintain linear operation of the transistor.

pooo Ve 20V
Com T Re T 3300

The dc load line is graphically illustrated in Figure 5-8, showing that before
saturation is reached, /¢ can increase an amount ideally equal to

Tegay = Icq = 60.6 mA — 39.6 mA = 21 mA

= 198 nA

= 60.6 mA

However, /- can decrease by 39.6 mA before cutoff (/- = 0) is reached. Therefore, the
limiting excursion is 21 mA because the Q-point is closer to saturation than to cutoff.
The 21 mA is the maximum peak variation of the collector current. Actually, it would
be slightly less in practice because Vg, is not quite zero.

Determine the maximum peak variation of the base current as follows:

lc(peak) 21 mA
Ib(p’eak) = =
Boe 200

= 105 pA

FIGURE 5-8

Ic (mA)

6.6 J!:\ ..

9
6+—-——- N

|

|

|

|

|

i

|

)

T
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Related Problem®  Find the Q-point for the circuit in Figure 5-7, and determine the maximum peak value
of base current for linear operation for the following circuit values: Bpc = 100, R¢ =
1.0k, and Ve = 24 V.

"Answers are at the end of the chapter.

—
[ Open the Multisim file E05-01 in the Examples folder on your CD-ROM. Measure
| I and Vg and compare with the calculated values.

SECTION 5-1
REVIEW 1. What are the upper and lower limits on a dc load line in terms of Vi and /7

Answers are at the end 2. Define Q-point.
of the chapter. 3. Atwhat point on the load line does saturation begin? At what point does cutoff
occur?

4. For maximum V,,, where should the Q-point be placed?

5-2 VOLTAGE-DIVIDER BIAS

You will now study a method of biasing a transistor for linear operation using a single-
source resistive voltage-divider. This is the most widely used biasing method. Three
other methods are covered in Section 5-3.

After completing this section, you should be able to
® Analyze a voltage-divider bias circuit

® Discuss the effect of the input resistance on the bias circuit

Discuss the stability of voltage-divider bias

Explain how to minimize or essentially eliminate the effects of B and Vg on the
stability of the Q-point

= Discuss voltage-divider bias for a pnp transistor

Up to this point a separate dc source, Vgg, was used to bias the base-emitter junction be-
cause it could be varied independently of V¢ and it helped to illustrate transistor operation.
A more practical bias method is to use V¢ as the single bias source, as shown in Figure
5-9. To simplify the schematic, the battery symbol is omitted and replaced by a line termi-
nation circle with a voltage indicator (V) as shown.

A dc bias voltage at the base of the transistor can be developed by a resistive voltage-
divider that consists of R| and R,, as shown in Figure 5-9. V¢ is the dc collector supply
voltage. Two current paths are between point A and ground: one through R, and the other
through the base-emitter junction of the transistor and Rp.
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FIGURE 5-9

Voltage-divider bias.

If the base current is much smaller than the current through R,, the bias circuit can be
viewed as a voltage-divider consisting of R, and R,, as indicated in Figure 5-10(a). If [ is
not small enough to neglect compared to /,, then the dc input resistance, Riypase)» that ap-
pears from the base of the transistor to ground must be considered. Rpypese 18 in parallel with
R,, as shown in Figure 5—10(b).

FIGURE 5-10

7 Simplified voltage-divider.
R, § R, Ny i i
st
i | ——
R, Ry hase)
(a) Unloaded (b) Loaded

Input Resistance at the Transistor Base

To develop a formula for the dc input resistance at the base of a transistor, we will use the
diagram in Figure 5-11. Vp is applied between base and ground, and /;y is the current into
the base as shown.

By Ohm’s law,

VIN
RI.N(base) = 1_
IN

Kirchhoff’s voltage law applied around the base-emitter circuit yields
Vin = Vie + [eRe

With the assumption that Vg << IgRg, the equation reduces to
Vin = IR

NOW, since IE = IC = :BDCIB’

Vin = BpclpRe

225



226 m TRANSISTOR BIAS CIRCUITS

FIGURE 5-11

DC input resistance is Vin/ln.

The input current is the base current:
IIN = IB
By substitution,

VIN ~ BDCIBRE

Rinoase) =
IN(base) IIN IB

Cancelling the / terms gives

Equation 5-1 Rinpasey = PockE

| EXAMPLE 5-2
Determine the dc input resistance looking in at the base of the transistor in Figure

5-12. Bpc = 125.

FIGURE 5-12

+Vee

560 §)

1.0 k§)

Solution  Rinpasey = BpcRe = (125)(1.0 kQ) = 125 kQ)

Related Problem What is RlN(base) n Figure 5-12if BDC = 60 and RE = 910 Q?
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Analysis of a Voltage-Divider Bias Circuit

A voltage-divider biased npn transistor is shown in Figure 5-13(a). Let’s begin the analy-
sis by determining the voltage at the base using the voltage-divider formula, which is de-
veloped as follows:

Ringpase) = BocRe

The total resistance from base to ground is
R2 “ RIN(base)

Substituting Riypasey = BocRe
R, | BocRe

A voltage-divider is formed by R, and the resistance from base to ground (BpcRg) in paral-
lel with R, as shown in Figure 5—13(b). Applying the voltage-divider formula yields

Ry BocR
Vy = ( 2llPpcitE )VCC
Ry + (R|BpcRe)

If BocRe >> R, (at least ten times greater), then the formula simplifies to

Vg = Ry v,
BTA\R + R,/

Equation 5-2

+Vee +Vee FIGURE 5-13
? Q An npn transistor with voltage-
divider bias.
Re § R
( Boc Vg
R, Re R, BocRe

Once you know the base voltage, you can determine the emitter voltage, which equals
Vg less the value of the base-emitter drop (Vgg).
Ve = Vg — Vg Equation 5-3
You can find the emitter current by using Ohm’s law.

Ve
Ig = — Equation 5-4
Re
Once you know [g, you can find all the other circuit values.

Ice=1I; Equation 5-5

Ve = Vee = IcRc Equation 5-6
Once you know V. and Vg, you can determine V.

Vee=Ve— Ve
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Also, you can express Vg in terms of I by using Kirchhoff’s voltage law as follows:
Vee = IcRc = IgRg = Ve =0
Since I = I,

Vee = Vee — IcRe — IcRg

Equation 5-7 Veg = Vee — Ic(Re + Rp)
| EXAMPLE 5-3
Determine Vg and I in the voltage-divider biased transistor circuit of Figure 5-14 if
:BDC = 100

FIGURE 5-14

Solution  First, determine the dc input resistance at the base to see if it can be neglected.

A common rule-of-thumb is that if two resistors are in parallel and one is at least
ten times the other, the total resistance is approximately equal to the smaller value.
However, in some cases, this may result in unacceptable inaccuracy.

In this case, Riypasey = LOR,, 80 neglect Ryypmasey- In the related exercise, you will
rework this example taking Rynpase) iNto account and compare the difference. Proceed
with the analysis by determining the base voltage.

R 5.6 kQ
Vo= |- |Vee= | ———= |10V =359V

R + R, 15.6 kQ
So,
Ve=Vg — Ve =359V -07V =289V
and
-2V
Therefore,
Ic =g =516 mA
and
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Since Vg > 0V (or greater than a few tenths of a volt), you know that the transistor is
not in saturation.

Related Problem  Rework this example taking into account Ry, and compare the results.

Open the Multisim file E05-03 in the Examples folder on your CD-ROM. Measure
IC and Vg Your results should agree more closely with those in the Related
LProblem than with those calculated in the example. Can you explain this?

Stability of Voltage-Divider Bias

Another way to analyze a voltage-divider biased transistor circuit is to apply Thevenin’s the-
orem. We will use this method to evaluate the stability of the circuit. First, let’s get an equiv-
alent base-emitter circuit for Figure 5-13 using Thevenin’s theorem. Looking out from the
base terminal, the bias circuit can be redrawn as shown in Figure 5—15(a). Apply Thevenin’s
theorem to the circuit left of point A, with V. replaced by a short to ground and the tran-
sistor disconnected from the circuit. The voltage at point A with respect to ground is

1% ar v,
TH RI + R2 CC

and the resistance is

R = RIR,
™R 4+ R,

The Thevenin equivalent of the bias circuit, connected to the transistor base, is shown in the

beige box in Figure 5-15(b). Applying Kirchhoff’s voltage law around the equivalent base-

emitter loop gives

Vi — VRTH = Vi — VRE =0

+Vee

(a) (b)

FIGURE 5-15

Thevenizing the bias circuit.
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Substituting, using Ohm’s law, and solving for Vqy,
Vou = IpRey + Ve + IeRe
Substituting /5/Bpc for I,
Vin = Ie{Re + Reu/Boc) + Vie
or, solving for /I,
_ Vin — Vee
R + Ru/Boc
If Rg >> Ry/Bopc, then
Vin — Vae
Re

Iy

I =

This last equation shows that /i, and therefore /., is independent of B¢ (notice that B¢
does not appear in the equation) for the stated condition. This can be achieved in practice
by selecting a value for Rg that is at least ten times the resistance of the parallel combina-
tion of the voltage-divider resistors (Ryy) divided by the minimum SBpc.

Voltage-divider bias is widely used because reasonably good stability is achieved with a
single supply voltage.

Voltage-Divider Biased PNP Transistor

As you know, a pnp transistor requires bias polarities opposite to the npn. This can be ac-
complished with a negative collector supply voltage, as in Figure 5-16(a), or with a posi-
tive emitter supply voltage, as in Figure 5-16(b). In a schematic, the pnp is often drawn
upside down so that the supply voltage line can be drawn across the top of the schematic
and ground at the bottom, as in Figure 5-17. The analysis procedure is basically the same
as for an npn transistor circuit, as demonstrated in the following steps with reference to
Figure 5-17. The base voltage is determined by using the voltage-divider formula.

Vg = ( R, )v
B R, + Ry|BocRe) ™

and
Ve = Vg + Vi
—Vee
O
Re

R, Rg
o= = +Veg
(a) Negative collector (b) Positive collector

supply voltage, V¢ supply voltage, Vgg
FIGURE 5-16 FIGURE 5-17

Voltage-divider biased pnp transistor.



By Ohm’s law,
I = Vee — Vg
p=—F
Rg
and
Ve = IcRc

Therefore,

Vee = Ve — Ve

| EXAMPLE 5-4

Solution

VOLTAGE-DIVIDER BIAS = 231

Find I and Vi for the pap transistor circuit in Figure 5-18.

FIGURE 5-18

First, check to see 1f Ryyp.s) can be neglected.
Rinbasey = BocRe = (150)(1.0 kQ) = 150 kQ

Since 150 k€2 is more than ten times R,, the condition BpcRg >> R; is met and Ryygase)
can be neglected. Now, calculate V.

Vg = (ﬁ) Veg = (?j—tﬁ)m V=688V

Then

Ve=Vg+ Vgg =688V +07V =758V
and

I - VEER; Ve _ 10 Vl.;k7;'8 \Y 24 mA
From I, you can determine /- and Vg as follows:
Ic =1 =242 mA

and

Ve =IcRe = (242 mA)(2.2kQ) = 532V
Therefore,

Vee = Ve — Ve =758V — 532V = 226 V
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Related Problem

|EXAMPLE 5-5

Solution

Related Problem

ISECTION 5-2
REVIEW

Determine /¢ and Vic in Figure 5~18 with Riye.se taken into account.

[

| Open the Multisim file E05-04 in the Examples folder on your CD-ROM. Measure ‘
| I and Vic. Your results should agree more closely with those in the Related

l Exercise than with those calculated in the example. Can you explain? ‘

Find /- and Vg for a pnp transistor circuit with these values: R, = 68 kQ, R, = 47 kQ,
Re = 1.8k, Ry = 2.2k, Ve = —6V, and Bpc = 75. Refer to Figure 5-16(a), which
shows the schematic with a negative supply voltage.

Rixoasey = BocRe = 75(2.2kQ) = 165 kQ

Since Rynasey 18 NOL ten times greater than R,, it must be taken into account. Determine
the base voltage as follows:

Rl Rivoase) B 47 k|| 165 kQ ~6)
BUAR + Ry | Ringoasey ) C \68kQ + 47 kQ | 165 k€
B ( 36.6 kQ

—6V) =21V
68kQ+36.6kQ>(6) 21

Next, calculate the emitter voltage and current.
Ve=Va+ Vg =21V +07V=-14V

Ve 14V
Re  22kQ

From [g, you can determine I and Vg as follows:

IC = IE = _636 MA
Ve = Vee — IcRe = =6V — (=636 pA)(1.8kQ) = —4.86 V
Vg = Ve — Ve = —4.86V — (=14 V) = —3.46 V

What value of Bpc is required in this example in order to neglect Ry, in keeping
with the basic ten-times rule?

1. If the voltage at the base of a transistor is 5 V and the base current is 5 A, what is
the dc input resistance at the base?

2. If a transistor has a dc beta of 190 and its emitter resistor is 1.0 kQ, what is the dc
input resistance at the base?

3. What bias voltage is developed at the base of a transistor if both resistors in the
voltage divider are equal and V¢ = +10 V? Assume the input resistance at the
base is large enough to neglect.

4. What are two advantages of voltage-divider bias?
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5-3 OTHER BIAS METHODS

In this section, three additional methods for dc biasing a transistor circuit are
discussed. Although these methods are not as common as voltage-divider bias, you
should be able to recognize them when you see them.

After completing this section, you should be able to
® Analyze three additional types of bias circuits
® Recognize base bias

= Recognize emitter bias

» Recognize collector-feedback bias

® Discuss the stability of each bias circuit and compare with the voltage-divider bias

Base Bias

This method of biasing is common in relay driver circuits. Figure 5-19 shows a base-biased
transistor. The analysis of this circuit for the linear region is as follows. Starting with Kirch-
hoff’s voltage law around the base circuit,

Vee = Vo, — Vg = 0

B

Substituting /Ry for Vg, you get

Vee = IgRg — Vg = 0

Then solving for I,
FIGURE 5-1%

Iy =——— Base bias.
Kirchhoff’s voltage law applied around the collector circuit in Figure 5-19 gives the fol-
lowing equation;

Vee = IcRe = Vg = 0
Solving for Vg,

Vee = Vee = IcRc Equation 5~8

Substituting the expression for /g into the formula I = Bpc/p yields

Vee — VY,
IC = BDC(%) Equation 5-9
B

Q-Point Stability of Base Bias Notice that Equation 5-9 shows that I is dependent on
Boe. The disadvantage of this is that a variation in By causes /- and, as a result, Vg to
change, thus changing the Q-point of the transistor. This makes the base bias circuit ex-
tremely beta-dependent and very unstable.

Recall that B, varies with temperature and collector current. In addition, there is a large
spread of Bpc values from one transistor to another of the same type due to manufacturing
variations.



234 ®m TRANSISTOR BIAS CIRCUITS

l EXAMPLE 5-6
Determine how much the Q-point (/., V-g) for the circuit in Figure 5-20 will change

over a temperature range where Bpc increases from 85 to 100 and Vpg decreases from
0.7Vt 0.6V.

FIGURE 5-20

Vee
+12V
Q

Rc
560 2

v
100 kO ‘h—‘

Solution  For Bpc = 85 and Vg = 0.7V,

Vee = Vae 12V =07V
—— | = 85| ———— | = 9.6l mA
BDC( R 100 KO0 9.61 m
Veey = Vee = IR = 12V — (9.61 mA)(560 (1) = 6.62V
For BDC = 100 and VBE = 0.6 V,
Vee — VBE) (12\/—0.6V>
Ieis = B (— =100 “——2 2| = 114 mA
€@ TP Ry 100 kQ
Vegy = Vee = IeRe = 12V — (114 mA)(560 Q) = 5.62 V

fl

Ieany

The percent change in /¢ as Bpc changes from 85 to 100 and Vg changes from 0.7 V
t0 0.6 V is

leey ~ 1
% Al = (%)100%
C(1

B (11.4mA — 9.61 mA

9.61 mA )100% = 18.6% (an increase)

The percent change in Vg is

Very = Ve

%AVCE=< Ve )100%
CE(1

B (5.62\/ - 6.62V

66V )IOO% = —151% (adecrease)

As you can see, the Q-point is very dependent on Bpc in this circuit and therefore
makes the base bias arrangement very unstable. Consequently, base bias is not normally
used if linear operation is required. However, it can be used in switching applications.

Related Problem  If Bpc = 50 at 0°C and 125 at 100°C for the circuit in Figure 5-20, determine the percent
change in the Q-point values over the temperature range. Assume no change in Vgg.

1
Open the Multisim file E05-06 in the Examples folder on your CD-ROM. Set Bpc = |

85 and measure /- and Vg Next, set Bpe = 100 and measure /- and V. Compare
results with the calculated values. ‘
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Emitter Bias

Emitter bias uses both a positive and a negative supply voltage. In the circuit shown in
Figure 5-21, the Vi supply voltage forward-biases the base-emitter junction. Kirchhoff’s
voltage law applied around the base-emitter circuit in part (a), which has been redrawn in
part (b) for analysis, gives the following equation:

Vee + Vig + Vag + Vi = 0
Substituting, using Ohm’s law,

Ver + IgRg + Vg + IgRe = 0
Solving for Vg,

IsRg + IeRg + Vg = — Vie

Since IC = IE and IC = BDCIB’

Substituting for I,

I
( £ ')RB + IeRg + Ve = —Vie
Boc

Factoring out /¢ yields
Ry
Ig + Rg | + Ve = — Ve
Boc

Transposing Vgg and then solving for /g,

_ —Vee — Ve
IE - —
Rg + Ry/Boc
Since I = I,
Ve — V,
Io = _ 'BEBE Equation 513
Re + Rp/Bpc

() ®

FIGURE 5-21

An npn transistor with emitter bias. Polarities are reversed for a pnp transistor. Single subscripts
indicate voltages with respect to ground.
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|EXAMPLE 5-7

Voltages with respect to ground are indicated by a single subscript. The emitter voltage
with respect to ground is

Ve = Veg + IgRg
The base voltage with respect to ground is
Vg = Vg + Vig
The collector voltage with respect to ground is
Ve = Vee = IR
Q-Point Stability of Emitter Bias The formula for I shows that the emitter bias circuit is
dependent on Vg and Bpe, both of which change with temperature and current.
_ Ve — Ve
lg=—"——"—""
Re + Ry/Bnc
If Rg >> Rg/Bpc, the Rg/Bpc term can be dropped and the equation becomes

_ VEE — vBE

I =
E Re

This condition makes /; essentially independent of Sp.
A further approximation can be made; if Vg >> Vg, the Vi term can be dropped.

This condition makes /; essentially independent of V.
If /g is independent of Bpc and Vg, then the Q-point is not affected by variations in these
parameters. Thus, emitter bias can provide a stable Q-point if properly designed.

Determine how much the Q-point (I, Vg) for the circuit in Figure 5-22 will change
over a temperature range where B¢ increases from 85 to 100 and Vie decreases from
0.7Vt 0.6V.

FIGURE 5-22

Vee
+20V
R
4,7k
Ry
100 k)

RE
10k

VeE

=20V
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Solution  For Bpe = 85 and Vgg = 0.7V,

~Vee — Vg —(-20V) — 07V

T R + Re/Boc  10kQ + 100 k(/85

= 1.73mA

Ve = Vi + LR = =20V + (173 mA)(10kQ) = —2.7 V

Therefore,

Verny = Ve = Ve =119V — (=27V) = 146V

For Bpc = 100 and Vg = 0.6V,

~Vee = Vgr  —(-20V) — 06V

Iegy = Ip = =
€@ T E T Ry + Rg/Boe 10k + 100 k€/100

= 1.76 mA

Ve =Vee = IR =20V — (176 mA)(47kQ) = 117V
Ve = Ve + IR = =20 V + (176 mA)(10kQ) = 2.4V

Therefore,

Vepay = Ve — Ve = 117V = (=24V) = 141V

The percent change in I as Bpe changes from 85 to 100 and Vg changes from 0.7 V

t0 0.6V is

le) — 1 176 mA — 1.73 mA
% Ale = (M)m% = ( T 100% = 173%
c .

The percent change in Vg is

146V

Ver) — Vi 41V — 146V
% AVeg = (M>1OO% = (116 100% = —3.42%
0

CE

Related Problem  Determine how much the Q-point in Figure 5-22 changes over a temperature range
where Bpc increases from 65 to 75 and Vi decreases from 0.75 V to 0.59 V. The

supply voltages are =10 V.

Collector-Feedback Bias

In Figure 5-23, the base resistor Ry is connected to the collector rather than to Ve, as it was
in the base bias arrangement discussed earlier. The collector voltage provides the bias for
the base-emitter junction. The negative feedback creates an “offsetting” effect that tends to
keep the Q-point stable. If /¢ tries to increase, it drops more voltage across Rc, thereby caus-
ing V- to decrease. When V- decreases, there is a decrease in voltage across Ry, which de-
creases I. The decrease in I produces less I which, in turn, drops less voltage across R
and thus offsets the decrease in V.

Analysis of a Collector-Feedback Bias Circuit By Ohm'’s law, the base current can be ex-
pressed as

Let’s assume that /- >> Iz. The collector voltage is
C B g

Ve= Ve = IR

FIGURE 5-23

237

Collector-feedback bias.
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Equation 5-11

Equation 5-12

IE}(AMPLE 5-8

Solution

Also,
I
IB _ _c
Boc
Substituting for /g and V. in the equation Iy = (Ve — Vie)/Rg,
1_c Vee = IeRe — Ve

Boc Ry
The terms can be arranged so that
IRy

+ IeRc = Ve — Ve
Boc

Then you can solve for I as follows:
Ic(Re + Re/Boe) = Vee — Ve
— Vee = Ve
Re + Rs/Boc

Since the emitter is ground, Vg = Ve

Ic

Vee = Vee — IcRc

Q-Point Stability Over Temperature Equation 5-11 shows that the collector current is de-
pendent to some extent on Bpe and Vye. This dependency, of course, can be minimized by
making Rc >> Rg/Bpc and Ve >> Ve An important feature of collector-feedback bias is that
it essentially eliminates the Bpe and Vg dependency even if the stated conditions are met.

As you have learned, B¢ varies directly with temperature, and Vg varies inversely with
temperature. As the temperature goes up in a collector-feedback circuit, By goes up and
Vi goes down. The increase in Bpc acts to increase /. The decrease in Vig acts to increase
Iy which, in turn also acts to increase /... As /¢ tries to increase, the voltage drop across R
also tries to increase. This tends to reduce the collector voltage and therefore the voltage
across Rg, thus reducing [ and offsetting the attempted increase in /- and the attempted de-
crease in V.. The result is that the collector-feedback circuit maintains a relatively stable
Q-point. The reverse action occurs when the temperature decreases.

Calculate the Q-point values (/- and Vg) for the circuit in Figure 5-24.

FIGURE 5-24

Using Equation 5-11, the collector current is

_ Vee = Ve 10V —-07V
Re + Rg/Boe  10kQ + 100 kQ/100
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Using Equation 5-12, the collector-to-emitter voltage is

Vg = Vee — IcRe = 10V — (845 nA)(10kQ) = 1.55 V

Related Problem  Calculate the Q-point values in Figure 5-24 for By = 85 and determine the change in
the Q-point from Bpe = 100 to Bpc = 85.

Open the Multisim file E05-08 in the Examples folder on your CD-ROM. Measure
Ic and V. Compare with the calculated values.

| J|SECTION 5-3
REVIEW . What is the main disadvantage of the base bias method?

. Explain why the base bias Q-point changes with temperature.

. Why is emitter bias more stable than base bias?

. What is the main disadvantage of emitter bias?

U1 AW N

. Explain how an increase in B¢ causes a reduction in base current in a collector-
feedback circuit.

5-4 TROUBLESHOOTING

In a biased transistor circuit, the transistor can fail or sometimes a resistor in the bias
circuit can fail. We will examine several possibilities in this section using the voltage-
divider bias arrangement. Many circuit failures result from open resistors, internally
open transistor leads and junctions, or shorted junctions. Often, these failures can
produce an apparent cutoff or saturation condition when voltage is measured at the
collector.

After completing this section, you should be able to

= Troubleshoot various faults in transistor bias circuits
= Use voltage measurements to identify a fault in a transistor bias circuit

= Analyze a transistor bias circuit for several common faults

Troubleshooting a Voltage-Divider Biased Transistor

An example of a transistor with voltage-divider bias is shown in Figure 5-25. For the spe-
cific component values shown, you should get the voltage readings approximately as indi-
cated when the circuit is operating properly.

For this type of bias circuit, a particular group of faults will cause the transistor collec-
tor to be at V- when measured with respect to ground. Five faults are shown in Figure 5-26(a).
The collector voltage is equal to 10 V with respect to ground for each of the faults as indi-
cated. Also, for each of the faults, the base voltage and the emitter voltage with respect to
ground are displayed in part (b).

Fault 1: Resistor R, Open This fault removes the bias voltage from the base, thus con-
necting the base to ground through R, and forcing the transistor into cutoff because Vi =
0V and /3 = 0 A. The transistor is nonconducting so there is no /- and, therefore, no voltage
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Fault I: B, open

Fault 3: Buse internally

open

Ry
4.7k

(a) For all indicated faults, Vo = Ve (b) Vg and V¢ for each indicated fault in part (a)

FIGURE 5-25

A voltage-divider biased transistor
with correct voltages.

EED

|
5

Fault 1: B, open Fault 2: £ vpen

B u ¢ T = a PR = B
_uj 3 :.,_i\] (Z.cuv|S.auy
LG ¥ Va ¥y
Fault 4: Emitter internally

Faults 3 and 4: Emitter or Dise Fault 5: Collector imernally

..|||L||...|:) opel apen

Re R b . g
EMOQ (320v(__ Ov (LT WBMY v
= Fault 2: £, Ve Vi ”

FIGURE 5-26

Faults for which V¢ = V.

drop across R. This makes the collector voltage equal to Ve (10 V). Since there is no base
current or collector current, there is also no emitter current and Vg = 0 V.

Fault 2: Resistor Rz Open  This fault prevents base current, emitter current, and collector
current except for a very small /¢ that can be neglected. Since I = 0 A, there is no volt-
age drop across R and, therefore, V. = V- = 10 V. The voltage divider produces a volt-
age at the base with respect to ground as follows:

vy = [ RNy o [ATK )0y a0y
BUA\R +R) 14.7 kO '

When a voltmeter is connected to the emitter, it provides a current path through its high
internal impedance, resulting in a forward-biased base-emitter junction. Therefore, the
emitter voltage is Vg = Vg — Vge. The amount of the forward voltage drop across the BE
junction depends on the current. Vg = 0.7 V is assumed for purposes of illustration, but it
may be much less. The result is an emitter voltage as follows:

Ve=Vg— Vg =32V —07V =25V

Fault 3: Base Lead Internally Open  An internal transistor fault is more likely to happen
than an open resistor. Again, the transistor is nonconducting so /o = 0 A and Ve = Ve =
10 V. Just as for the case of the open Rg, the voltage divider produces 3.2 V at the external
base connection. The voltage at the external emitter connection is O V because there is no
emitter current through Ry and, thus, no voltage drop.

Fault 4: BE Junction or Emitter Connection Internally Open Again, the transistor is
nonconducting, so Ic = 0 A and Ve = Ve = 10 V. Just as for the case of the open R and



the internally open base, the voltage divider produces 3.2 V at the base. The voltage at the
external emitter lead is O V because that point is open and connected to ground through Ry.
Notice that Faults 3 and 4 produce identical symptoms.

Fault 5: BC Junction or Collector Connection Internally Open  Since there is an inter-
nal open in the transistor collector, there is no /. and, therefore, Vo = Ve = 10 V. In this
situation, the voltage divider is loaded by Rg through the forward-biased BE junction, as
shown by the approximate equivalent circuit in Figure 5-27. The base voltage and emitter
voltage are determined as follows:

[ R|Re
Vg | ———— |Vee + 07V
R, + R,||R;
427 Q)
=|———]1I0V+07V=041V+07V=111V
10.427 kQ
Ve=Vg— Ve = LLILV =07V =041V

Vee FIGURE 5-27
+18V Equivalent bias circuit for an
internally open collector.
éRl Diode equivalent of BE junction
S 10k0 /./. ¢ cyuivalen s junchion
»
Vis o }
Ry R
4.7kQ) 4700
4

There are two possible additional faults for which the transistor is conducting or appears
to be conducting, based on the collector voltage measurement. These are indicated in
Figure 5-28.

Fault 6: Resistor R- Open  For this fault, which is illustrated in Figure 5-28(a), the collector
voltage may lead you to think that the transistor is in saturation, but actually it is nonconduct-
ing. Obviously, if R¢ is open, there can be no collector current. In this situation, the equivalent

(a) Rc open (b) R, open

FIGURE 5-28

Faults for which the transistor is conducting or appears to be conducting.

TROUBLESHOOTING
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ISECTION 5-4
REVIEW

bias circuit is the same as for Fault 5, as illustrated in Figure 5-27. Therefore, V3 = 1.11 V
and since the BE junction is forward-biased, Vg = Vg — Vg = 1.11V = 0.7V = 041 V.
When a voltmeter is connected to the collector to measure Ve, a current path is provided
through the internal impedance of the meter and the BC junction is forward-biased by V.
Therefore, Ve = Vi — Vge = 1.11 V — 0.7V = 0.41 V. Again the forward drops across the
internal transistor junctions depend on the current. We are using 0.7 V for illustration, but the
forward drops may be much less.

Fault 7: Resistor R, Open  When R, opens as shown in Figure 5-28(b), the base voltage
and base current increase from their normal values because the voltage divider is now
formed by R, and BpcRivwase) 10 this case, the base voltage is determined by the emitter
voltage (Vg = Vg + Vig).

First, verify whether the transistor is in saturation or not. The collector saturation cur-
rent and the base current required to produce saturation are determined as follows (assum-
ing Veggay = 0.2 V)

p _ Vee = Vergsay _ 98V 667 mA
) T TR Ry 47k 0™
. _ Te(sary _667mA _ 29 uA

Blsa) — g 300 e

Assuming the transistor is saturated, the maximum base current is determined.

Ringoase) = BocRe = 300(470 Q) = 141 kQ)

Vv 10V
[B(max) = = = = 66.2 /J,A
R + Riyowey 151 KQ

Since this amount of base current is more than enough to produce saturation, the transistor
is definitely saturated. Therefore, Vg, Vg, and V- are as follows:

Ve = IopapRe = (6.67 mA)(470 Q) = 3.13V
Va=Vg+ Vage =313V + 0.7V =383V
Ve = Ve = legapRe = 10V — (6.67mA)(1.0kQ) = 3.33V

Multisim Troubleshooting Exercises

These file circuits are in the Troubleshooting Exercises folder on your CD-ROM.

1. Open file TSE05-01. Determine if the circuit is working properly and, if not, deter-
mine the fault.

2. Open file TSE05-02. Determine if the circuit is working properly and, if not, deter-
mine the fault.

3. Open file TSE05-03. Determine if the circuit is working properly and, if not, deter-
mine the fault.

4. Open file TSE05-04. Determine if the circuit is working properly and, if not, deter-
mine the fault.

1. How do you determine when a transistor is saturated? When a transistor is in cutoff?

2. In a voltage-divider biased npn transistor circuit, you measure V at the collector
and an emitter voltage 0.7 V less than the base voltage. Is the transistor functioning
in cutoff, or is Rg open?

3. What symptoms does an open R produce?



SYSTEM
APPLICATION

Assume you are working on an industrial
temperature control system to be installed
in a chemical plant. Several people will be
working on various portions of the system,
and you have been assigned responsibility
for the temperature-to-voltage conversion
circuit and the power supply. You will
apply the knowledge you have gained in
this chapter to complete your assignment.

Continuously adjustable

control valve

Fuel Mlow

The Industrial Temperature
i Control System

This system is to be used for maintaining a
preset sequence of specified temperatures
in a liquid chemical substance during the
mixing process in a large vat. The system is
an example of a process-control system
that is based on the principle of closed-
loop feedback as shown in block diagram
form in Figure 5-29.

The temperature of the chemical is
sensed by a temperature-sensitive resistor
called a thermistor. The resistance varies

inversely with temperature; that is, it has a

| negative temperature coefficient. Essen-

tially, the thermistor converts temperature

! to resistance.

The thermistor is a part of the temperature-

to-voltage conversion circuit, for which

i you are responsible. The temperature of

the chemical mixture determines the

resistance of the thermistor. The tempera-

' ture-to-voltage conversion circuit

i increased fuel flow to the burner to raise
the temperature of the chemical. When
the temperature of the chemical reaches
| the set-point value, the valve control

SYSTEM APPLICATION = 243

produces an output voltage that is
proportional to the temperature. This
output voltage goes to an analog-to-
digital converter (ADC), which converts
the voltage to digital form. The digital
processor adds the appropriate scaling and
linearization to the digitized voltage and
sends it to the valve control circuit that is
programmed to sequence through a series
of set-point temperatures during the
mixing process. The valve control circuit
compares the set-point temperature to
the actual temperature as measured by the
temperature-to-voltage conversion circuit
and makes the proper adjustments to the
burner.

If the temperature of the chemical is
below its set-point value, the valve
control circuit adjusts the valve to allow

Power supply

Temperature

SENAOr

Temperature
to voltage
conversion
circuit

Valve
control
circuit

Digital processor

FIGURE 5-29

ADC

Basic block diagram of the industrial temperature control system.
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circuit reduces the fuel flow and continu-
ously adjusts it to maintain the constant
set-point temperature. A similar process
| occurs when the temperature of the
chemical is above the set-point value.

In addition to the temperature-to-
| voltage conversion circuit, you are also
I responsible for the dc power supply that
will provide dc voltages and currents to
each part of the system. Although you do
not need to know how the other blocks
work, you must know their voltage and
current requirements and the load
impedance that the ADC presents to the
temperature-to-voltage conversion circuit.

The System Requirements

® There are three set-point temperatures
in the mixing process.

@ Fach set-point temperature is maintained
for a preprogrammed time interval
determined by the valve control circuit.

® The set-point temperatures are 46°C,
50°C, and 54°C.

® The dc voltages and currents for each
circuit are as follows:

Temperature-to-voltage conversion
circuit: 9.1 V regulated, 10 mA

Analog-to-digital converter (ADC):
5.1 Vregulated, 50 mA

FIGURE 5-30

: Basic Operation

Digital processor: 5.1 V regulated, 25 mA

Valve control circuit: 9.1 V regulated,
40 mA

B The input resistance of the ADC is

100 kQ.

! The Temperature-to-Voltage

! Conversion Circuit

The schematic for the temperature-to-
voltage conversion circuit is shown in
Figure 5-30. As you can see, it is simply a
! voltage-divider biased transistor with the
thermistor used as one of the voltage-

divider resistors.
When the tempera-

| ture increases, the resistance of the ther-
! mistor decreases and reduces the base
i bias voltage which, in turn increases the

collector (output) voltage proportion-
ally. When the temperature decreases,
the resistance of the thermistor increases
and increases the base bias voltage,
which then causes a decrease in the
output voltage.

The output voltage of the tempera-
ture-to-voltage conversion circuit tracks
the changing temperature of the chemical
and, therefore, must operate in its linear
or active region and not in saturation or
cutoff. The output must interface with the
ADC. Notice the schematic symbol for the
thermistor in Figure 5-30.

R (k)

26—\
24
22 \ |
20———N

1.6 | 1 : A :

1.4

The Thermistor Characteristics

® The response characteristic of the
thermistor is nonlinear. This means that
the resistance does not vary in a
straight-line relationship with
temperature.

B The resistance versus temperature
characteristic of the thermistor for
the range of 45°C to 55°C is given in
Figure 5-31.

i Analysis of the Temperature-to-Voltage
i Conversion Circuit

A 100 kQ load resistance is connected to
the output to simulate the ADC input

i resistance.

| ® Determine the output voltage at each
specified set-point temperature from
45°C to 55°C.

| W Determine if the transistor is operating

| in its linear (active) region over the
prescribed temperature range. That is,
verify that the transistor does not go
into saturation or cutoff. If it does,
suggest a modification to the circuit to
correct the design flaw.

The Power Supply Circuit

| The dc power supply circuit is the same as
| the one developed in previous system

FIGURE 5-31

45 46 47 48 49 50 51 52 53 54

55 =700

‘ Schematic of the temperature-to-

voltage conversion circuit.

Thermistor resistance versus temperature.
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R,

AMN—e 09,1V

115Vac B v

. FIGURE 5-32

Power supply schematic.

applications except that it needs to be ; B You decide to combine the power i The Printed Circuit Board

modified for different voltage and current supply and the temperature-to-voltage

requirements, as shown in the schematic conversion circuit on one printed circuit | ® Check out the printed circuit board in
of Figure 5-32. The basic power supply board. Produce a complete schematic Figure 5-33 to verify that it is correct
specifications are that includes both circuits. according to the schematic.

1. Input voltage: 115V rms at 60 Hz

2. Regulated output voltages: 5.1V dc
* 5% 9.1Vdc + 5%

3. Maximum ripple factor: 3%

4. Maximum load currents: 75 mA @
510V;50mA@9.1V

Component Values and the Schematic

B Determine the values of all the
unspecified components in the power
supply. You may wish to refer to
previous system application assignments.

FIGURE 5-33

Power supply and temperature detector printed circuit board. All black resistor
bands indicate values to be determined.




246 ® TRANSISTOR BIAS CIRCUITS

B |abel a copy of the board with the
component and input/output
designations in agreement with the
schematic.

Test Procedure

= Develop a step-by-step set of

instructions on how to completely check

the power supply and temperature-to-
voltage conversion circuit for proper
operation using the test points (circled
numbers) indicated in the test bench

| RESET N/LPA

setup of Figure 5-34. This particular
thermistor is a tubular shaft with a
threaded mount for inserting in a vessel.
The oven-type device is a controlled-
temperature chamber.

Specify voltage values for all the
measurements to be made. Provide a
fault analysis for all possible component
failures. Utilize and modify the test

supply circuit in Chapters 2 and 3 to
include the changes.

Troubleshooting

! Three boards in the initial manufac-
turing run have been found to be
defective. The test results are shown in
Figure 5-35. Based on the sequence of
measurements for each defective board,
determine the most likely fault(s) in
each case.

The red circled numbers indicate test

procedure you developed for the power points on the circuit board. The DMM

i function setting is indicated below the

i display.

Controlled-temperature chamber

Thermistor

FIGURE 5-34

Test bench setup for the circuit board.




Final Report (Optional)

2. Adiscussion of the operation of each

Submit a final written report on the power

supply and temperature-to-voltage
conversion circuit board using an
organized format that includes the
following:

circuit.

3. Alist of the specifications.

4. Alist of parts with part numbers if
available.

1. A physical description of the circuits.

Step | @ 46°C

4 H,
COM VO

@ ® V=
@ @ oc

Board |

Step 1 @ 46°C

Step 1 @ 46°C

coM V@
@ V=
P

DRGNS
Board 3
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5. A list of types of problems on the
three circuit boards.

6. A complete description of how you
determined the problem on each of
the three circuit boards.

Step 2 @ 50°C Step 3 @ 54°C Step 4 Step 5

M Nc | | (O |
‘E.SS\.I’ |.|_.|D\,rJ {9. :Evl [j. ILJ\J
oM YO coM Vo coM V.0 coM V@
@ @ Vx ®@ ® V= ) ® V= ®@ ® v=
DOX OOK. QO OO B
Step 2 @ 46°C Step 3 @ 46°C
=3 ot [
288,] (358,
COM VO CoM VO
® ® V= V=
QO @O

Step 3 @ 46°C

EN=N

Controlled-temperature

chamber

FIGURE 5-35

M
t *—J\e‘
cgM v O
® ® V<
@ ® nc

Test results for the three faulty circuit boards.
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VOLTAGE-DIVIDER BIAS

Vee = Q-point values (Ic = Iy)

w  Collector current:

iTH iBE
IC = -
RE IITH/BDC
here Ry = 2
e = <
wher TH l X

and Viy = RoyVee

npn transistors are shown. Supply voltage polarities are reversed for pnp transistors.

BASE BIAS
Vee ®  Q-point values (/¢ = Iy)
w  Collector current:
Re Vee = Vee
Ic= BDC( R
40 °
\h, = Collector-to-emitter
voltage:

Veg = Vee — IcRe

m  Collector-to-emitter voltage:

Vee = Vee — Ic(Re + Rg)

COLLECTOR-FEEDBACK BIAS

®  Q-point values (/c = Ig) Vec ®  Q-point values (I = Ig)
#  Collector current: ® u  Collector current:
C
o Vee — Vie _ Vee = Vae
le=2—— o= ———F7+—
Re + Rg/Boc Rc + Rg/Boc
= Collector-to-emitter voltage: = Collector-to-emitter voltage:

Vee = Vee + Vee — Ie(Re + Rg) Vee = Voo — Ie Re

CHAPTER SUMMARY

®  The purpose of biasing a circuit is to establish a proper stable dc operating point (Q-point).

m The Q-point of a circuit is defined by specific values for /- and Vg. These values are called the
coordinates of the Q-point.

® A dc load line passes through the Q-point on a transistor’s collector curves intersecting the
vertical axis at approximately [, and the horizontal axis at Vg

= The linear (active) operating region of a transistor lies along the load line below saturation and
above cutoff.

= The dc input resistance at the base of a BJT is approximately BpcRg.

®  Voltage-divider bias provides good Q-point stability with a single-polarity supply voltage. It is
the most common bias circuit.

#  The base bias circuit arrangement has poor stability because its Q-point varies widely with Bpc.

=  Emitter bias generally provides good Q-point stability but requires both positive and negative
supply voltages.

= Collector-feedback bias provides good stability using negative feedback from collector to base.
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KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary.

DC load line A straight line plot of /¢ and Vg for a transistor circuit.

Feedback The process of returning a portion of a circuit’s output back to the input in such a way as
to oppose or aid a change in the output.

Linear region The region of operation along the load line between saturation and cutoff.

Q-point The dc operating (bias) point of an amplifier specified by voltage and current values.

KEY FORMULAS

Voltage-Divider Bias

5-1 Ringpase) = BpcRe
R
5-2 Vg = (ﬁ) Vee for npn, assuming, BpcRe >> R,
5-3 Ve= Vg~ Vg
V
5-4 Ig ==
Rp
5-5 Ie = Iy
5-6 Ve = Vee — IcRc
5-7 Vee = Vee — Io(Re + Rp)
Base Bias
5-8 Vee = Vee — IR
Vee — Vie
5-9 IC = BDC(T
B

Emitter Bias
—Vee — Vi
Rg + Ry/Brc

5-10 Ic =

Collector-Feedback Bias

Vee = V,
5-11 Io= ————2
Rc + Ry/Bpc
5-12 Veg = Vee — IR

CIRCUIT-ACTION QUIZ Answers are at the end of the chapter.

1. If Vg in Figure 5-7 is increased, the Q-point value of collector current will

(a) increase (b) decrease (c) not change
2. If Vpp in Figure 5-7 is increased, the Q-point value of Vg will
(a) increase (b) decrease (¢) not change
3. If the value of R, in Figure 5-14 is reduced, the base voltage will
(a) increase (b) decrease (c) not change
4. 1f the value of R, in Figure 5-14 is increased, the emitter current will
(a) increase (b) decrease (¢) not change
5. If Rg in Figure 5-18 is decreased, the collector current will

(a) increase (b) decrease (¢) not change
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6. If Vi in Figure 5-20 is increased, the base-to-emitter voltage will
(a) increase (b) decrease (c¢) not change
7. If Ry in Figure 5-22 is reduced, the base-to-emitter voltage will
(a) increase (b) decrease (c) notchange
8. If R, in Figure 5-25 opens, the collector voltage will
(a) increase (b) decrease (c¢) not change
9. If R, in Figure 5-25 opens, the collector voltage will
(a) increase (b) decrease (c) not change
10. If R, in Figure 5-25 is increased, the emitter current will

(a) increase (b) decrease (c) not change

SELF-TEST Answers are at the end of the chapter.

1. The maximum value of collector current in a biased transistor is
(@) Bpcels (b) Iesay (c) greater than Iy @ Ig— Iy

2. Ideally, a dc load line is a straight line drawn on the collector characteristic curves between
(a) the Q-point and cutoff (b) the Q-point and saturation
(©) Vereuotn and Iegsay (d) Iy = 0and Iy = I/Bpc

3. If a sinusoidal voltage is applied to the base of a biased npn transistor and the resulting
sinusoidal collector voltage is clipped near zero volts, the transistor is

(a) being driven into saturation (b) being driven into cutoff

(c) operating nonlinearly (d) answers (a) and (c) (e) answers (b) and (c)
4. The input resistance at the base of a biased transistor depends mainly on

(@) Boc (b) Rg (©) Rg (d) Bpc and Rg

5. In a voltage-divider biased transistor circuit such as in Figure 5-13, Rjngase) can generally be
neglected in calculations when

(@) Ringase) > Ko (M) Ry > 10RNgpase) (€) Ringpasey > 10R, (d) R << R,

6. In a certain voltage-divider biased npn transistor, Vy is 2.95 V. The dc emitter voltage is
approximately

(a) 225V (b) 295V (c) 3.65V d 0.7V
7. Voltage-divider bias
(a) cannot be independent of Bp¢
(b) can be essentially independent of B¢
(¢) is not widely used
(d) requires fewer components than all the other methods
8. The disadvantage of base bias is that
(a) itis very complex (b) it produces low gain
(¢) it is too beta dependent (d) it produces high leakage current
9. Emitter bias is
(a) essentially independent of Bp¢ (b) very dependent on Bpc
(¢) provides a stable bias point (d) answers (a) and (c)
10. In an emitter bias circuit, Ry = 2.7 kQ and Vgg = 15 V. The emitter current
(a) is 5.3 mA (b) is 2.7 mA (c) is 180 mA (d) cannot be determined
11. Collector-feedback bias is
(a) based on the principle of positive feedback (b) based on beta multiplication
(c) based on the principle of negative feedback (d) not very stable
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12. In a voltage-divider biased npn transistor, if the upper voltage-divider resistor (the one
connected to V) opens,

(a) the transistor goes into cutoff (b) the transistor goes into saturation
(c) the transistor burns out (d) the supply voltage is too high

13. In a voltage-divider biased npn transistor, if the lower voltage-divider resistor (the one
connected to ground) opens,

(a) the transistor is not affected (b) the transistor may be driven into cutoff
(c) the transistor may be driven into saturation (d) the collector current will decrease

14. In a voltage-divider biased pnp transistor, there is no base current, but the base voltage is
approximately correct. The most likely problem(s) is

(a) a bias resistor is open (b) the collector resistor is open
(c) the base-emitter junction is open (d) the emitter resistor is open
(e) answers (a) and (c) (f) answers (c) and (d)

PRO BLEMS Answers to all odd-numbered problems are at the end of the book.

BASIC PROBLEMS
SECTION 5-1 The DC Operating Point

1. The output (collector voltage) of a biased transistor amplifier is shown in Figure 5-36. Is the
transistor biased too close to cutoff or too close to saturation?

FIGURE 5-36 ~\

2. What is the Q-point for a biased transistor as in Figure 5-2 with I = 150 pA, Bpe = 75, Ve =
18 V, and Rc = 1.0 kQ?

3. What is the saturation value of collector current in Problem 27
4. What is the cutoff value of Vg in Problem 2?

5. Determine the intercept points of the dc load line on the vertical and horizontal axes of the
collector-characteristic curves for the circuit in Figure 5-37.

FIGURE 5-37

Multisim file circuits are identified
with a CD logo and are in the
Problems folder on your CD-ROM.
Filenames correspond to figure
numbers (e.g., F05-37).

6. Assume that you wish to bias the transistor in Figure 5-37 with Iz = 20 pA. To what voltage
must you change the Vg supply? What are /- and V¢ at the Q-point, given that By = 50?7
7. Design a biased-transistor circuit using Vgg = Vec = 10V for a Q-point of /- = 5 mA and Vg

= 4V Assume S = 100. The design involves finding Rg, Rc, and the minimum power rating
of the transistor. (The actual power rating should be greater.) Sketch the circuit.
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8. Determine whether the transistor in Figure 5-38 is biased in cutoff, saturation, or the linear
region. Keep in mind that /¢ = Bpclp is valid only in the linear region.

FIGURE 5-38 Vee

+8V

RC
390 Q

Ry

V,
Ly Wy (E)BDC:B
: 10k

SECTION 5-2 Voltage-Divider Bias
9. What is the minimum value of B¢ in Figure 5-39 that makes Ryygpaey Z 10R,?

10. The bias resistor R, in Figure 5-39 is replaced by a 15 kQ potentiometer. What minimum
resistance setting causes saturation?

11. If the potentiometer described in Problem 10 is set at 2 kQ, what are the values for /- and Vg?

12. Determine all transistor terminal voltages with respect to ground in Figure 5-40. Do not
neglect the input resistance at the base or Vgg.

13. Show the connections required to replace the transistor in Figure 5—40 with a pnp device.

+15V +9V
O

R, Rg
15 kQ 1.0kQ
FIGURE 5-39 FIGURE 5-40

14. (a) Determine Vg in Figure 5-41.
(b) If Rg is doubled, what is the value of V;?

FIGURE 5-41 Vee

—-12V

Re
1.8 kQ)

(‘ Bpc =50

R, Rg
5.6 k(2 560 O




SECTION 5-3

Ve
+9V

RC
100 0

)

N

FIGURE 5-4

Vee
+5V
Re
1.0 kQ
Ry
22 kQ)
Rg
2.2k}
-5V
Vee

FIGURE 5-43

15.
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(a) Find the Q-point values for Figure 5—41.
(b) Find the minimum power rating of the transistor in Figure 5-41.

Other Bias Methods

16.

17.
18.

19.

20.

21.

22.
23.

24,
25.
26.
27.
28.
29.

Determine /g, /¢, and V¢ for a base-biased transistor circuit with the following values: By =
90, Vee = 12V, Ry = 22 kQ, and R = 100 Q.
If Bpe in Problem 16 doubles over temperature, what are the Q-point values?

You have two base bias circuits connected for testing. They are identical except that one is
biased with a separate Vg source and the other is biased with the base resistor connected to
Vee. Ammeters are connected to measure collector current in each circuit. You vary the Ve
supply voltage and observe that the collector current varies in one circuit, but not in the other.
In which circuit does the collector current change? Explain your observation.

The data sheet for a particular transistor specifies a minimum Bpc of 50 and a maximum Bpe
of 125. What range of Q-point values can be expected if an attempt is made to mass-produce
the circuit in Figure 5—427 Is this range acceptable if the Q-point must remain in the
transistor’s linear region?

The base bias circuit in Figure 542 is subjected to a temperature variation from 0°C to 70°C. The
Boc decreases by 50 percent at 0°C and increases by 75 percent at 70°C from its nominal value of
110 at 25°C. What are the changes in I and V¢ over the temperature range of 0°C to 70°C?

Analyze the circuit in Figure 5-43 to determine the correct voltages at the transistor terminals
with respect to ground. Assume SBpe = 100.

To what value can R in Figure 5-43 be reduced without the transistor going into saturation?

Taking Vg into account in Figure 5—43, how much will /¢ change with a temperature increase
from 25°C to 100°C? The Vgg is 0.7 V at 25°C and decreases 2.5 mV per degree Celsius.
Neglect Bpc.

When can the effect of a change in By be neglected in the emitter bias circuit?
Determine /¢ and Vg in the pnp emitter bias circuit of Figure 5—44. Assume By = 100.
Determine Vg, V., and /- in Figure 5-45.

What value of R¢ can be used to decrease I in Problem 26 by 25 percent?

What is the minimum power rating for the transistor in Problem 277

A collector-feedback circuit uses an npn transistor with Ve = 12V, Re = 1.2 kQ, and Rg =
47 k. Determine the collector current and the collector voltage if Bpc = 200.

VEE
+10V

470 Q2

FIGURE 5-44
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TROUBLESHOOTING PROBLEMS
SECTION 5-4 Troubleshooting

30. Assume the emitter becomes shorted to ground in Figure 5—46 by a solder splash or stray wire
clipping. What do the meters read? When you correct the problem, what do the meters read?

FIGURE 5-46

31. Determine the most probable failures, if any, in each circuit of Figure 5-47, based on the
indicated measurements.

1.0KQ 100 O =

(a) (b

FIGURE 5-47




FIGURE 5-48
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32. Determine if the DMM readings 2 through 4 in the breadboard circuit of Figure 5-48 are
correct. If they are not, isolate the problem(s). The transistor is a pnp device with a specified
dc beta range of 35 to 100.

1 2 3 4
) | 1t —3 =JA i
.y —.(dy L=y B P
CcCOM VO COM V{Q COM VO COM VO
® ® V= ® V= « @ V=< C @ V~
@ ®pbc @A @®bpc @ @®pbpDc G @ pC

33. Determine each meter reading in Figure 548 for each of the following faults:

(a) the 680 Q resistor open (b) the 5.6 k€ resistor open
(¢) the 10 kQ resistor open (d) the 1.0 kQ resistor open
(e) a short from emitter to ground (f) an open base-emitter junction

SYSTEM APPLICATION PROBLEMS

34. Determine Vy, Vg, and Vi in the temperature-to-voltage conversion circuit in Figure 5-30 if R,
fails open.

35. What faults will cause the transistor in the temperature-to-voltage conversion circuit to go into
cutoft?

36. Assume that a 5.1 V zener diode is inadvertently installed in the place of the 9.1 V zener on
the circuit board in Figure 5-33. What voltages will you measure at the base, emitter, and
collector of the temperature-to-voltage conversion circuit when the temperature is 45°C?

37. Explain how you would identify an open collector-base junction in the transistor in Figure
5-30.

DATA SHEET PROBLEMS

38. Analyze the temperature-to-voltage conversion circuit in Figure 5—49(a) at the temperature
extremes for both minimum and maximum specified data sheet values of hg. Refer to the
partial data sheet in Figure 5-50.

39. Verify that no maximum ratings are exceeded in the temperature-to-voltage conversion circuit
in Figure 5—49. Refer to the partial data sheet in Figure 5-50.
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FIGURE 5-49

TRANSISTOR BIAS CIRCUITS

NERSEE

R (kQ)
2.6
2.2}
20F
1.8
1.6
1.4
(b)
Maximum Ratings
Rating Symbol Value Unit
Collector-Emitter voltage Veero 40 V de
Collector-Base voltage Yeso 60 V de
Emitter-Base voltage VeBO 6.0 Vde
Collector current — continuous Ic 200 mA dc
Total device dissipation @ T, = 25°C Py 625 mWw
Derate above 25°C 5.0 mw/°C
Total device dissipation @ T =25°C ) 1.5 Watts
Derate above 25°C 2 mw/°C
Operating and storage junction Ty Tag -55 1o +150 °C
Temperature range
Thermal Characteristics
Characteristic Symbol Max Unit
Thermal resistance, junction to case Rajc 833 °C/wW
Thermal resistance, junction (o ambient Rasa 200 °C/W
Electrical Characteristics (7, = 25°C unless otherwise noted.)
( Characteristic | Symbol | Min Max Unit
Off Characteristics
Collector-Emitter breakdown voltage Visriceo| 40 — Vde
Ic=1.0mAdc, /g =0)
Collcctor-Base breakdown voltage V(BR)CBO 60 — V dc
Ie=10uAde, lg=0)
Emitter-Base breakdown voltage Visriggo| 60 — Vde
Ig=10uAdc, Ic=0)
Base cutoff current gL — 50 nAdc
(Yeg =30 Vde, Vgp =3.0V do)
Collector cutoff current Icex — 50 nAdc
(Veg =30 Vde, VEL: 3.0Vdc)
On Characteristics
DC current gain heg —
(e =0.1mAdc, Veg = 1.0V de) 2N3903 20 —
2N3904 40 —
(Ie=1.0mAde. Veg = 1.0V do) 2N3903 35 —
2N3904 70 —
(Ic =10 mAde, Vg = 1.0V do) 2N3%903 50 150
2N3904 100 300
(I =50 mA de, Vg = 1.0V de) 2N3903 30 —
2N3904 60 —
(g =100 mA de, Vg = 1.0V do) 2N3903 15 —
2N3904 30 —
Collector-Emitter saturation voltage VeEsan Vde
(e =10 mA de, Iy = 1.0 mA de) - 0.2
(/e = 50 mA dc. Iy = 5.0 mA dc) - 0.3
Base-Emitter saturation voltage VBE(say Vde
(Ic=10mAdc, Iy = 1.0 mA dc) 0.65 085
(¢ =50 mA de, Iy, = 5.0 mA dc) — 0.95

FIGURE 5-50

45 46 47 48 49 50 51 52 53 54 55

T(°C)

)
/
12/
3

2N3903
2N3904

3 Collector

2
Base

I Emitter

General-Purpose
Transistors

NPN Silicon
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40. Refer to the partial data sheet in Figure 5-51.
(a) What is the maximum collector current for a 2N2222A?

(b) What is the maximum reverse base-emitter voltage for a 2N2118?

Maximum Ratings
2N2218 | 2N22184 2N2218, A/2N2219, A
2N2219 | 2N2219A 2N2221, A/2N2222, A
2N2221 2N2221A 2N5581
Rating Symbol | 2N2222 | 2N2222A | 2NS5582 Unit 2N5581/82
Caltectar-Emitter voltage Vego 30 40 40 V de 2N2218, A/2N2219, A i
Collector-Base voliage Vepo 60 75 75 V de Case 79-04 3 Collector
Emitter-Base voltage VeBo 5.0 6.0 6.0 V dc TO-39 (TO-205AD)
Collector current — continuous Ic 800 800 800 mA dc¢ Style 1 3 71 2
2N2218,A | 2N2221,A 2N5581 2N2221, A/2N2222, A Base
2N2219,A | 2N2222,A | 2N5582 Case 22-03
Total device dissipation Py TO-18 (TIO'ZOGAA) ! Emitier
@71,=25C 08 05 0.6 Wau Styled
Derate above 25°C 4.57 2.28 3.33 mw/°C IN558172N5582 222 71
Total device dissipation Py Case 26-03
@ T =25°C 3.0 12 20 Watt TO-46 (TO-206AB) 3
Derate above 25°C 17.1 6.85 11.43 mw/°C Style L 277
Operating and storage junction Ty Toe —65 to +200 °C -
Temperarure range General _Purpose
Transistors
. - . . NPN Silicon
Electrical Characteristics (7, = 25°C unless otherwise noted.)
[ Characteristic [ Symbol | Min | Max |  Unit |
Off Characteristics
Collector-Emitter breakdown voltage VipryCEO Vde
(Jc=10mAde. Ig=0) Non-A Suffix 30 —
A-Suffix, 2N5581, 2N5582 40 —
Collector-Base breakdown voltage ViBr;cBO Vde
(Ie=10uAdc. /g=0) Non-A Suffix 60 —
A-Suffix, 2N5581, 2N5582 75 —
Emitter-Base breakdown voliage V(BRIEBO Vde
(g =10 pA de. f=0) Non-A Suffix 5.0 —
A-Suffix, 2N5581, 2N5582 6.0 —
Collector cutoff current legx 10 nA dc
(Vg =60 V de, Vg = 3.0V de A-Suffix, 2N5581, 2N5582 —
Collector cutoff current leso uAde
(Vep =50V de, lg=0) Non-A Suffix - 0.01
(Vep=60Vdc, [g=0) A-Suffix, 2N5581, 2N5582 — 0.01
(Vg =50V de, I =0. T, = 150°C) Non-A Suffix — 10
(Ve =60V de, Ip =0, T, = 150°C) A-Suffix, 2N5581, 2N5582 — 10
Eminer cutoff current Iepo — 0 nAdc
(Vegg =3.0Vdc, Ic=0) A-Suffix, 2N5581, 2N5582
Base cutoff current InL - 20 nAdc
(Vep =60 V de, Vepm = 3.0V de) A-Suffix
On Characteristics
DC current gain g —
(lc =0.1 mAdc, Ve = 10V de) 2N2218,A. 2N2221.A, 2N5581(1) 20 —
2N2219.A, 2N2222.A, 2N5582(1) 35 -
(e =1.0mAdc, Ve =10V de) 2N2218.A, 2N222] A, 2N5381 25 —
2N2219.A, 2N2222.A. 2N5582 50 E=
(e =10 mAde, Vep =10V de) 2N2218,A, 2N2221.A, 2N5581(1) 35 —
2N2219,A. 2N2222.A, 2N5582(1) 75 —
(lc = 10 mAde, Veg = 10V de. T =~ 55°C) 2N2218,A, 2N2221.A, 2N5581 5 —_
2N2219,A, 2N2222,A, 2N5582 35 -
(lc =150 mA de, Yeg = 10V do) 2N2218,A, 2N2221.A. 2N5581 40 120
2N2219,A. 2N2222 A, 2N5582 100 300
(Ic = 150 mA dc. Vg = 1.0V do) 2N2218,A, 2N2221.A, 2N3581 20 —
ON2219.A, 2N2222 A, 2N5582 50 —
(Ic =500 mA de. Vg = 10V de) 2N2218, 2N2221 20 —
2N2219, 2N2222 30 -
2N2218A, 2N2221A, 2N5581 25 -
2N2219A, 2N2222A, 2N5582 40 —
Collector-Emitter saturation voltage Veggan Vde
(Ic =150 mA de. I3 = 15 mA de) Non-A Suffix — 04
A-Suffix, 2N5581, 2N5582 — 03
(/e = 500 mA dc, /g = 50 mA dc) Non-A Suffix _ 1.6
A-Suffix, 2NS581, 2N5552 — 10
Base-Emitier saturation voltage VBB Vde
(e =150 mA dc. Ip = 15 mA dc) Nen-A Suffix 0.6 1.3
A-Suffix, 2N5581. 2N5582 0.6 1.2
{lc = 500 mA dc, Iy = 50 mA dc) Non-A Suffix _ 26
A-Suffix, 2N5581, 2N5582 —
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hgg, normalized dc current gain

41.
42,

Determine the maximum power dissipation for a 2N2222 at 100°C.

When you increase the collector current in a 2N2219 from 1 mA to 500 mA, how much does
the minimum By (hgg) change?

ADVANCED PROBLEMS

43.

44,

45.

46.

47.

48.

Design a circuit using base bias that operates from a 15V dc voltage and draws a maximum
current from the dc source (Jocqmayy) of 10 mA. The Q-point values are to be /c = 5 mA and
Vce = 5 V. The transistor is 2 2N3903. Assume a midpoint value for Bp.

Design a circuit using emitter bias that operates from dc voltages of +12V and —12V. The .
maximum /c¢ is to be 20 mA and the Q-point is at 10 mA and 4 V. The transistor is a 2N3904.
Design a circuit using voltage-divider bias for the following specifications: Vee = 9V, Ieciux) =
5mA, I = 1.5 mA, and Vi = 3 V. The transistor is a 2N3904.

Design a collector-feedback circuit using a 2N2222 with Ve = 5V, I = 10 mA, and Vg =
1.5V

Can you replace the 2N3904 in Figure 549 with a 2N2222A and maintain the same range of
output voltage over a temperature range from 45°C to 55°C?

Refer to the data sheet graph in Figure 5-52 and the partial data sheet in Figure 5-51. Determine
the minimum dc current gain for a 2N2222 at —55°C, 25°C, and 175°C for Vg = 1 V.

I, collector current (mA)

FIGURE 5-52

49.

50.

A design change is required in the ADC block of the industrial temperature control system
shown in Figure 5-29. The new design will have an ADC input resistance of 10 kQ.
Determine the effect this change has on the temperature-to-voltage conversion circuit.

Investigate the feasibility of redesigning the temperature-to-voltage conversion circuit in
Figure 5-30 to operate from a dc supply voltage of 5.1 V and produce the same range of
output voltages determined in the System Application over the required thermistor
temperature range from 46°C to 54°C.

MULTISIM TROUBLESHOOTING PROBLEMS

These file circuits are in the Troubleshooting Problems folder on your CD-ROM.

51.
52.
53.
54.
55.
56.

Open file TSP05-51 and determine the fault.
Open file TSP05-52 and determine the fault.
Open file TSP05-53 and determine the fault.
Open file TSP05-54 and determine the fault.
Open file TSP05-55 and determine the fault.
Open file TSP05-56 and determine the fault.
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SECTION 5-1

SECTION 5-2

SECTION 5-3

SECTION 5-4

SECTION REVIEWS
The DC Operating Point

1.
2.
3.

The upper load line limit is /¢y and Vg The lower limit is Ic = 0 and Vegeyof)-

The Q-point is the dc point at which a transistor is biased specified by Vg and /..

Saturation begins at the intersection of the load line and the vertical portion of the collector

curve. Cutoff occurs at the intersection of the load line and the /5 = O curve.

The Q-point must be centered on the load line for maximum V..

Voltage-Divider Bias

1.

2
3.
4

Ringpasey = Vin/lin = SV/I5 pA = | MQ

. Ringasey = BocRe = 190(1.0 kQ) = 190 kQ

Vy=5V

. Voltage-divider bias is stable and requires only one supply voltage.

Other Bias Methods

1. Base bias is beta-dependent.
2. The Q-point changes due to changes in Bp¢ and V¢ over temperature.
3. Emitter bias is much less dependent on the value of beta than is base bias.
4. Emitter bias requires two separate supply voltages.
5. I increases with Bp¢, causing a reduction in V. and, therefore, less voltage across Ry,
thus less /g.
Troubleshooting
1. A transistor is saturated when Vg = 0 V. A transistor is in cutoff when Vg = Vc.
2. Ry is open because the BE junction of the transistor is still forward-biased.
3. If Rcis open, Vi is about 0.7 V less than Vj.

RELATED PROBLEMS FOR EXAMPLES

5-1
5-2
5-3
54
5-5
5-6
5-7
5-8

lcq = 198 mA; Viegg = 4.2 V; lypeary = 42 A

54.6 kQ

Veg =256V, Ic =477 mA

Ic=229mA, Vg =267V

214

% Al = 150%; % AVeg = 53.6%

% Al = 2.40%; % AVeg = —3.87%

Ic =832 nA, Veg = 1.68V, Alc = =13 nA, AV = 0.13V

CIRCUIT-ACTION QUIZ

1. (8 2.() 3.0 4.0 5.()
6. () 7.000 8@ 9. 10.(a)
SELF-TEST

L (b) 2.0 3 4 5@

6.

(a) 7. (b) 8. (c) 9.(d) 10.(a)

11. (¢) 12.(a) 13.(c) 14. (f)



B)T AMPLIFIERS

The things you learned about biasing a transistor in

Chapter 5 are now applied in this chapter where bipolar
junction transistor (BJT) circuits are used as small-signal
amplifiers. The term small-signal refers to the use of signals
that take up a relatively small percentage of an amplifier’s
operational range. Additionally, you will learn how to
reduce an amplifier to an equivalent dc and ac circuit for
easier analysis, and you will learn about multistage amplifiers.
The differential amplifier is also covered.

CHAPTER OUTLINE

6-1  Amplifier Operation

6-2  Transistor AC Equivalent Circuits
6-3  The Common-Emitter Amplifier
6-4  The Common-Collector Amplifier
6~5  The Common-Base Amplifier

6-6  Multistage Amplifiers

6-7  The Differential Amplifier

6-8  Troubleshooting

m System Application




CHAPTER OBJECTIVES EEE SYSTEM APPLICATION PREVIEW

Understand the amplifier concept The system application in this chapter involves a preamplifier
circuit for a public address and paging system. The complete
system includes the preamplifier, a power amplifier, and a dc
Understand and analyze the operation of common-emitter power supply. You will focus on the preamplifier in this
amplifiers chapter and then on the power amplifier in Chapter 9. The
first step in your assignment is to learn all you can about
amplifier operation. You will then apply your knowledge to
the system application at the end of the chapter.

Identify and apply internal transistor parameters

Understand and analyze the operation of common-collector
amplifiers

Understand and analyze the operation of common-base
amplifiers

Discuss multistage amplifiers and analyze their operation

Discuss the differential amplifier and its operation —
P P VISIT THE COMPANION WEBSITE
Troubleshoot amplifier circuits Study aids for this chapter are available at

| http://www.prenhall.com/floyd

KEY TERMS

r parameter
Common-emitter
ac ground

Input resistance
Qutput resistance
Attenuation

Overall voltage gain
Bypass capacitor
Common-collector
Emitter-follower
Common-base
Differential amplifier
Common mode

Common-mode rejection
ratio (CMRR)
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6-1 AMPLIFIER OPERATION

The biasing of a transistor is purely a dc operation. The purpose of biasing is to
establish a Q-point about which variations in current and voltage can occur in response
to an ac input signal. In applications where small signal voltages must be amplified—
such as from an antenna or a microphone—variations about the Q-point are relatively
small. Amplifiers designed to handle these small ac signals are often referred to as
small-signal amplifiers.

After completing this section, you should be able to

® Understand the amplifier concept

= Interpret labels used for dc and ac voltages and currents
® Discuss the general operation of a small-signal amplifier
® Analyze ac load line operation

® Describe phase inversion

AC Quantities

In the previous chapters, dc quantities were identified by nonitalic uppercase (capital) sub-
scripts such as I, Ig, V¢, and V. Lowercase italic subscripts are used to indicate ac quan-
tities of rms, peak, and peak-to-peak currents and voltages: for example, I, I,, 1, V,, and
V.. (rms values are assumed unless otherwise stated). Instantaneous quantities are repre-
sented by both lowercase letters and subscripts such as i, i,, i, and v,,. Figure 61 illus-
trates these quantities for a specific voltage waveform.

FIGURE &6-1 \4

V. can represent rms, average, peak,
or peak-to-peak, but rms will be

assumed unless stated otherwise. v, R G S S
. - |
can be any instantaneous value on rms ___f___x _______ 5
the curve. aelJ \ T , }
.'"l‘ \ v | I
\ Ve T |
/ \ i | J{ |
Vee \— : V.
\! / |
|
\ |
| / |
/ |
/ |
W AN v _
0 f

In addition to currents and voltages, resistances often have different values when a cir-
cuit is analyzed from an ac viewpoint as opposed to a dc viewpoint. Lowercase subscripts
are used to identify ac resistance values. For example, R, is the ac collector resistance, and
R is the dc collector resistance. You will see the need for this distinction later. Resistance
values internal to the transistor use a lowercase r’. An example is the internal ac emitter re-
sistance, r,.
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The Linear Amplifier

A voltage-divider biased transistor with a sinusoidal ac source capacitively coupled to the
base through C| and a load capacitively coupled to the collector through C, is shown in
Figure 6-2. The coupling capacitors block dc and thus prevent the internal source resist-
ance, R, and the load resistance, R;, from changing the dc bias voltages at the base and col-
lector. The capacitors appear ideally as shorts to the signal voltage. The sinusoidal source
voltage causes the base voltage to vary sinusoidally above and below its dc bias level. The
resulting variation in base current produces a larger variation in collector current because
of the current gain of the transistor.

As the sinusoidal collector current increases, the collector voltage decreases. The col-
lector current varies above and below its Q-point value in phase with the base current. The
sinusoidal collector-to-emitter voltage varies above and below its Q-point value 180° out of
phase with the base voltage, as illustrated in Figure 6-2. A transistor always produces a
phase inversion between the base voltage and the collector voltage.

A Graphical Picture The operation just described can be illustrated graphically on the ac
load line, as shown in Figure 6-3. The sinusoidal voltage at the base produces a base cur-
rent that varies above and below the Q-point on the ac load line, as shown by the arrows.
Lines projected from the peaks of the base current, across to the I axis, and down to the
Vce axis, indicate the peak-to-peak variations of the collector current and collector-to-
emitter voltage, as shown. The ac load line differs from the dc load line because the effec-
tive ac collector resistance is R, in parallel with R and is less than the dc collector
resistance Rc alone without R; in parallel. This difference between the dc and the ac load
lines is covered in Chapter 9 in relation to power amplifiers.
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FIGURE 6-2

An amplifier with voltage-divider
bias driven by an ac voltage source
with an internal resistance, R,.

FIGURE 6-3

Graphical operation of the amplifier
showing the variation of the base
current, collector current, and
collector-to-emitter voltage about
their dc Q-point values. /, and /, are
on different scales.
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| EXAMPLE 6-1
The ac load line operation of a certain amplifier extends 10 pA above and below the Q-

FIGURE 6-4

Solution

Related Problem *

I SECTION 6-1
REVIEW

Answers are at the end
of the chapter.

point base current value of 50 nA, as shown in Figure 6-—4. Determine the resulting
peak-to-peak values of collector current and collector-to-emitter voltage from the graph.

Projections on the graph of Figure 64 show the collector current varying from 6 mA
to 4 mA for a peak-to-peak value of 2 mA and the collector-to-emitter voltage varying
from 1 V to 2V for a peak-to-peak value of 1'V.

What are the Q-point values of I~ and V¢ in Figure 647

*Answers are at the end of the chapter.

1. When [, is at its positive peak, [_ is at its peak, and V_, is at its peak.
2. What is the difference between Ve and V.7
3. What is the difference between R, and r,?

6-2 TRANSISTOR AC EQUIVALENT CIRCUITS

To visualize the operation of a transistor in an amplifier circuit, it is often useful to
represent the device by an equivalent circuit. An equivalent circuit uses various
internal transistor parameters to represent the transistor’s operation. Equivalent circuits
are described in this section based on resistance or r parameters. Another system of
parameters, called 4 parameters, are briefly described.

After completing this section, you should be able to
= Identify and apply internal transistor parameters

= Define the r parameters
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= Represent a transistor by an r-parameter equivalent circuit
= Distinguish between the dc beta and the ac beta

B Define the /i parameters

r Parameters

The resistance, r, parameters are the most commonly used for BJTs. The five r parameters
are given in Table 6-1. The italic lowercase letter r with a prime denotes resistances inter-
nal to the transistor.

TABLE 6-1

r PARAMETER DESCRIPTION
r parameters.

Qge ac alpha (1/1,)

Boe ac beta (1/1,)

r, ac emitter resistance
rh ac base resistance

T ac collector resistance

r-Parameter Equivalent Circuits

An r-parameter equivalent circuit for a bipolar junction transistor is shown in Figure i
6-5(a). For most general analysis work, it can be simplified as follows: The effect of the ac
base resistance (r}) is usually small enough to neglect, so it can be replaced by a short. The
ac collector resistance (r.} is usually several hundred kilohms and can be replaced by an
open. The resulting simplified r-parameter equivalent circuit is shown in Figure 6-5(b).
The interpretation of this equivalent circuit in terms of a transistor’s ac operation is as
follows: A resistance (r,) appears between the emitter and base terminals. This is the re-
sistance “‘seen” looking into the emitter of a forward-biased transistor. The collector effec-
tively acts as a current source of a, ./, or, equivalently, 8,1, These factors are shown with
a transistor symbol in Figure 6-6.

Eo Wy * "/
-
J l
! 4 f B
B
(a) Generalized r-parameter equivalent circuit for a (b) Simplified r-parameler equivalent circuit fora bipolar
bipolar junction transistor junction transistor

FIGURE 6-5

r-parameter equivalent circuits.
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Equation 6-1

I EXAMPLE 6-2

Solution

Related Problem

FIGURE 6-6 C C
e
Relation of transistor symbol to

r-parameter equivalent. Bucts ‘Il B,

m
mo

Determining s, by a Formula

For amplifier analysis, the ac emitter resistance, r;, is the most important of the » parame-
ters. To calculate the approximate value of r,,, you can use the formula of Equation 6-1. Be-
cause r, is temperature dependent, it must be calculated at a specific temperature. Equation
6—1 is based on a temperature of 20°C. A different temperature will yield a slightly differ-
ent value for the numerator.

. 25mV
o=
E

Although the formula is simple, its derivation is not and is therefore reserved for Appendix B.

Determine the r, of a transistor that is operating with a dc emitter current of 2 mA.

25mvV _ 25mV
p= = 20— 1250
Ie 2 mA

What is I if v, = 8 ?

Comparison of the AC Beta (3,.) to the DC Beta (Bpc)

For a typical transistor, a graph of /- versus /g is nonlinear, as shown in Figure 6-7(a). If
you pick a Q-point on the curve and cause the base current to vary an amount Alg, then the
collector current will vary an amount Al as shown in part (b). At different points on the
nonlinear curve, the ratio Al-/Al; will be different, and it may also differ from the I.//g ra-
tio at the Q-point. Since Bpc = I/l and B,. = Al-/Al, the values of these two quantities
can differ slightly.

ac

FIGURE 6-7 I ] I
Ic-versus-Iy curve illustrates the
difference between Bpc = Ic/l; and / /
Bac = Dlc/Alg. . {

I ———=g A 1

cQ A 5 | | |

| | :
> I I L I
0 Inq ? 0 : ’
(a) Bpe = /1y at Q-point () Bae=AI/A I

h Parameters

Because they are typically specified on a manufacturer’s data sheet, /# (hybrid) parameters
(A, h,, hy, and h,) are important. These parameters are often specified by manufacturers be-
cause they are relatively easy to measure.
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TABLE 6-2

267

h PARAMETER DESCRIPTION CONDITION
h; Input impedance (resistance) Qutput shorted
h, Voltage feedback ratio Input open
hy Forward current gain Output shorted
h, Output admittance (conductance) Input open

TABLE 6-3

| Basic ac h parameters.

EONEICHRATION LEABAMETRRS . Subscripts of h parameters for the

Common-Emitter Bies Brer B P three amplifier configurations.
Common-Base Pips Mots s B '
Common-Collector Pies Bres P B

The four basic ac & parameters and their descriptions are given in Table 6-2. Each of the
four A parameters carries a second subscript letter to designate the common-emitter (¢),
common-base (b), or common-collector (¢) amplifier configuration, as listed in Table 6-3.
The characteristics of each of these three BJT amplifier configurations are covered later in
this chapter.

Relationships of h Parameters and r Parameters

The ac current ratios, o, and 3, convert directly from A parameters as follows:

Ape = hy,

Bac = hfe

Because data sheets often provide only common-emitter 4 parameters, the following for-
mulas show how to convert them to r parameters. We will use r parameters throughout the
text because they are better for amplifier analysis.

L _ e
© e
h, + 1
ré =
Roe
b,
7'[; = hif - r(l + hfe)

SECTION 6-2
| REVIEW 1. Define each of the parameters: a,,, B, 1., r,, and r..

2. Which h parameter is equivalent to 3,7
3. If [ = 15 mA, what is the approximate value of r.?
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6-3 THE COMMON-EMITTER AMPLIFIER

Now that you have an idea of how a transistor can be represented in an ac equivalent
circuit, a complete amplifier circuit will be examined. The common-emitter (CE)
configuration is covered in this section. CE amplifiers exhibit high voltage gain and
high current gain. The common-collector and common-base configurations are
covered in the following sections.

After completing this section, you should be able to

# Understand and analyze the operation of common-emitter amplifiers
= Represent a CE amplifier by its dc equivalent circuit

® Apalyze the dc operation of a CE amplifier

m Represent a CE amplifier by its ac equivalent circuit

® Analyze the ac operation of a CE amplifier

® Determine the input resistance

® Determine the output resistance

® Determine the voltage gain

= Explain the effects of an emitter bypass capacitor

= Describe swamping and discuss its purpose and effects
m Describe the effect of a load resistor on the voltage gain
= Discuss phase inversion in a CE amplifier

® Determine current gain

® Determine power gain

o= Figure 6-8 shows a common-emitter amplifier with voltage-divider bias and coupling
capacitors, C; and C;, on the input and output and a bypass capacitor, C,, from emitter to
ground. The circuit has a combination of dc and ac operation, both of which must be con-
sidered. The input signal, V,,, is capacitively coupled into the base, and the output signal,
V..., 18 capacitively coupled from the collector. The amplified output is 180° out of phase
with the input.

FIGURE 6-8

A common-emitter amplifier.
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DC Analysis

To analyze the amplifier in Figure 6-8, the dc bias values must first be determined. To do
this, a dc equivalent circuit is developed by replacing the coupling and bypass capacitors
with opens (remember, a capacitor appears open to dc), as shown in Figure 6-9.

FIGURE 6-9

Vee
+12V

DC equivalent circuit for the
amplifier in Figure 6-8.

Recall from Chapter 5 that the dc input resistance at the base is determined as follows:
Ringasey = BpcRe = (150)(560 Q) = 84 kQ

Since Ringase) 1s more than ten times R, in this case, it will be neglected when calculating
the dc base voltage.

R, 6.8 k{2

Vo= | ———— |Vee = | ———= |12V =283V

B (Rl +R2) cc (28.8kﬂ)
and

Ve=Vs— Vg =283V —07V =213V
Therefore,

Ve 213V
I =— = = 3, A
ET R T seon  80m

Since /¢ = Iy, then

Ve=Voe = IcRc =12V — (3.80 mAY1.0kQ) =12V — 380V =820V
Finally,

Ve = Ve — V=820V —-213V =607V

The AC Equivalent Circuit

To analyze the ac signal operation of an amplifier, an ac equivalent circuit is developed as
follows:

The capacitors C,, C,, and C; are replaced by effective shorts because their values
are selected so that X, = 0 Q at the signal frequency.

AC Ground The dc source is replaced by a ground. You assume that the voltage source
has an internal resistance of approximately 0  so that no ac voltage is developed across
the source terminals. Therefore, the Vi terminal is at a zero-volt ac potential and is called
ac ground.

269
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FIGURE 6-10

AC equivalent circuit for the
amplifier in Figure 6-8.

===

Equation 6-2

FIGURE 6-11

AC equivalent base circuit.

The ac equivalent circuit for the common-emitter amplifier in Figure 6-8 is shown in
Figure 6-10(a). Notice that both R and R; have one end connected to ac ground because,
in the actual circuit, they are connected to Vo which is, in effect, ac ground.

ac source

Re
1.0kQ
R R,
22 kQ) 6.8 kQ
(a) Without an ac voltage source. (b) With an ac voltage source

AC ground is shown in red.

In ac analysis, the ac ground and the actual ground are treated as the same point electri-
cally. The amplifier in Figure 6-8 is a common-emitter type because the bypass capacitor
C, keeps the emitter at ac ground. Ground is the common point in the circuit.

Signal (AC) Voltage at the Base  An ac voltage source is shown connected to the input in
Figure 6~10(b). If the internal resistance of the ac source is 0 {2, then all of the source volt-
age appears at the base terminal. If, however, the ac source has a nonzero internal resist-
ance, then three factors must be taken into account in determining the actual signal voltage
at the base. These are the source resistance (R)), the bias resistance (R, || R,), and the input
resistance at the base of the transistor (R, a), (some prefer to use the term impedance).
This is illustrated in Figure 6-11(a) and is simplified by combining Ry, R;, and Ry, In
paralle] to get the total input resistance, R, which is the resistance “seen” by a source
connected to the input, as shown in Figure 6—11(b). The total input resistance is expressed
by the following formula:

R, (tor) = R, H R, || Rin(base)

As you can see in the figure, the source voltage, V,, is divided down by R, (source resist-
ance) and R, so that the signal voltage at the base of the transistor is found by the
voltage-divider formula as follows:

)
Vi=\lo 7T IV
R: + Rin(lal)

If R, << R;y0n, then V,, = V where V), is the input voltage, V,,, to the amplifier.

B Base

=Ry W R R,

Ry Ry § Rinbase)

(@ (®)
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Input Resistance at the Base To develop an expression for the input resistance looking in
at the base, we will use the simplified r-parameter model of the transistor. Figure 6-12
shows the transistor connected with the external collector resistor, Rc. The input resistance
looking in at the base is

VY

i

Rin(bu.s'e) = I - Ib

in
The base voltage is
Vh = ]er;

and since [, =1,

=
b B[l(.'
Substituting for V,, and I,

_ Vb _ ]er;
Rin(bu,se) - I_b - I,/B )

Cancelling 1,

Rin(base) = .Bacr; EquatiOﬂ 6-3

+Vee FIGURE 6-12

r-parameter transistor model (inside
shaded block) connected to external
circuit.

Output Resistance  The output resistance of the common-emitter amplifier is the resis- [T
tance looking in at the collector and is approximately equal to the collector resistor.

R = Re Equation 6-4

Actually, R,,, = Rc| r., but since the internal ac collector resistance of the transistor, 7., is
typically much larger than R, the approximation is usually valid.

l EXAMPLE 6-3
Determine the signal voltage at the base of the transistor in Figure 6—13. This circuit is

the ac equivalent of the amplifier in Figure 6-8 with a 10 mV rms, 300 Q signal
source. [ was previously found to be 3.80 mA.
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FIGURE 6-13

Solution

Related Problem

First, determine the ac emitter resistance.
__25mV 25 mV
r,= =
¢ It 3.80 mA

’

= 6.58 Q)

Then,
Riybasey = Bacle = 160(6.58 Q) = 1.05kQ
Next, determine the total input resistance viewed from the source.
1
Rin(lol) = Rl “ RZ ” Rin(base) = 1 1 1 = 873 Q
+ +
22k 6.8 kQ) 1.05 kQ)

The source voltage is divided down by R, and R, so the signal voltage at the
base is the voltage across R

in(ior)

Rin(lal) 873 Q)
Vv, = | — y = l0mV = 7.44 mV
Ry 4 Riyon) 1173 Q

As you can see, there is attenuation (reduction) of the source voltage due to the source
resistance and amplifier’s input resistance acting as a voltage divider.

Determine the signal voltage at the base of Figure 6—13 if the source resistance is 75 Q
and another transistor with an ac beta of 200 is used.

Voltage Gain

The ac voltage gain expression for the common-emitter amplifier is developed using the
equivalent circuit in Figure 6-14. The gain is the ratio of ac output voltage at the collector
(V,) to ac input voltage at the base (V).

V V

out __ "¢

Vi

m

A, =

FIGURE 6-14

Equivalent circuit for obtaining ac
voltage gain.
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Notice in the figure that V. = o, [Rc = I,Rc and V), = [ r,. Therefore,
I.R¢

A =—
1(,1'(,

v

The I, terms cancel, so

_ e

¥ '
'e

A

Equation 6-5 is the voltage gain from base to collector. To get the overall gain of the am-
plifier from the source voltage to collector, the attenuation of the input circuit must be in-
cluded. Attenuation means that the signal voltage is reduced as it passes through a circuit.

The attenuation from source to base multiplied by the gain from base to collector is the
overall amplifier gain. Suppose the source produces 10 mV and the source resistance and
input resistance is such that the base voltage is 5 mV. The attenuation is therefore
SmV/10 mV = 0.5. Now assume the amplifier has a voltage gain from base to collector of
20. The output voltage is 5mV x 20 = 100 mV. Therefore, the overall gain is 100 mV/10 mV =
10 and is equal to the attenuation times the gain (0.5 x 20 = 10). Overall gain is illustrated
in Figure 6-15.

The expression for the attenuation in the base circuit where R, and R;,,(,,,, act as a voltage
divider is

. V[) Rin(/()r)
Attenuation = — = —————
Vs Rs + Riu(ml)

The overall voltage gain, A;, i1s the product of the attenuation and the gain from base to
collector, A,..

Vl)
A, = | — |A,
v (V‘.> v

Effect of the Emitter Bypass Capacitor on Voltage Gain  The emitter bypass capacitor,
which is C, in Figure 68, provides an effective short to the ac signal around the emitter re-
sistor, thus keeping the emitter at ac ground, as you have seen. With the bypass capacitor,
the gain of a given amplifier is maximum and equal to R¢/r,.

The value of the bypass capacitor must be large enough so that its reactance over the fre-
quency range of the amplifier is very small (ideally 0 Q) compared to Rg. A good rule-of-
thumb is that X of the bypass capacitor should be at least 10 times smaller than Rg at the
minimum frequency for which the amplifier must operate.

10X, <R

Equation 6-5

FIGURE 6-15

Base circuit attenuation and overall
gain.

=
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I EXAMPLE 6-4
Select a minimum value for the emitter bypass capacitor, C,, in Figure 6-16 if the

Solution

Related Problem

Equation 6-6

| EXAMPLE 6-5

Solution

amplifier must operate over a frequency range from 2 kHz to 10 kHz.

FIGURE 6-16

Vee
+12V

Since Rg = 560 €, X of the bypass capacitor, C,, should be no greater than

lOXC:RE
Re 5600
XC:£:L:56Q
10 10

The capacitance value is determined at the minimum frequency of 2 kHz as follows:

1 1
C = =
U 2mfXe  2m(2kHz)(56 Q)

=142 pF

This is the minimum value for the bypass capacitor for this circuit. You can use a
larger value, although cost and physical size usually impose limitations.

If the minimum frequency is reduced to 1 kHz, what value of bypass capacitor must
you use?

Voltage Gain Without the Bypass Capacitor To see how the bypass capacitor affects ac
voltage gain, let’s remove it from the circuit in Figure 6-16 and compare voltage gains.

Without the bypass capacitor, the emitter is no longer at ac ground. Instead, Rg is seen
by the ac signal between the emitter and ground and effectively adds to r, in the voltage gain
formula.

R
A, = —=
)'é + RE

The effect of R, is to decrease the ac voltage gain.

Calculate the base-to-collector voltage gain of the amplifier in Figure 6-16 both
without and with an emitter bypass capacitor if there is no load resistor.

From Example 6-3, r;, = 6.58 {} for this same amplifier. Without C,, the gain is
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Rc 1.0 kQ
A, = — = —— =176
Yo+ Ry 56658 Q)
With C,, the gain is
R 1.0 kQ
A, = <= 0K _ 1sn
r 6.58 )

As you can see, the bypass capacitor makes quite a difference.

Related Problem  Determine the base-to-collector voltage gain in Figure 6-16 with Rg bypassed, for the
following circuit values: Rc = 1.8 k€2, Ry = 1.0kQ, R, = 33 k€2, and R, = 6.8 kQ.

Effect of a Load on the Voltage Gain A load is the amount of current drawn from the
output of an amplifier or other circuit through a load resistance. When a resistor, R,, is con-
nected to the output through the coupling capacitor Cs, as shown in Figure 6-17(a), it cre-
ates a load on the circuit. The collector resistance at the signal frequency is effectively R¢
in parallel with R;. Remember, the upper end of R is effectively at ac ground. The ac equiv-
alent circuit is shown in Figure 6-17(b). The total ac collector resistance is

_ ReR,
° R+ R,

+Vee

éRL;RC IRy,
b:
RIR,

(a) Complete amplifier (b) AC equivalent (X¢| = X¢y = X3 =0)

Replacing Rc with R, in the voltage gain expression gives

When R, < R, the voltage gain is reduced. If R, >> R, then R, = R and the load has very
little effect on the gain.

FIGURE 6-17

A common-emitter amplifier with an
ac (capacitively) coupled load.

Equation 6-7

| EXAMPLE 6-6
Calculate the base-to-collector voltage gain of the amplifier in Figure 6-16 when a

load resistance of 5 k€2 is connected to the output. The emitter is effectively bypassed

and r, = 6.58 Q2.

Solution  The ac collector resistance is

ReR,  (1.0KQ)(5kQ)

— == 8330

R, = — =
Re + R, 6 kQ
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Related Problem

Therefore,

The unloaded gain was found to be 152 in Example 6-5.

Determine the base-to-collector voltage gain in Figure 6—16 when a 10 k€2 load
resistance is connected from collector to ground. Change the resistance values as
follows: Rc = 1.8 kQ, Rg = 1.0 kQ, R, = 33 kQ, and R, = 6.8 k2. The emitter
resistor is effectively bypassed and r, = 10 .

Stability of the Voltage Gain

Stability is a measure of how well an amplifier maintains its design values over changes
in temperature or other factors. Although bypassing Ry does produce the maximum voltage
gain, there is a stability problem because the ac voltage gain is dependent on r, since
A, = R¢/r.. Also, r, depends on It and on temperature. This causes the gain to be unstable
over changes in temperature because when r, increases, the gain decreases and vice versa.

With no bypass capacitor, the gain is decreased because Ry is now in the ac circuit
(A, = R¢/(r. + Ry)). However, with Rg unbypassed, the gain is much less dependent on
r,. If Rg >> r,, the gain is essentially independent of r, because

Ry
Swamping r, to Stabilize the Voltage Gain  Swamping is a method used to minimize the
effect of r, without reducing the voltage gain to its minimum value. This method “swamps”
out the effect of r, on the voltage gain. Swamping is, in effect, a compromise between hav-
ing a bypass capacitor across Rg and having no bypass capacitor at all.

In a swamped amplifier, Ry is partially bypassed so that a reasonable gain can be
achieved, and the effect of r, on the gain is greatly reduced or eliminated. The total exter-
nal emitter resistance, Ry, is formed with two separate emitter resistors, R, and Rg,, as in-
dicated in Figure 6-18. One of the resistors, Rg,, is bypassed and the other is not.

Both resistors (Rg; + Rgo) affect the dc bias while only Ry, affects the ac voltage gain.

Rc
r, + Rg,

v

FIGURE 6-18

A swamped amplifier uses a partially
bypassed emitter resistance to
minimize the affect of r, on the gain
in order to achieve gain stability.
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If R, is at least ten times larger than r,, then the effect of 7, is minimized and the approxi-
mate voltage gain for the swamped amplifier is

R
A =—F
REl

| EXAMPLE 6-7
Determine the voltage gain of the swamped amplifier in Figure 6-19. Assume that the

bypass capacitor has a negligible reactance for the frequency at which the amplifier is
operated. Assume r, = 20 ().

Equation 6-8

FIGURE 6-19

Solution R, is bypassed by C,. Rg, is more than ten times r, so the approximate voltage gain is
R 33 kO
, = ol [
R, 330Q
Related Problem  What would be the voltage gain without C,? What would be the voltage gain with C,
bypassing both Rg; and Rg,?

The Effect of Swamping on the Amplifier’s Input Resistance The ac input resistance,
looking in at the base of a common-emitter amplifier with Ry completely bypassed, is
R;, = B..r.- When the emitter resistance is partially bypassed, the portion of the resistance
that 1s unbypassed is seen by the ac signal and contributes to the input resistance by ap-
pearing in series with r,. The formula is

Riytpase) = Bac(re + Re) Equation 6-9

Phase Inversion in a Common-Emitter Amplifier

The output voltage at the collector of a common-emitter amplifier is 180° out of phase with
the input voltage at the base. The phase inversion is sometimes indicated by a negative sign
in front of voltage gain, —A,.
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I EXAMPLE 6-8

FIGURE 6-20

Solution

For the amplifier in Figure 6-20,
(a) Determine the dc collector voltage
(b) Determine the ac collector voltage

(c) Draw the total collector voltage waveform and the total output voltage waveform.

(a) Determine the dc bias values. Refer to the dc equivalent circuit in Figure 6-21.

FIGURE 6-21

DC equivalent for the circuit in
Figure 6-20.

Ringbase) = Boc(Rg, + Rep) = 1500940 Q) = 141 kQ

Since Ringpase) 1 More than ten times larger than R,, it can be neglected in the de
base voltage calculation.

Ry 10 kQ

R + R, 47kQ + 10 kQ
Ve=Vy — 07V =175V ~-07V =105V
v 1.05V
I = E - = 1.12mA

T Rg + Rey 9400
Ve = Vee = IcRe = 10V — (1.12mA)(4.7kQ)) = 474 V



FIGURE 6-22

AC equivalent for the circuit in
Figure 6~20.

THE COMMON-EMITTER AMPLIFIER

(b) The ac analysis is based on the ac equivalent circuit in Figure 6-22.

The first thing to do in the ac analysis is calculate r.,.

_25mV _ 25mV

¢ L 112mA

’

=220

Next, determine the attenuation in the base circuit. Looking from the 600 Q
source, the total R;, is
Rin([ol) = Rl ” RZ ” Rin(hu:e)
R = Bulr, + Rgy) = 175(492 Q) = 86.1 k)

in(base)

Therefore,
Rigon = 47kQ [ 10kQ | 86.1 kQ = 7.53 kQ
The attenuation from source to base is

Vb Rin(ml) 7.53 k)

Attenuation = — = — = —_——
SO T Y T R T Ry 600 Q + 7.53kQ

Before A, can be determined, you must know the ac collector resistance R..

ReR,  (4.7kQ)(47kQ)

.= = = 4.27kQ
Re + R, 47kQ + 47kQ
The voltage gain from base to collector is
R. 427kQ
A =——=- — =9.09
" Ry 470 Q

The overall voltage gain is the attenuation times the amplifier voltage gain.
Vi
Al = m A, = (0.93)(9.09) = 845

The source produces 10 mV rms, so the rms voltage at the collector is
V.= AV, = (845)(10mV) = 84.5 mV

= 0.93

(c) The total collector voltage is the signal voltage of 84.5 mV rms riding on a dc level of
4.74V, as shown in Figure 6-23(a), where approximate peak values are determined as

follows:

Max V) = 474V + (84.5mV)(1.414) = 4.86 V
Min V,,, = 474V — (845 mV)(1.414) = 462V

279
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FIGURE 6-23

Voltages for Figure 6—~20.

Related Problem

Equation 6-10

-119mV

(b) Source and output ac voltages

The coupling capacitor, Cs, keeps the dc level from getting to the output. So, V,,, is
equal to the ac portion of the collector voltage (V. = (84.5 mV)(1.414) = 119 mV),
as indicated in Figure 6-23(b). The source voltage is shown to emphasize the phase
inversion.

What is A, in Figure 6-20 with R, removed?

Open the Multisim file E06-08 in the Examples folder on your CD-ROM. Measure ‘
the dc and the ac values of the collector voltage and compare with the calculated
values. ‘

Current Gain

The current gain from base to collector is /./], or B,.. However, the overall current gain of
the common-emitter amplifier is

I, is the total signal input current produced by the source, part of which (/) is base current
and part of which (J,,,,) goes through the bias circuit (R, || R,), as shown in Figure 6-24. The
source “sees” a total resistance of R, + R, . The total current produced by the source is

Vs

=
Rs + Rin(lol)

FIGURE 6-24

Signal currents (directions shown are
for the positive half-cycle of V).
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Power Gain

The overall power gain is the product of the overall voltage gain (A}) and the overall cur-
rent gain (A;).

A, = AlA; Equation 6-11
where A, = V,/V,.

SECTION 6-3
REVIEW 1. In the dc equivalent circuit of an amplifier, how are the capacitors treated?

2. When the emitter resistor is bypassed with a capacitor, how is the gain of the
amplifier affected?

3. Explain swamping.

4. List the elements included in the total input resistance of a common-emitter
amplifier.

5. What elements determine the overall voltage gain of a common-emitter amplifier?

6. When a load resistor is capacitively coupled to the collector of a CE amplifier, is the
voltage gain increased or decreased?

7. What is the phase relationship of the input and output voltages of a CE amplifier?

6-4 THE COMMON-COLLECTOR AMPLIFIER

The common-collector (CC) amplifier is usually referred to as an emitter-follower =
(EF). The input is applied to the base through a coupling capacitor, and the output is at

the emitter. The voltage gain of a CC amplifier is approximately 1, and its main

advantages are its high input resistance and current gain.

After completing this section, you should be able to

# Understand and analyze the operation of common-collector amplifiers
m Represent a CC amplifier by its dc and ac equivalent circuits

® Analyze the dc and ac operation of a CC amplifier

® Determine the voltage gain

= Determine the input resistance

® Determine the output resistance

® Determine the current gain

# Determine the power gain

® Discuss the darlington pair and describe its main advantage

An emitter-follower circuit with voltage-divider bias is shown in Figure 6-25. Notice i
that the input signal is capacitively coupled to the base, the output signal is capacitively cou-
pled from the emitter, and the collector is at ac ground. There is no phase inversion, and the
output is approximately the same amplitude as the input.
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FIGURE 6-25

Emitter-follower with voltage-

divider bias.

Equation 6~12

—’ I

Voltage Gain

Asin all amplifiers, the voltage gainis A, = V,,,/V;,. The capacitive reactances are assumed
to be negligible at the frequency of operation. For the emitter-follower, as shown in the ac
equivalent model in Figure 626,

VOHI = IGRF

and

Vin = ]e(r; + Re)
Therefore, the voltage gain is

A=

I(r; + R.)
The 7, current terms cancel, and the base-to-emitter voltage gain expression simplifies to
R,

r. t R,

where R, is the parallel combination of Rg and R,. If there is no load, then R, = Rp. Notice
that the gain is always less than 1. If R, >> r,, then a good approximation is
A.=1

Since the output voltage is at the emitter, it is in phase with the base voltage, so there is no
inversion from input to output. Because there is no inversion and because the voltage gain
is approximately 1, the output voltage closely follows the input voltage in both phase and
amplitude; thus the term emitter-follower.

FIGURE 6-26

Emitter-follower model for voltage

gain derivation.

Vi, =1(r. +R,)
R,=Rg IR,
Vuul = IeRE
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Input Resistance

The emitter-follower is characterized by a high input resistance; this is what makes it a use-
ful circuit. Because of the high input resistance, it can be used as a buffer to minimize load-
ing effects when a circuit is driving a low-resistance load. The derivation of the input
resistance, looking in at the base of the common-collector amplifier, is similar to that for
the common-emitter amplifier. In a common-collector circuit, however, the emitter resistor
is never bypassed because the output is taken across R,.

o Vu_ Vi LULAR)

in(base) - -
Il'n Ib Ib
Since [, = 1. = B,dp,
. :Buc[b(rtl' + Re)
Rill(h(lﬂ’) =
Ih

The I, terms cancel; therefore,
Rin(baxe) = :Bac(r; + R‘,)

If R, >> r,, then the input resistance at the base is simplified to
Rin(lmsc) = :BnrRe

The bias resistors in Figure 6-25 appear in parallel with R, ., looking from the input
source; and just as in the common-emitter circuit, the total input resistance is

Rin(/m) = Rl “ R'.’ ” Rin(bast')

Output Resistance

With the load removed, the output resistance, looking into the emitter of the emitter-
follower, is approximated as follows:

R = ( R, )” <
our ,Bm- E

R, is the resistance of the input source. The derivation of this expression is relatively involved
and several simplifying assumptions have been made, as shown in Appendix B. The output
resistance is very low, making the emitter-follower useful for driving low-resistance loads.

Current Gain

The overall current gain for the emitter-follower in Figure 6-25 is /,/I,,. You can calculate

i
I, as Vi /R, 0. If the resistance of the parallel combination of the voltage-divider bias re-
sistors R; and R, is much greater than R, then most of the input current goes into the
base; thus, the current gain of the amplifier approaches the current gain of the transistor,
B... which is equal to 1./],. This is because very little signal current is diverted to the bias

resistors. Stated concisely, if

Rl | R2 >> B(l('RP

then
Ai = :Bac
Otherwise, the overall current gain is
L
A==
I

in

B, is the maximum achievable current gain in both common-collector and common-emitter
amplifiers.

Equation 6-13

Equation 6-14

Equation 6-15

283
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Equation 6-16

|EX"AMPLE 6-9

FIGURE 6-27

Solution

Power Gain

The common-collector power gain is the product of the voltage gain and the current gain.
For the emitter-follower, the overall power gain is approximately equal to the current gain
because the voltage gain is approximately 1.

A, =AA,
Since A, = 1, the overall power gain is

A, = A,

Determine the total input resistance of the emitter-follower in Figure 6-27. Also find
the voltage gain, current gain, and power gain in terms of power delivered to the load,
R;. Assume B,. = 175 and that the capacitive reactances are negligible at the
frequency of operation.

VCC
+]10V
! “
o \l 2N3904
| V'm ll
10 uF G
RZ
18k 10 uF R,
1.0kO 1.0 kQ

The ac emitter resistance external to the transistor is
R, = Rg||R, = 1.0kQ| 1.0kQ = 500 Q
The approximate resistance, looking in at the base, is
Rpbasey = BacR. = (175)(500 ) = 87.5 kQ
The total input resistance is
Riviory = R Ry | Rinpasey = 18 k|| 18 kQ2 || 87.5 k2 = 8.16 k2

The voltage gain is A, = 1. By using r,, you can determine a more precise value of
A, if necessary.

R,
VeE=|—"""—— WVec = Vage = (05)(10V) — 0.7V =43V
E (R, +R2> cC ge = (0.5)(10V) — 0.7 3
Therefore,
Ve 43V
= — = =43 mA
£ Ry 10KO
and

i
€

_ 25mV. _ 25mV
L 4.3 mA

=580
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So,

R, 500 Q
A, = = = 0.989
T+ R, 5058Q 098

The small difference in A, as a result of considering r; is insignificant in most cases.
The overall current gain is A; = [,/[;,. The calculations are as follows:

=Y AV AV A
*"R R 500 -™
o=l IV s a
" Ry 816 kQ H
I,  2mA
A=t =20 _ 163
I, 123uA
The overall power gain is
A,=A; =163

Since R; = Rg, one-half of the total power is dissipated in R;. Therefore, in terms of
power to the load, the power gain is one-half of the overall power gain.
A, 163

Ap(,md) = ? = T = 8.15

Related Problem If R; in Figure 6-27 is decreased in value, does power gain to the load increase or
decrease?

Open the Multisim file E06-09 in the Examples folder on your CD-ROM. Measure
the voltage gain and compare with the calculated value.

The Darlington Pair

As you have seen, 3, is a major factor in determining the input resistance of an amplifier.
The B,. of the transistor limits the maximum achievable input resistance you can get from
a given emitter-follower circuit.

One way to boost input resistance is to use a darlington pair, as shown in Figure 6-28.
The collectors of two transistors are connected, and the emitter of the first drives the base

FIGURE 6-28

A darlington pair multiplies 8,,.
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of the second. This configuration achieves B,. multiplication as shown in the following
steps. The emitter current of the first transistor is

Iel = B(wllbl

This emitter current becomes the base current for the second transistor, producing a sec-
ond emitter current of

1e2 = B(:CZIeI = BacIBacZIbl

Therefore, the effective current gain of the darlington pair is

Bnc = BacancZ

Neglecting r, by assuming that it is much smaller than R, the input resistance is

Equation 6~17 Ry = BueiBucaRe

An Application

The emitter-follower is often used as an interface between a circuit with a high output re-
sistance and a low-resistance load. In such an application, the emitter-follower is called a
buffer.

Suppose a common-emitter amplifier with a 1.0 k€ collector resistance must drive a
low-resistance load such as an 8 Q low-power speaker. If the speaker is capacitively cou-
pled to the output of the amplifier, the 8 Q load appears—to the ac signal—in parallel with
the 1.0 kQ collector resistor. This results in an ac collector resistance of

R.=Rc|R, =10kQ|8Q=794Q

Obviously, this is not acceptable because most of the voltage gain is lost (A, = R,/r.). For
example, if r, = 5 (), the voltage gain is reduced from

Re 1.0 kKQ
A =—= = 200
‘ r, 5Q
with no load to
& 7.94 Q) 159
' r 50 '

with an 8 € speaker load.
An emitter-follower using a darlington pair can be used to interface the amplifier and the
speaker, as shown in Figure 6-29.

FIGURE 6-29%

A darlington emitter-follower used as
a buffer between a common-emitter
amplifier and a low-resistance load
such as a speaker.

Common-emitier amplilie
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Solution

Related Problem
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In Figure 6-29 for the common-emitter amplifier, Vec = 12V, Re = 1.0 k€ and
r, = 5 Q. For the darlington emitter-follower, R, = 10 kQ, R, = 22 kQ, R; = 22 Q,
R, =8Q, Ve = 12V, and Bpe = B, = 100 for each transistor.

(a) Determine the voltage gain of the common-emitter amplifier.
(b) Determine the voltage gain of the darlington emitter-follower.

(¢) Determine the overall voltage gain and compare to the gain of the common-emitter
amplifier driving the speaker directly without the darlington emitter-follower.

(a) To determine A, for the common-emitter amplifier, first find r, for the darlington
emitter-follower.

Ry | BicR 20 kQ
Vy = Mﬁ— = |=—=12V=80V
R, + Ry | B3cRe 30 k()
Ve Vg — 2V B8OV — 14V 66V
Jo=~E= o 2% 50 = = 300 mA

Ry Re 220 220
_25mV _ 25mV
‘ Ig 300 mA
Note that Rg must dissipate a power of
PRE = iRy = (300 mA)*(22 Q) = 1.98 W

and transistor 0, must dissipate

Py = (Vee — Vp)lg = (5.4 V)(300 mA) = 1.62W
Next, the ac emitter resistance of the darlington emitter-follower is

R,=Rg||R,=22Q|8Q =587Q
The total input resistance of the darlington emitter-follower is
Rm(/ol) = RI ” R2 ” BZc'(r; + Re)

= 10kQ [ 22 kQ | 100%(83 mQ + 5.87 Q) = 6.16 kQ

The effective ac collector resistance of the common-emitter amplifier is

= 83 m{})

R, = Rc| Ry = 1.0kQ | 6.16 kQ = 860 Q
The voltage gain of the common-emitter amplifier is
R, 860Q
== — =172
Yoo 5Q

e

(b) The effective ac emitter resistance was found in part (a) to be 5.87 Q. The voltage
gain for the darlington emitter-follower is
R 5.87Q

AR Toma+ssia P

(¢) The overall voltage gain is
A:, = A\'(EF)AV(CE) = (099)(172) = 170

If the common-emitter amplifier drives the speaker directly, the gain is 1.59 as we
previously calculated.

Using the same circuit values, determine the voltage gain of the common-emitter
amplifier in Figure 6-29 if a single transistor is used in the emitter-follower in place of
the darlington pair. Assume Bpe = B, = 100. Explain the difference in the voltage
gain without the darlington pair.
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SECTION 6-4
REVIEW 1. What is a common-collector amplifier called?

2. What is the ideal maximum voltage gain of a common-collector amplifier?

3. What characteristic of the common-collector amplifier makes it a useful circuit?

6-5 THE COMMON-BASE AMPLIFIER

The common-base (CB) amplifier provides high voltage gain with a maximum current
gain of I. Since it has a low input resistance, the CB amplifier is the most appropriate
type for certain applications where sources tend to have very low-resistance outputs.

After completing this section, you should be able to

= Understand and analyze the operation of common-base amplifiers
w Represent a CB amplifier by its dc and ac equivalent circuits

= Analyze the dc and ac operation of a CB amplifier

® Determine the voltage gain

= Determine the input resistance

= Determine the output resistance

= Determine the current gain

m Determine the power gain

= A typical common-base amplifier is shown in Figure 6-30. The base is the common ter-
minal and is at ac ground because of capacitor C,. The input signal is capacitively coupled
to the emitter. The output is capacitively coupled from the collector to a load resistor.

+Vee

Re ¢,
2k |
o Vi =

h/l %RZ %RE

(a) Complete circuit with load (b) AC equivalent model

FIGURE 6-30

Common-base amplifier with voltage-divider bias.
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Voltage Gain

The voltage gain from emitter to collector is developed as follows (V,, = V,, V., = V).
A — VGUI — E — IC‘R(‘ ~ IGRC
' Vin Ve Ie(rzi “ RE) Ie(ré ” RE)

If Re >> r/, then
R

where R, = R | R;. Notice that the gain expression is the same as for the common-emitter
amplifier. However, there is no phase inversion from emitter to collector.

Input Resistance

The resistance, looking in at the emitter, is

. _ Vi Ve LUilRe)
in(emitier) — 1[_” o Ie - 1::
If Ry >> r,, then
R =r

in(emitier) ¢

Rg is typically much greater than r, so the assumption that r, | Rg = r, is usually valid.

Output Resistance

Looking into the collector, the ac collector resistance, r,, appears in parallel with Rc. As you
have previously seen in connection with the CE amplifier, r is typically much larger than
R¢, s0 a good approximation for the output resistance is

Rour = RC

Current Gain

The current gain is the output current divided by the input current. /. is the ac output cur-
rent, and /, is the ac input current. Since /, = /,, the current gain is approximately 1.

A=1

Power Gain

Since the current gain is approximately 1 for the common-base amplifier and A, = A,A,, the
power gain is approximately equal to the voltage gain.

A, = A,

Equation 6-18

Equation 6-19

Eguation 6-20

Equation 6-21

Equation 6-22

289
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IEXAMPI_E 6-11

Solution

Related Problem

| SECTION 6-5
REVIEW

Find the input resistance, voltage gain, current gain, and power gain for the amplifier
in Figure 6-31. Bpc = 250.

FIGURE 6-31

First, find I so that you can determine r.. Then R;, = r,. Since BpcRg >> R,, then

o= [y = (2K v = 176 v
B=\R +R,) € 68 kQ '
Ve=Vs— 07V =176V —-07V =106V
Ve 106V
L=-"t= = 1.06 mA
R:  1.0kQ

Therefore,

_25mV_ 25mV

= =23.60Q
Ie 1.06 mA

The voltage gain is found as follows:

R. = Rc|R, =22kQ|10kQ = 1.8kQ

R, 1.8kQ
A == = 76.3
Yoo 2360

Also,A;=land A, =A, = 76.3.
Find A, in Figure 6-31 if Bpc = 50.

Open the Multisim file E06-11 in the Examples folder on your CD-ROM. Measure
the voltage gain and compare with the calculated value.

1. Can the same voltage gain be achieved with a common-base as with a common-
emitter amplifier?

2. Does the common-base amplifier have a low or a high input resistance?

3. What is the maximum current gain in a common-base amplifier?
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6-6 MULTISTAGE AMPLIFIERS

Two or more amplifiers can be connected in a cascaded arrangement with the output of
one amplifier driving the input of the next. Each amplifier in a cascaded arrangement
is known as a stage. The basic purpose of a multistage arrangement is to increase the
overall voltage gain. Although discrete multistage amplifiers are not as common as
they once were, a familiarization with this area provides insight into how some circuits
affect each other when they are connected together.

After completing this section, you should be able to

= Discuss multistage amplifiers and analyze their operation
= Determine multistage voltage gain

® Express the voltage gain in decibels (dB)

= Determine the loading effects in a multistage amplifier

® Analyze each stage to determine the overall voltage gain

= Discuss capacitive coupling in multistage amplifiers

m Describe a basic direct-coupled multistage amplifier

= Describe a basic transformer-coupled multistage amplifier

Multistage Voltage Gain

The overall voltage gain, A,, of cascaded amplifiers, as shown in Figure 6-32, is the prod-
uct of the individual voltage gains.

AL = A ALA LA, Equation 6-23

where #n is the number of stages.

FIGURE 6-32

Cascaded amplifiers. Each triangular
[nput o ——— o Ouiput  symbol represents a separate
amplifier.

Voltage Gain Expressed in Decibels
Amplifier voltage gain is often expressed in decibels (dB) as follows:
A, = 20 Jog A, Equation 6—-24

This is particularly useful in multistage systems because the overall voltage gain in dB is
the sum of the individual voltage gains in dB.

, Equation 6-25
Aves) = Avis) + Awaes) T T Avgas) 1



292 = BJT AMPLIFIERS

IE}(AMPLE 6-12

Solution

Related Problem

FIGURE 6-33

A two-stage common-emitter

amplifier.

A certain cascaded amplifier arrangement has the following voltage gains: A,; = 10,
A, = 15,and A,; = 20. What is the overall voltage gain? Also express each gain in
decibels (dB) and determine the total voltage gain in dB.

AL = A ALAs = (10)(15)(20) = 3000
Aues) = 20log 10 = 20.0 dB
Ayes) = 20log 15 = 23.5dB
Awsapy = 20log 20 = 26.0 dB
20.0dB + 23.5dB + 26.0 dB = 69.5dB

Alap)

In a certain multistage amplifier, the individual stages have the following voltage
gains: A, = 25,4, = 5,and A,; = 12. What is the overall gain? Express each gain in
dB and determine the total voltage gain in dB.

Multistage Amplifier Analysis

For purposes of illustration, we will use the two-stage capacitively coupled amplifier in
Figure 6-33. Notice that both stages are identical common-emitter amplifiers with the out-
put of the first stage capacitively coupled to the input of the second stage. Capacitive cou-
pling prevents the dc bias of one stage from affecting that of the other but allows the ac
signal to pass without attenuation because X~ =0 € at the frequency of operation. Notice,
also, that the transistors are labeled Q) and Q,.

Andd stage

R, G

1O KO I 100 uF

Boc = B,e = 150 for Q, and Q,

Loading Effects In determining the voltage gain of the first stage, you must consider the
loading effect of the second stage. Because the coupling capacitor C; effectively appears as
a short at the signal frequency, the total input resistance of the second stage presents an ac
load to the first stage.

Looking from the collector of Q,, the two biasing resistors in the second stage, Rs and
Ry, appear in parallel with the input resistance at the base of 0,. In other words, the signal
at the collector of Q, “sees” Ry, Rs, R, and R, ... Of the second stage all in parallel to ac
ground. Thus, the effective ac collector resistance of Q, is the total of all these resistances
in parallel, as Figure 6-34 illustrates. The voltage gain of the first stage is reduced by the
loading of the second stage because the effective ac collector resistance of the first stage is
less than the actual value of its collector resistor, R;. Remember that A, = R /7.
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FIGURE 6-34

[nput resistance of second stage _

AC equivalent of first stage in Figure
V. 0, 6-33, showing loading from second

stage input resistance.
R3 RS RG R:’n(buse 2)
4.7kQ 47 k) 10 kQ 3.57kQ

Violtage Gain of the First Stage  The ac collector resistance of the first stage is

R = R; l R ” Rs | R;

n (buse2)

Remember that lowercase italic subscripts denote ac quantities such as for R,..
You can verify that 7z = 1.05 mA, r, = 23.8 Q, and R4y = 3.57 k€. The effective
ac collector resistance of the first stage is as follows:

R, =47kQ|47kQ | 10kQ | 3.57kQ = 1.63 kQ
Therefore, the base-to-collector voltage gain of the first stage is
Ry 163kQy
r, 23.8 Q)

I3

Avl =

Voltage Gain of the Second Stage The second stage has no load resistor, so the ac col-
lector resistance is R;, and the gain is

R, 47kQ
2 2380

€

197

Compare this to the gain of the first stage, and notice how much the loading from the sec-
ond stage reduced the gain.

Overall Voltage Gain The overall amplifier gain with no load on the output is
A, = ALA, = (68.5)(197) = 13,495

If an input signal of 100 wV, for example, is applied to the first stage and if there is no at-
tenuation in the input base circuit due to the source resistance, an output from the second
stage of (100 wV)(13,495) = 1.35 V will result. The overall voltage gain can be expressed
in dB as follows:

Algsy = 20 log(13,495) = 82.6 dB

DC Voltages in the Capacitively Coupled Multistage Amplifier Since both stages in
Figure 6-33 are identical, the dc voltages for O, and Q, are the same. Since BpcR, >> R,
and BpcRg >> Ry, the dc base voltage for Q) and O, is

V, = | - R-’-v = wlOV—IBV
BTAR +R,) ¢ 57 k) '

The dc emitter and collector voltages are as follows:

Ve=Vy— 07V =105V

Ve 1.5V
Ie=—= = 1.05 mA
ET R, 10KQ m
ICEIE: 105mA

Ve = Vee — IcRy = 10V — (1.05 mA)(4.7kQ) = 5.07V
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ISECTION 6-6
REVIEW

Direct-Coupled Multistage Amplifiers

A basic two-stage, direct-coupled amplifier is shown in Figure 6-35. Notice that there are
no coupling or bypass capacitors in this circuit. The dc collector voltage of the first stage
provides the base-bias voltage for the second stage. Because of the direct coupling, this type
of amplifier has a better low-frequency response than the capacitively coupled type in
which the reactance of coupling and bypass capacitors at very low frequencies may become
excessive. The increased reactance of capacitors at lower frequencies produces gain reduc-
tion in capacitively coupled amplifiers.

FIGURE 6-35

A basic two-stage direct-coupled

amplifier.

Direct-coupled amplifiers, on the other hand, can be used to amplify low frequencies all the
way down to dc (0 Hz) without loss of voltage gain because there are no capacitive reactances
in the circuit. The disadvantage of direct-coupled amplifiers is that small changes in the dc bias
voltages from temperature effects or power-supply variation are amplified by the succeeding
stages, which can result in a significant drift in the dc levels throughout the circuit.

1. What does the term stage mean?

2. How is the overall voltage gain of a multistage amplifier determined?
3. Express a voltage gain of 500 in dB.
4

. Discuss a disadvantage of a capacitively coupled amplifier.

6-7 THE DIFFERENTIAL AMPLIFIER

A differential amplifier is a BJT amplifier that produces outputs that are a function of
the difference between two input voltages. The differential amplifier is important in
operational amplifiers, which are covered beginning in Chapter 12.

After completing this section, you should be able to

= Discuss the differential amplifier and its operation
= Explain single-ended input operation

= Explain differential-input operation

= Explain common-mode operation

® Define cominon-mode rejection ratio
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Basic Operation

A basic differential amplifier circuit and its symbol are shown in Figure 6-36. Notice that
the differential amplifier has two outputs.

FIGURE 6-36

B 295

Rea
" Output | O——
i I Ipaits Oulputs
[0 20— 2
Re
—Vee
(a) Circuit (b) Symbol

The following discussion is in relation to Figure 6-37 and consists of a basic dc analy-
sis of the diff-amp’s operation. First, when both inputs are grounded (0 V), the emitters are
at —0.7 V, as indicated in Figure 6-37(a). It is assumed that the transistors are identically
matched by careful process control during manufacturing so that their dc emitter currents
are the same when there is no input signal. Thus,

Ig) = Iy,

Since both emitter currents combine through Rg,

Ig
I, Ig, = 7E
where
Ve — V,
I = E EE
E RE

Based on the approximation that /o = I,

I,
Iy = Iy = —

Since both collector currents and both collector resistors are equal (when the input voltage
is zero),

Voo = Vo = Ve — IgiRey

This condition is illustrated in Figure 6--37(a).

Next, input 2 is left grounded, and a positive bias voltage is applied to input 1, as shown
in Figure 6-37(b). The positive voltage on the base of Q| increases /| and raises the emit-
ter voltage to

Ve=Vs— 07V

Basic differential amplifier.
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N

W,
I:\\\\\\ mefr;

(a) Both inputs grounded

| Mgy,
I\\\\,\ Ve, Ui ‘

(c) Bias voltage on input 2 with input 1 grounded

FIGURE 6-37

Basic operation of a differential amplifier (ground is zero volts) showing relative changes in voltages.

This action reduces the forward bias (Vi) of O, because its base is held at 0 V (ground),
thus causing /-, to decrease. The net result is that the increase in I, causes a decrease in
Vci, and the decrease in I, causes an increase in Vi, as shown.

Finally, input 1 is grounded and a positive bias voltage is applied to input 2, as shown in
Figure 6-37(c). The positive bias voltage causes O, to conduct more, thus increasing /c».
Also, the emitter voltage is raised. This reduces the forward bias of Q,, since its base is held
at ground, and causes /¢, to decrease. The result is that the increase in /¢, produces a de-
crease in V-, and the decrease in I, causes V, to increase, as shown.

Modes of Signal Operation

Single-Ended Input  When a diff-amp is operated in this mode, one input is grounded and
the signal voltage is applied only to the other input, as shown in Figure 6-38. In the case
where the signal voltage is applied to input | as in part (a), an inverted, amplified signal
voltage appears at output 1 as shown. Also, a signal voltage appears in phase at the emitter
of Q,. Since the emitters of O, and Q, are common, the emitter signal becomes an input to
O, which functions as a common-base amplifier. The signal is amplified by Q, and appears,
noninverted, at output 2. This action is illustrated in part (a).
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In the case where the signal is applied to input 2 with input 1 grounded, as in Figure
6-38, an inverted, amplified signal voltage appears at output 2. In this situation, Q, acts as
a common-base amplifier, and a noninverted, amplified signal appears at output 1. This ac-
tion is illustrated in part (b) of the figure.

Differential Input In this mode, two opposite-polarity (out-of-phase) signals are applied
to the inputs, as shown in Figure 6-39(a). This type of operation is also referred to as
double-ended. Each input affects the outputs, as you will see in the following discussion.

Figure 6-39(b) shows the output signals due to the signal on input 1 acting alone as a single-
ended input. Figure 6-39(c) shows the output signals due to the signal on input 2 acting alone
as a single-ended input. Notice in parts (b) and (c) that the signals on output | are of the same
polarity. The same is also true for output 2. By superimposing both output 1 signals and both
output 2 signals, we get the total difterential operation, as pictured in Figure 6-39(d).

Common-Mode Input  One of the most important aspects of the operation of a diff-amp
can be seen by considering the common-mode condition where two signal voltages of the
same phase, frequency, and amplitude are applied to the two inputs, as shown in Figure
6—40(a). Again, by considering each input signal as acting alone, the basic operation can be
understood.

Figure 6—40(b) shows the output signals due to the signal on only input 1, and Figure
6—40(c) shows the output signals due to the signal on only input 2. Notice that the corre-
sponding signals on output | are of the opposite polarity, and so are the ones on output 2.
When the input signals are applied to both inputs, the outputs are superimposed and they
cancel, resulting in a zero output voltage, as shown in Figure 6-40(d).

This action is called common-mode rejection. Its importance lies in the situation where
an unwanted signal appears commonly on both diff-amp inputs. Common-mode rejection

FIGURE 6-38

Single-ended input operation of a

differential amplifier.
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v'n'l

i

(a) Differential inputs (b) Outputs due to V;,

(c) Outputs due to V5 (d) Total outputs due to differential inputs

FIGURE 6-39

Differential operation of a differential amplifier.

Vinl Vi

inl

V'HZ

i

(a) Common-mode inputs : (b) Outputs due to V;,;

Vial Aa

Vo
v Vi (VAR

n2

(c) Outputs due to V;,» (d) Outputs cancel when common-mode signals are applied. Output
signals of equal amplitude but opposite phase cancel, ideally
producing 0 V on each output.

FIGURE 6-40

Common-mode operation of a differential amplifier.
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means that this unwanted signal will not appear on the outputs and distort the desired sig-
nal. Common-mode signals (noise) generally are the result of the pick-up of radiated en-
ergy on the input lines from adjacent lines, the 60 Hz power line, or other sources.

Common-Mode Rejection Ratio

Desired signals appear on only one input or with opposite polarities on both input lines.
These desired signals are amplified and appear on the outputs as previously discussed. Un-
wanted signals (noise) appearing with the same polarity on both input lines are essentially
cancelled by the diff-amp and do not appear on the outputs. The measure of an amplifier’s
ability to reject common-mode signals is a parameter called the common-meode rejection
ratio (CMRR).

Ideally, a diff-amp provides a very high gain for desired signals (single-ended or differ-
ential) and zero gain for common-mode signals. Practical diff-amps, however, do exhibit a
very small common-mode gain (usually much less than 1), while providing a high differ-
ential voltage gain (usually several thousand). The higher the differential gain with respect
to the common-mode gain, the better the performance of the diff-amp in terms of rcjection
of common-mode signals. This suggests that a good measure of the diff-amp’s performance
in rejecting unwanted common-mode signals is the ratio of the differential voltage gain A,
to the common-mode gain, A, This ratio is the common-mode rejection ratio, CMRR.

A,
CMRR = —

The higher the CMRR, the better. A very high value of CMRR means that the differen-
tial gain A4 is high and the common-mode gain A,,, is low.
The CMRR is often expressed in decibels (dB) as

Ay
CMRR = 20log| —

om

=

Equation 6-26

Equation 6-27

| EXAMPLE 6-13
A certain diff-amp has a differential voltage gain of 2000 and a common-mode gain of

0.2. Determine the CMRR and express it in decibels.

Solution Ay, = 2000, and A,,, = 0.2. Therefore,

C

Awg) 2000
A

CMRR =
0.2

cin

Expressed in decibels,

= —— = 10,000

CMRR = 20 log(10,000) = 80 dB

Related Problem  Determine the CMRR and express it in dB for an amplifier with a differential voltage

gain of 8500 and a common-mode gain of 0.25.

A CMRR of 10,000, for example, means that the desired input signal (differential) is am-
plified 10,000 times more than the unwanted noise (common-mode). For example, if the
amplitudes of the differential input signal and the common-mode noise are equal, the de-
sired signal will appear on the output 10,000 times greater in amplitude than the noise.
Thus, the noise or interference has been essentially eliminated.

Example 614 illustrates further the idea of common-mode rejection and the general sig-
nal operation of the differential amplifier.
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IEXAMPLE 6-14
The diff-amp shown in Figure 6-41 has a differential voltage gain of 2500 and a

CMRR of 30,000. In part (a), a single-ended input signal of 500 «V rms is applied. At
the same time a 1 V, 60 Hz common-mode interference signal appears on both inputs
as a result of radiated pick-up from the ac power system. In part (b), differential input
signals of 500 «V rms each are applied to the inputs. The common-mode interference
is the same as in part (a).

(a) Determine the common-mode gain.
(b) Express the CMRR in dB.
(¢) Determine the rms output signal for Figure 6—41(a) and (b).

(d) Determine the rms interference voltage on the output.

(@ (b)

FIGURE 6-41

, Ava)
Solution (a) CMRR = —. Therefore,

cm

Ava) 2500

Aen = CMRR 30,000

= 0.083

(b) CMRR = 20 log(30,000) = 89.5 dB

(¢) Tn Figure 6-41(a), the differential input voltage, V,,, is the difference between
the voltage on input | and that on input 2. Since input 2 is grounded, its voltage is
zero. Therefore,

Viu(d) = Vinl - Vi112 = 500 lu’V - O V = 500 /J/V
The output signal voltage in this case is taken at output 1.

Vourt = Avar Vit = (2500)(500 V) = 1.25 V rms

In Figure 6—41(b), the differential input voltage is the difference between the two
opposite-polarity, 500 uV signals.

Viy = Vit = Vip = 500 uV — (=500 uV) = 1000 uV = 1 mV
The output voltage signal is

Vaul[ = Av((I)V/'Iz(d) = (2500)(1 mV) = 2-5 V rms
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This shows that a differential input (two opposite-polarity signals) results in a gain
that is double that for a single-ended input.

(d) The common-mode input is 1 V rms. The common-mode gain A, is 0.083. The
interference (common-mode) voltage on the output is therefore

V

our(cm)
Acm = V

in(cm)

Voul(cm) = Acmvin(cm) = (0083)(1 V) = 83mV

The amplifier in Figure 641 has a differential voltage gain of 4200 and a CMRR of
25,000. For the same single-ended and differential input signals as described in the
example:

(a) Find A,,,
(b) Express the CMRR in dB.
(¢) Determine the rms output signal for parts (a) and (b) of the figure.

(d) Determine the rms interference (common-mode) voltage appearing on the output.

1. Distinguish between differential and single-ended inputs.
2. Define common-mode rejection.

3. For a given value of differential gain, does a higher CMRR result in a higher or
lower common-mode gain?

6-8 TROUBLESHOOTING

In working with any circuit, you must first know how it is supposed to work before
you can troubleshoot it for a failure. The two-stage capacitively coupled amplifier
discussed in Section 6-6 is used to illustrate a typical troubleshooting procedure.

After completing this section, you should be able to
# Troubleshoot amplifier circuits

# Discuss the complete troubleshooting process

® Apply the troubleshooting process to a two-stage amplifier
= Use the signal-tracing method

# Apply fault analysis

At this point, you should review the general troubleshooting techniques discussed in
Chapter 2. The two-stage common-emitter amplifier that was discussed in Section 6-6 is
used to illustrate basic multistage amplifier troubleshooting.

When you are faced with having to troubleshoot a circuit, the first thing you need is a
schematic with the proper dc and signal voltages labeled. You must know what the correct
voltages in the circuit should be before you can identify an incorrect voltage. Schematics
of some circuits are available with voltages indicated at certain points. If this is not the case,
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you must use your knowledge of the circuit operation to determine the correct voltages.
Figure 642 is the schematic for the two-stage amplifier that was analyzed in Section 6-6.
The correct voltages are indicated at each point.

[O0 gV rms 6.85 mV rms 6.85 mV rins .35V rms 135V rims

OV de .75V dy 507V de 1.73 ¥ de 507V de 0V de

FIGURE 6-42

A two-stage common-emitter amplifier with correct voltages indicated. Both transistors have betas of
150. Different values of B will produce slightly different results.

Troubleshooting Procedure

The analysis, planning, and measurement approach to troubleshooting will be used.

Analysis It has been found that there is no output voltage, V,,,. You have also determined
that the circuit did work properly and then failed. A visual check of the circuit board or as-
sembly for obvious problems such as broken or poor connections, solder splashes, wire
clippings, or burned components turns up nothing. You conclude that the problem is most
likely a faulty component in the amplifier circuit or an open connection. Also, the dc sup-
ply voltage may not be correct or may be missing.

Planning You decide to use an oscilloscope to check the dc levels and the ac signals (some
may prefer to use a DMM to measure the dc voltages) at certain test points. Also, you de-
cide to apply the half-splitting method to trace the voltages in the circuit and use an in-
circuit transistor tester if a transistor is suspected of being faulty.

Measurement To determine the faulty component in a multistage amplifier, use the gen-
eral five-step troubleshooting procedure which is illustrated as follows.

Step 1: Perform a power check. Assume the dc supply voltage is correct as indicated in
Figure 6-43.

Step 2: Check the input and output voltages. Assume the measurements indicate that
the input signal voltage is correct. However, there is no output signal voltage or
the output signal voltage 1s much less than it should be, as shown by the dia-
gram in Figure 6-43.

Step 3: Apply the half-splitting method of signal tracing. Check the voltages at the out-
put of the first stage. No signal voltage or a much less than normal signal volt-
age indicates that the problem is in the first stage. An incorrect dc voltage also
indicates a first-stage problem. If the signal voltage and the dc voltage are cor-
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Much less than normal FIGURE 6-43
Input signal present No ourput signal signal voltage Initial check of a faulty two-stage
amplifier.

Power is on \
Ly

Ve
O

FIGURE 6-44

Half-splitting signal tracing isolates
the faulty stage.

Input signal present & )l ‘S\Lale\l : I( ‘;}ge\Z I( o]
: f L] lil.d !' o
a1 1 5 O [ i " AN\

No signal or incorrect Much less than normal
dc voltage signal voltage

rect at the output of the first stage, the problem is in the second stage. After this
check, you have narrowed the problem to one of the two stages. This step is il-
lustrated in Figure 6—44.

Step 4: Apply fault analysis. Focus on the faulty stage and determine the component
failure that can produce the incorrect output.

Symptom: DC voltages incorrect.

Faults: A failure of any resistor or the transistor will produce an incorrect dc bias
voltage. A leaky bypass or coupling capacitor will also affect the dc bias volt-
ages. Further measurements in the stage are necessary to isolate the faulty com-
ponent.

Incorrect ac voltages and the most likely fault(s) are illustrated in Figure 6-45
as follows:

(a) Symptom ]: Signal voltage at output missing; dc voltage correct.
Symptom 2: Signal voltage at base missing; dc voltage correct.
Fault: Input coupling capacitor open. This prevents the signal from getting
to the base.

(b) Symptom: Correct signal at base but no output signal.
Fault: Transistor base open.
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No signal

Verified signal
present

C

(a) Coupling capacitor open

| EXAMPLE 6-15

Solution

"OPEN

No signal
I

(b) Transistor base open

Much less than normal
signal voltage

|

Verified signal )
present

(c) Bypass capacitor open

FIGURE 6-45

Troubleshooting a faulty stage.

(c) Symptom: Signal voltage at output much less than normal; dc voltage correct.
Fault: Bypass capacitor open.

Step 5: Replace or repair. With the power turned off, replace the defective component
or repair the defective connection. Turn on the power, and check for proper
operation.

The two-stage amplifier in Figure 6—42 has malfunctioned. Specify the step-by-step
troubleshooting procedure for an assumed fault.

Assume there are no visual or other indications of a problem such as a charred resistor,
solder splash, wire clipping, broken connection, or extremely hot component. The
troubleshooting procedure for a certain fault scenario is as follows:

Step 1: There is power to the circuit as indicated by a correct V- measurement.

Step 2: There is a verified input signal voltage, but no output signal voltage is measured.

Step 3: The signal voltage and the dc voltage at the collector of O, are correct. This
means that the problem is in the second stage or the coupling capacitor C
between the stages.

Step 4: The correct signal voltage and dc bias voltage are measured at the base of Q,.

This eliminates the possibility of a fault in C; or the second stage bias circuit.
The collector of Q, is at 10 V and there is no signal voltage. This
measurement, made directly on the transistor collector, indicates that either
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the collector is shorted to V- or the transistor is internally open. It is
unlikely that the collector resistor R; is shorted but to verify, turn off the
power and use an ochmmeter to check.

The possibility of a short is eliminated by the ohmmeter check. The
other possible faults are (a) transistor (- internally open or (b) emitter
resistor or connection open. Use a transistor tester and/or ohmmeter to check
each of these possible faults with power off.

Replace the faulty component or repair open connection and retest the circuit
for proper operation.

Determine the possible fault(s) if, in Step 4, you find no signal voltage at the base of
(), but the dc voltage is correct.

Muitisim Troubleshooting Exercises

These file circuits are in the Troubleshooting Exercises folder on your CD-ROM.

1.

| SECTION 6-8
REVIEW

Open file TSE06-01. Determine if the circuit is working properly and, if not, deter-

mine the fault.

Open file TSE06-02. Determine 1t the circuit is working properly and, if not, deter-

mine the fault.

Open file TSE06-03. Determine if the circuit is working properly and, if not, deter-

mine the fault.

Open file TSE06-04. Determine if the circuit is working properly and, if not, deter-

mine the fault.

1. If C, in Figure 6—42 were open, how would the output signal be affected? How
would the dc level at the collector of Q, be affected?

2. If Rs in Figure 6—42 were open, how would the output signal be affected?

3. If the coupling capacitor C; in Figure 6—42 shorted out, would any of the dc
voltages in the amplifier be changed? if so, which ones?

SYSTEM
APPLICATION

Let’s assume that you work for a , The Public Address System
company that develops, manufactures,
and markets public address and voice
paging systems for use in service garages,
i supermarkets, department stores, and

i the like. You are responsible for the most |

i input followed by a power amplifier and
{ aspeaker. You will apply the knowledge
you have gained in this chapter to
complete your assignment.

This system includes a magnetic
microphone, a two-stage preamplifier, a }
i power amplifier, and a speaker. This design
s the most basic public address system that
i your company plans to produce and

basic product in this line, which is a market and is intended for limited appli-

simple preamplifier with a microphone cation in small businesses for paging

| employees or making announcements.

: A block diagram of the system is shown
! in Figure 6—46. The microphone input
goes to the preamplifier, which has an
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adjustable volume control. The output of

the preamplifier goes to a power amplifier

that drives a horn speaker. A dc power
supply provides the required dc voltage
for the circuits and is included as part of
the system.

The System Requirements

® The magnetic microphone has an
output impedance of 30 Q and
produces an average output voltage of
2 mV rms in response to a typical

licrophone

i Basic Operation

speaking voice. The frequency response

is from 100 Hz to 8,000 Hz.

can handle up to 15 W. The frequency
response is from 100 Hz to 7500 Hz.

® The frequency range of the ampilifier is

to be at least 300 Hz to 5000 Hz.

The schematic of the
two-stage preamplifier is shown in Figure

| 6-47. The first stage is a common-base
i amplifier, and the second stage is a

DC power supply

Audio preamplifier
(2-stage)

Power amplifier

FIGURE 6-46

i common-emitter amplifier with a swamping
! resistor (Rg) and an emitter resistor (Ry) with

: iable b for volume control.
| ® The speaker has an impedance of 8 Q and ::varla TORES LS

The output of the amplifier will connect

i to a power amplifier to be added later in the
i development process (Chapter 9). For now,

| the assignment is to check out the preampli-
fier, which is in a preproduction phase.

i Analysis of the Preamplifier Circuit

® Determine the input resistance of the

first stage.

Basic public address/paging system block diagram.

FIGURE 6-47

Schematic of the preamplifier circuit. Both transistors are 2N3904. Assume Bpc = S,. = 100.
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B For each milliwatt of power produced | the amplifier stages determine the i designations in agreement with the
by the microphone, how much is i low-frequency response. { schematic.
transferred to the amplifier? ’ ‘

H Determine the dc voltages at the base, The Power Supply Circuit ( Test Procedure

collector, and emitter of Q; and @,. The dc power supply circuit is the same as

i . i ® Develop a step-by-step set of
. | the one developed in the system applica- - i
B Determine the overall voltage gain of x ; instructions on how to check the
tion for Chapter 2 except that it must o NN

preamplifier circuit board for proper

the amplifier. " e ol ¢ :
produce a regulated voltage of approxi- i
! tion at a test fi f 5 kH

B Calculate the current that is drawn from | mately +12 V. Specify the changes op.era RS e-s req.uency © Z
: using the test points (circled numbers)

the dc power supply when there is no i necessary to adapt the power supply to
input siZnal to t::Zmplifier. this syst;ym appliZatl'on.P ot D™ i ¢ e
i Figure 6—49. A function generator is the
u Specify the minimum standard power The Printed Circuit Board signal source with a potentiometer used
rating for each resistor. : as an attenuator, if necessary, to reduce
® Check out the printed circuit board in the signal to a value small enough to

® Optional analysis: Determine the .
2 ¥ Figure 6—48 to verify that it is correct i simulate the microphone input.

lowest frequency that the circuit can | ) )
. : . ) according to the schematic. ! B

amplify without the gain decreasing : | ® Specify voltage values for all the

more than 3 dB. The coupling | ® Label a copy of the board with ! measurements to be made. Provide a fault

capacitors and the input resistances of | component and input/output i analysis for all possible component failures.

FIGURE 6-48

Preamplifier circuit board.
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Troubleshooting | Final Report (Optional) L 3. Alist of the specifications.
Several prototype boards have been Submit a final written report on the audio 4. A list of parts with part numbers if
assembled and are ready for testing. { preamplifier circuit board using an available.
Based on the sequence of test bench | organized format that includes the :

q e | & ; { 5. Alist of the types of problems on the
measurements for each board indicated | following: :

three faulty circuit boards.
in Figure 6-50, determine the most TRl it

likely fault in each case. The circled i 1§ Gt Seraripydn nichs e . 6. A complete description of how you
numbers indicate test point connections | 2. A discussion of the operation of the | determined the problem on each of

to the circuit board. 5 circuit. ! the faulty circuit boards.

~
acoume AGSET
orseiaY
[
VERTICAL HORJZONTAL S5 TRIGGER iy
POSTION PO! POSTION LEVEL
%“.’i} .“Imé, q{'\":;;‘\ 4 @
\ e N’ (,_/)
CURSOR 2 HOLDOFF
TRIGGER MENU
CH2 HORIZONTAL
HENY UEN
SET LEVEL TO 50%
VOLTS/ONY SECANY
- — FORCE THIGGER
&) (%)
N A\ = / TRIGGER VIEW
J (B

Sinusoidal output from
function generator

+12'V from power supply

Power supply ground

FIGURE 6-49

Test bench setup for the preamplifier board.
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FIGURE 6-50

Test results for three faulty circuit boards.
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CIRCUIT WITH VOLTAGE-DIVIDER BIAS

iy = Input is at the base. Output is at the collector.
cc
O

= There is a phase inversion from input to output.

= (| and C; are coupling capacitors for the input and output

Fo V.. signals.

= (C, is the emitter-bypass capacitor.

= All capacitors must have a negligible reactance at the fre-
quency of operation.

= Emitter is at ac ground due to the bypass capacitor.

EQUIVALENT CIRCUITS AND FORMULAS

® DC formulas:

+Vee
7 v :( R, || BpcRe )V
’ R, + Ry | BocRs) €
Ve = Vg — Vg
-t
Rg

®  AC formulas:

., 25mV
r, =
Vi Ig
Rin(ba:e) :Bacr;
Rou! = RC
Rc
A, = — (base to collector)
r(?
Vb
A, =1 —|A, (overall)
AC equivalent s
A= L
T
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RY OF THE COMMON-EMITTER AMPLIFIER, continued

SWAMPED AMPLIFIER WITH RESISTIVE LOAD

m  AC formulas:
+Vee

oo RelR:
Re,

Rin(base) = Bac(r’e + REI)
® Swamping stabilizes gain by minimizing the effect of 7.
= Swamping reduces the voltage gain from its unswamped value.

= Swamping increases input resistance.

= The load resistance reduces the voltage gain. The smaller the load re-
sistance, the less the gain.

Swamping resistor

AC equivalent
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Input is at the base. Output is at the emitter.
There is no phase inversion from input to output.
Input resistance is high. Output resistance is low.
Maximum voltage gain is 1.

Collector is at ac ground.

Capacitors must have a negligible reactance at the frequency of
operation.

EQUIVALENT CIRCUITS AND FORMULAS

+Vee
O

R, Re

DC equivalent

o

= DC formulas:

Ry || BocRe

R, + R, | BocRe

Ve = Vg — Vg

) Vee

Vi
I ==

Rg
Ve = Ve

AC equivalent

= AC formulas:

., 25mV
F, =
Ig
Rin(base) = Bac(ré + Re) = BaL‘Re

R;
Roul = E ”RE

R,
A, = =]
r, + R,

>
Il
m— INN

3

>
fl
>



CIRCUIT WITH VOLTAGE-DIVIDER BIAS

+Vee

Re G,

u DC formulas:

EQUIVALENT CIRCUITS AND FORMULAS

Ve = Voo — IR

SUMMARY OF COMMON-BASE AMPLIFIER

Input is at the emitter. Output is at the collector.
There is no phase inversion from input to output.
Input resistance is low. Output resistance is high.
Maximum current gain is 1.

Base is at ac ground.

+Vee
[ N ( R, ” BocRe )
Ve = | 57— Vee
R t R, “ BocRe

Ve = Vg — Vgg
Vi

]E = —£
Rg

m  AC formulas:

L, _ 25mV
e ]E
Riu(emilfer) = re,
Rum = RC
4=
Fe
A =1
A, =A

i4 v

313
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+VYee
O

Ve

+Vee
QO

CHAPTER SUMMARY

CIRCUIT WITH DIFFERENTIAL INPUTS

® Input signals are out-of-phase.

#  Also known as double-ended inputs.

CIRCUIT WITH COMMON-MODE INPUTS

= Input signals are the same phase, frequency, and amplitude.
#  Common-mode rejection ratio:

Av((l)
A

CMRR =

cm

Ay(a)
CMRR = 20 log

cm

A small-signal amplifier uses only a small portion of its load line under signal conditions.

r parameters are easily identifiable and applicable with a transistor’s circuit operation.

h parameters are important to technicians and technologists because manufacturers’ data sheets
specify transistors using h parameters.

A common-emitter amplifier has good voltage, current, and power gains, but a relatively low
input resistance.

A common-collector ampiifier has high input resistance and good current gain, but its voltage
gain is approximately 1.

The common-base amplifier has a good voltage gain, but it has a very low input resistance and
its current gain is approximately 1.

A darlington pair provides beta multiplication for increased input resistance.
The total gain of a multistage amplifier is the product of the individual gains (sum of dB gains).

Single-stage amplifiers can be connected in sequence with various coupling methods to form
multistage amplifiers.

Common-emitter, common-collector, and common-base amplifier configurations are
summarized 1n Table 6—4.



TABLE 6-4

Relative comparison of amplifier
configurations. The current gains and
the input and output resistances are
the approximate maximum
achievable values, with the bias
resistors neglected.

KEY TERMS
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CE cC CB
Voltage gain, A, High Low High
Re/7. =] p Re/r.
Current gain, A;pua High High Low
Bac B(l(‘ E 1
Power gain, A, Very high High ~ High
{ AA, = A, =A,
Input resistance, R Low High Very low
Bucrcl' ﬁach: ":’)
Output resistance, R, High Very low High
RC 1 (R.S‘/Ba(') “ RE RC

= A differential input voltage appears between the inverting and noninverting inputs of a
differential amplifier.

8 A single-ended input voltage appears between one output and ground (with the other input
grounded).

m A differential output voltage appears between two output terminals of a diff-amp.
u A single-ended output voltage appears between the output and ground of a diff-amp.

=  Common-mode occurs when equal in-phase voltages are applied to both input terminals.

Key terms and other bold terms in the chapter are defined in the end-of-book glossary.

ac ground A point in a circuit that appears as ground to ac signals only.
Attenuation The reduction in the level of power, current, ot voltage.
Bypass capacitor A capacitor placed across the emitter resistor of an amplifier.

Common-base (CB) A BJT amplifier configuration in which the base is the common terminal to an
ac signal or ground.

Common-collector (CC) A BJT amplifier configuration in which the collector is the common ter-
minal to an ac signal or ground.

Common-emitter (CE) A BJT amplifier configuration in which the emitter is the common terminal
to an ac signal or ground.

Common mode A condition where two signals applied to differential inputs are of the same phase,
frequency, and amplitude.

Common-mode rejection ratio (CMRR) A measure of a differential amplifier’s ability to reject
common-mode signals.

Differential amplifier An amplifier in which the output is a function of the difference between two
input voltages.

Emitter-follower A popular term for a common-collector amplifier.

Input resistance The resistance looking in at the transistor base.

Output resistance The resistance looking in at the transistor collector.

Overall voltage gain The product of the attenuation and the gain from base to collector of an amplifier.

r parameter One of a set of BJT characteristic parameters that include o, Ba. 1., 1 and 7.
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KEY FORMULAS
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6-1 r,=

Common-Emitter

6_2 Rin(lal) = Rl ” RZ ” Rin(bm‘e)
6-3 Riu(bnse) = Bacrc,'
64 Ruul = RC
R
6-5 A, =—
r,
R,
6-6 A, =——=
r, + Rg
R,
6-7 A, =—
¥,
R
6-8 A, =<
REI
6-9 Riu(hase) = Bac(re, + REl)
I,
6-10 A,‘ = -
I
6-11 A, = AL,

Internal ac emitter resistance

Total amplifier input resistance, voltage-divider bias
Input resistance at base

Output resistance

Voltage gain, base-to-collector, unloaded

Voltage gain without bypass capacitor

Voltage gain, base-to-collector, loaded, bypassed Rg

Voltage gain, swamped amplifier
I[nput resistance at base, swamped amplifier
Current gain, input source to collector

Power gain

Common-Collector (Emitter-Follower)

6-12 A =1
6_13 Riu(bnxe) = Bm:Re
R,
6-14 Raul = Eac' “RE
Ie
6-15 A= —
Iin
6-16 A, = A
6-17 Riu = BaclBacZRE
Common-Base
R,
6-18 A, = ¢
6-19 Riu(emiuer) = I‘;
6-20 Ruul = RC
6-21 A =1
6-22 A, = A,
Multistage Amplifier
6-23 A; = A»levain o Avn

6-24
6-25

A,gp) = 20log A,

Ajapy = Aviasy + Avzgan)
+ o+ Avn(dB)

Differential Amplifier

Ay

6-26 CMRR =

cm

Ay
6-27 CMRR = 20 log| —

cm

Voltage gain, base-to-emitter

Input resistance at base, loaded

Output resistance

Current gain

Power gain

Input resistance, darlington pair

Voltage gain, emitter-to-collector

I[nput resistance at emitter
Output resistance
Current gain

Power gain

Overall voltage gain
Voltage gain expressed in dB

Overall voltage gain in dB

Common-mode rejection ratio

Common mode rejection ratio in dB
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Answers are at the end of the chapter.

hed * ~ b »n = W 1 "‘I

10.

If the transistor in Figure 6-8 is exchanged for one with higher s, V,,, will
(a) increase (b) decrease (¢) not change

If C, is removed from the circuit in Figure 6-8, V,,, will

(a) increase (b) decrease (c) not change

If the value of R in Figure 6-8 is increased, V,,, will

(a) increase (b) decrease (¢) not change

If the amplitude of V,, in Figure 6-8 is decreased, V,,, will

(a) increase (b) decrease (c) not change

If C, in Figure 6-27 is shorted, the average value of the output voltage will
(a) increase (b) decrease (¢) not change

If the value of Rg in Figure 6-27 is increased, the voltage gain will

(a) increase (b) decrease (c) not change

If the value of C, in Figure 6-27 is increased, V,,,, will

(a) increase (b) decrease (c) not change

If the value of R in Figure 6-31 is increased, the current gain will

(a) increase (b) decrease (¢) not change

If C, and C, in Figure 6-33 are increased in value, V,, will

(a) increase (b) decrease (¢) not change

If the value of R, in Figure 6-33 is reduced, the overall voltage gain will

(a) increase (b) decrease (c) not change

SELF-TEST Answers are at the end of the chapter.

1.

A small-signal amplifier

(a) uses only a small portion of its load line

(b) always has an output signal in the mV range

(¢) goes into saturation once on each input cycle

(d) is always a common-emitter amplifier

The parameter A, corresponds to

@ Boc BB (©r (@7

If the dc emitter current in a certain transistor amplifier is 3 mA, the approximate value of r, 1s
(a) 3kQ b) 3Q (c) 8.33Q (d) 0.33kQ

A certain common-emitter amplifier has a voltage gain of 100. If the emitter bypass capacitor
is removed,

(a) the circuit will become unstable (b) the voltage gain will decrease

(c) the voltage gain will increase (d) the Q-point will shift

For a common-collector amplifier, Rg = 100 Q, r; = 10 Q, and B, = 150. The ac input
resistance at the base is

(a) 1500 Q (b) 15k (© 110Q (d) 16.5kQ

If a 10 mV signal is applied to the base of the emitter-follower circuit in Question 5, the output
signal is approximately

(a) 100 mV (b) 150 mV (¢) 15V (d) 10 mV

For a common-emitter amplifier, Rc = 1.0k, Rg = 390 Q, », = 150, and B,. = 75.
Assuming that Rg is completely bypassed at the operating frequency, the voltage gain is
(a) 66.7 (b) 2.56 (©) 2.47 d) 75
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PROBLEMS

10.

11.

12.

13.

14.

15,

16.

17.

18.

19.

In the circuit of Question 7, if the frequency is reduced to the point where X0y = Rg. the
voltage gain

(a) remains the same (b) is less (c) is greater

In a certain emitter-follower circuit, the current gain is 50. The power gain is approximately
(a) 504, (b) 50 (c) 1 (d) answers (a) and (b)

In a darlington pair configuration, each transistor has an ac beta of 125. If Rg is 560 €, the
input resistance is

(a) 560 Q (b) 70 kQ (c) 8.75MQ (d) 140 kQ
The input resistance of a common-base amplifier is
(a) very low (b) very high (c) the same as a CE (d) the same as a CC

In a common-emitter amplifier with voltage-divider bias, R, a0 = 08 kQ, R) = 33 kQ, and
R, = 15 k€. The total input resistance is

(a) 68 kQ2 (b) 8.95kQ (c) 222kQ (d) 123 kQ

A CE amplifier is driving a 10 kQ load. If R = 2.2 kQ and r, = 10 £, the voltage gain is
approximately

(a) 220 (b) 1000 (c) 10 (d) 180

Each stage of a four-stage amplifier has a voltage gain of 15. The overall voltage gain is
(a) 60 (b) 15 (c) 50,625 (d) 3078

The overall gain found in Question 14 can be expressed in decibels as

(a) 94.1dB (b) 47.0dB (c) 35.6dB (d) 69.8dB

A differential amplifier

(a) is used in op-amps (b) has one input and one output

(¢) has two outputs (d) answers (a) and (c)

When a differential amplifier is operated single-ended,

(a) the output is grounded

(b) one input is grounded and a signal is applied to the other

(c) both inputs are connected together

(d) the output is not inverted

In the differential mode,

(a) opposite polarity signals are applied to the inputs

(b) the gainis 1

(c) the outputs are different amplitudes

(d) only one supply voltage is used

In the common mode,

(a) both inputs are grounded (b) the outputs are connected together

(c) an identical signal appears on both inputs (d) the output signals are in-phase

Answers to all odd-numbered problems are at the end of the book.

SECTION 6-1

SECTION 6-2

BASIC PROBLEMS
Amplifier Operation

1.

2.

What is the lowest value of dc collector current to which a transistor having the characteristic
curves in Figure 64 can be biased and still retain linear operation with a peak-to-peak base
current swing of 20 uA?

What is the highest value of /- under the conditions described in Problem 1?

Transistor AC Equivalent Circuits

3. If the dc emitter current in a transistor is 3 mA, what is the value of r)?
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4, If the hy, of a transistor is specified as 200, determine 3,,..

5. A certain transistor has a dc beta (hgg) of 130. If the dc base current is 10 nA, determine
r,. ape = 0.99.

6. At the dc bias point of a certain transistor circuit, /5 = 15 pA and I = 2 mA. Also, a variation
in /g of 3 A about the Q-point produces a variation in /- of 0.35 mA about the Q-point.
Determine Bpc and B,

SECTION 6-3 The Common-Emitter Amplifier

7. Draw the dc equivalent circuit and the ac equivalent circuit for the unloaded amplifier in
Figure 6-51.

8. Determine the following values for the amplitier in Figure 6-51.
(a) Rin(h(lr('] (b) Riu(lulJ (C) Ar
9. Connect a bypass capacitor across Rg in Figure 6-51, and repeat Problem §.
10. Connect a 10 kQ load resistor to the output in Figure 6—51, and repeat Problem 9.
11. Determine the following dc values for the amplifier in Figure 6-52.
(@) Vg (b) v (¢) Ig (d) Ic (e) V¢ ) Ve
12. Determine the following ac values for the amplifier in Figure 6-52.
@) Rypuy (D) Ry () A (D) A, (o) 4,

VCC
+18V
Re
R 33k S
Z 1 I/ "
14 47 kQ)
c C I\
o) o] 0T B =75
S| B =70
lyF lO,UF e
Ry
10 kQ2
R, Rg Cs
12kQ2 1.OkQ 10 uF

FIGURE 6-51 FIGURE 6-52

Multisim file circuits are identified with a CD
logo and are in the Problems folder on your CD-
ROM. Filenames correspond to figure numbers

(e.g., F06-51).

13. Assume that a 600 €, 12 #V rms voltage source is driving the amplifier in Figure 6-52.
Determine the overall voltage gain by taking into account the attenuation in the base circuit,
and find the total output voltage (ac and dc). What is the phase relationship of the collector
signal voltage to the base signal voltage?
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SECTION 6-4

14. The amplifier in Figure 6-53 has a variable gain control, using a 100 € potentiometer for Rg
with the wiper ac-grounded. As the potentiometer is adjusted, more or less of Rg is bypassed to
ground, thus varying the gain. The total R remains constant to dc, keeping the bias fixed.
Determine the maximum and minimum gains for this unloaded amplifier.

15. If a load resistance of 600 € is placed on the output of the amplifier in Figure 6-53, what are
the maximum and minimum gains?

16. Find the overall maximum voltage gain for the amplifier in Figure 6-53 with a 1.0 kQ load if
it is being driven by a 300 € source.

FIGURE 6-53

17. Modify the schematic to show how you would “swamp out” the temperature effects of /% in
Figure 6-52 by making R, at least ten times larger than r,. Keep the same total Rg. How does
this affect the voltage gain?

The Common-Collector Amplifier
18. Determine the exact voltage gain for the unloaded emitter-follower in Figure 6-54.
19. What is the total input resistance in Figure 6-54?7 What is the dc output voltage?

20. A load resistance is capacitively coupled to the emitter in Figure 6-54. In terms of signal
operation, the load appears in parallel with R and reduces the effective emitter resistance.
How does this affect the voltage gain?

21. In Problem 20, what value of R, will cause the voltage gain to drop to 0.97

FIGURE 6-54 Vee

+55V
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22. For the circuit in Figure 6-55, determine the following:
(a) @, and Q, dc terminal voltages (b) overall 8,,
(¢) r. for each transistor (d) total input resistance

23. Find the overall current gain A, in Figure 6-55.

- = L
FlGUﬁRE 6-55 Vee

+10V
Q

BDCI = Buc] =150
BDCZ = Bncz =100

10 uF \& (‘ 0,

SECTION 6-5 The Common-Base Amplifier

24. What is the main disadvantage of the common-base amplifier compared to the common-
emitter and the emitter-follower amplifiers?

25. Find R,y umiver» A A, and A, for the unloaded amplifier in Figure 6-56.

26. Match the following generalized characteristics with the appropriate amplifier configuration.
(a) Unity current gain, good voltage gain, very low input resistance
(b) Good current gain, good voltage gain, low input resistance

(¢) Good current gain, unity voltage gain, high input resistance

FIGURE 6-56 C,
\|
'l &
M|
10 uF
H Rg
620 Q
Ry
—AMA—
10 kQ
T
&
= 10uF

SECTION 6-6 Multistage Amplifiers
27. Each of two cascaded amplifier stages has an A, = 20. What is the overall gain?

28. Each of three cascaded amplifier stages has a dB voltage gain of 10 dB. What is the overall
voltage gain in dB? What is the actual overall voltage gain?
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29. For the two-stage, capacitively coupled amplifier in Figure 6-57, find the following values:
(a) voltage gain of each stage
(b) overall voltage gain
(c) Express the gains found in (a) and (b) in dB.

30. If the multistage amplifier in Figure 6-57 is driven by a 75 €, 50 1V source and the second
stage is loaded with an R, = 18 k€, determine

(a) voltage gain of each stage
(b) overall voltage gain

(¢) Express the gains found in (a) and (b) in dB.

FIGURE 6-57

Ry
33 k)

31. Figure 6-58 shows a direct-coupled (that is, with no coupling capacitors between stages) two-
stage amplifier. The dc bias of the first stage sets the dc bias of the second. Determine all dc
voltages for both stages and the overall ac voltage gain.

FIGURE 6-58

oVee=+12V

Rs
10 k2

32. Express the following voltage gains in dB:
(@) 12 (b) 50 (c) 100 (d) 2500

33. Express the following voltage gains in dB as standard voltage gains:
(a) 3dB (b) 64dB (c) 10dB (d) 20dB (e) 40 dB
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SECTION 6-7 The Differential Amplifier

34. The dc base voltages in Figure 6-59 are zero. Using your knowledge of transistor analysis,
determine the dc differential output voltage. Assume that Q) has an o = 0.980 and @, has an
a = 0.975.

FIGURE 6-59

35. Identify the quantity being measured by each meter in Figure 6-60.

FIGURE 6-60

+Vee
O

Rea

36. A differential amplifier stage has collector resistors of 5.1 kQ each. If /; = 1.35 mA and
Ic» = 1.29 mA, what is the differential output voltage?

37. Identify the type of input and output configuration for each basic differential amplifier in
Figure 6-61.

(b)

FIGURE 6-61

(d)
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SECTION 6-8

FIGURE 6-62

TROUBLESHOOTING PROBLEMS
Troubleshooting

38. Assume that the coupling capacitor C; is shorted in Figure 6-33. What dc voltage will appear

39.

40.

41.

at the collector of Q0?7

Assume that Rs opens in Figure 6-33. Will 0, be in cutoff or in conduction? What dc voltage
will you observe at the Q- collector?

Refer to Figure 6-57 and determine the general effect of each of the following failures:
(a) C,open (b) C;open

(¢) C,open (d) C, shorted

(e) base-collector junction of Q| open (f) base-emitter junction of Q, open

Assume that you must troubleshoot the amplifier in Figure 6-57. Set up a table of test point
values, input, output, and all transistor terminals that include both dc and rms values that you
expect to observe when a 300 £ test signal source with a 25 'V rms output is used.

SYSTEM APPLICATION PROBLEMS

42,

43.

44.

45.

Refer to the public address/paging system block diagram in Figure 6-46. You are asked to
repair a system that is not working. After a preliminary check, you find that there is no output
from the power amplifier or from the preamplifier. Based on this check and assuming that only
one of the blocks is faulty, which block can you eliminate as the faulty one? What would you
check next?

Determine the dc and ac voltages at the output (collector of (.) for each of the following faults
in the amplifier of Figure 6-62. Assume a 2 mV rms input signal and 8,. = 200.

(a) Open G, (b) Open C, (c) Open C,
(d) Open C, (e) Q, collector internally open (f) Q, emitter shorted to ground

Suppose a 220 k&2 resistor is incorrectly installed in the Ry position of the amplifier in Figure
6-62. What effect does this have on the circuit and what is the output voltage (dc and ac) if the
input voltage is 3 mV rms?

The connection from R, to the supply voltage in Figure 6-62 has opened.
(a) What happens to Q,?

(b) What is the voltage at the Q, collector?

(€) What is the voltage at the 0, collector?
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DATA SHEET PROBLEMS

46. Refer 1o the 2N3947 partial data sheet in Figure 6-63. Determine the minimum value for each
of the following r parameters:

(@ B. (byr () rl

2N3946, 2N3947

Electrical Characteristics (T, = 25°C unless otherwise noted.)

Characteristic Symbol Min Max Unit
[nput capacitance Cio - 8.0 pF
(Veg = 1.0V de, I = 0. f= 1.0 MHz)
Input impedance hy, kohms
(Ie=1.0mA, V=10V, f=1.0kHz} 2N3946 0.5 6.0
2N3947 2.0 12
Voltage feedback ratio e x 1071
(Ic=10mA, Vep= 10V, f= 1.OKH) 2N3946 - 10
2N3947 - 20
Small-signal current gain Iy -
(Ilc=1.0mA, Vo =10V, f=1.0kHz) 2N3946 ) 50 250
; 2N3947 100 700
Output admitiance (% timhos
(o= 1.0mA, Vo= 10V. f= 1.0 kHz) 2N3946 1.0 30
2N3947 5.0 50
Collector base time constant °C, - 200 ps
(e=10mA, Vg =20V, f=31.8 MHz)
Noise figure NF - 5.0 dB
(lc= 100 4A. Vg = 5.0 V. R = LOKQL.
f=1.0kHz)

Switching Characteristics

Delay time Vee=3.0Vde. Vg =05V de. Iy - 35 ns

Rise time I =10mAde, /3, = 1.OMA l, - 35 ns

Storage time Vee= 3.0V, le= 10 mA, 2N3946 Iy - 300 ns
2N3947 - 375

Fall ume Iy =1g;=1.0mA de I - 75 ns

(1) Pulse test: PW <300 us, Duty Cycle <£2%.
FIGURE 6-63
Partial data sheet for the ZN3947.

47. Repeat Problem 46 for maximum values.

48. Should you use a 2N3946 or a 2N3947 transistor in a certain application if the criteria is
maximum current gain?

ADVANCED PROBLEMS

49. In an amplifier such as the one in Figure 6-62, explain the general effect that a leaky coupling
capacitor would have on circuit performance.

50. Draw the dc and ac equivalent circuits for the amplifier in Figure 6-62.

51. Redesign the 2-stage amplifier in Figure 6—62 using pnp transistors such as the 2N3906.
Maintain the same voltage gain.

52. Design a single-stage common-emitter amplifier with a voltage gain of 40 dB that operates
from a dc supply voltage of + 12 V. Use a 2N2222 transistor, voltage-divider bias, and a 330 Q
swamping resistor. The maximum input signal is 25 mV rms.

53. Design an emitter-follower with a minimum input resistance of 50 kQ using a 2N3904 npn
transistor with a 8,, = 100.

54. Repeat Problem 53 using a 2N3906 with a 3,. = 100.

55. Design a single-stage common-base amplifier for a voltage gain of 75. Use a 2N3904 with
emitter bias. The dc supply voltages are to be =6 V.
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56. Refer to the amplifier in Figure 6-62 and determine the minimum value of coupling
capacitors necessary for the amplifier to produce the same output voltage at 100 Hz that it
does at 5000 Hz.

57. Prove that for any unloaded common-emitter amplifier with a collector resistor R¢ and Rg
bypassed, the voltage gain is A, = 40Vg_.

MULTISIM TROUBLESHOOTING PROBLEMS

These file circuits are in the Troubleshooting Problems folder on your CD-ROM.
58. Open file TSP06-58 and determine the fault.
59. Open file TSP06-59 and determine the fault.
60. Open file TSP06-60 and determine the fault.
61. Open file TSP06-61 and determine the fault.
62. Open file TSP06-62 and determine the fault.
63. Open file TSP06-63 and determine the fault.

ANSWERS
SECTION REVIEWS

SECTION 6-1 Amplifier Operation
1. Positive, negative
2. Vcgis ade quantity and V., is an ac quantity.

3. R, is the external emitter ac resistance, r, is the internal emitter ac resistance.

SECTION 6-2 Transistor AC Equivalent Circuits

1. o, —acalpha, /./l; B,—ac beta, I /I,; r.—ac emitter resistance; r;—ac base resistance;
ac P c’te ac Aty T b

r.—ac collector resistor.
2. hy, is equivalent to 3.
3. r.=25mV/I5mA = 1.67Q

SECTION 6-3 The Common-Emitter Amplifier
1. The capacitors are treated as opens.
The gain increases with a bypass capacitor.
Swamping eliminates the effects of r, by partially bypassing Rg.
Total input resistance includes the bias resistors, r;, and any unbypassed Rg.
The gain is determined by R, r;, and any unbypassed Rp.

The voltage gain decreases with a load.

NS,k W

The input and output voltages are 180° out of phase.

SECTION 6-4 The Common-Collector Amplifier
1. A common-collector amplifier is an emitter-follower.
2. The maximum voltage gain of a common-collector amplifier is 1.

3. A common-collector amplifier has a high input resistance.

SECTION 6-5 The Common-Base Amplifier
1. Yes
2. The common-base amplifier has a low input resistance.

3. The maximum current gain is ! in a CB amplifier.
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SECTION 6-6 Multistage Amplifiers

Pl o B

SECTION 6-7 The
1.

A stage is one amplifier in a cascaded arrangement.
The overall voltage gain is the product of the individual gains.
20 log(500) = 54.0 dB

At lower frequencies, X becomes large enough to affect the gain.

Differential Amplifier

Differential input is between two input terminals. Single-ended input is from one input
terminal to ground (with other input grounded).

Common-mode rejection is the ability of an op-amp to produce very little output when the
same signal is applied to both inputs.

A higher CMRR results in a lower common-mode gain.

SECTION 6-8 Troubleshooting

1.
2.
3.

If C, opens, the gain drops. The dc level would not be affected.
(0, would be biased in cutoff.

The collector voltage of (O, and the base, emitter, and collector voltages of @, would change.

RELATED PROBLEMS FOR EXAMPLES

6-1

Ic=5mA; Ve = 1.5V

6-2 3.13mA

6-3
6-4
6-5
6-6
6-7
6-8
6-9

6-10

6-11

6-12

6-13

6-14

6-15

CIR

9.3 mV

C, =284 uF

97.3

153

4.85; 165

9.56

Increases

71. A single transistor loads the CE amplifier much more than the darlington pair.
55.9

A, = 15005 A,qmy = 27.96 dB; Ayygpy = 13.98 dB; A,3gp) = 21.58 dB; Ajypy = 63.52 dB
34,000, 90.6 dB

(a)0.168

(b) 88 dB

(c)2.1 Vrms; 4.2V rms

(d)0.168 V

C5 open

CUIT-ACTION QUIZ

1. (a) 2. (b) 3.(a) 4. (b) 5. (a) 6. (¢) 7. (c) 8. (c) 9. (c) 10. (c)

SEL

F-TEST

1. (a) 2.(b) 3.(c) 4. (b) 5.(d) 6. (d) 7.(a) 8. (b) 9.(d) 10.(c)
11.(a) 12.(b) 13.(d) 14.(c) 15.(a) 16.(d) 17.(b) 18.(a) 19.(c)



FIELD-EFFECT

TRANSISTORS (FETs)

INTRODUCTION

BJTs (bipolar junction transistors) were covered in previous
chapters. Now we will discuss the second major type of
transistor, the FET (field-effect transistor). FETs are unipolar
devices because, unlike BJTs that use both electron and hole
current, they operate only with one type of charge carrier.
The two main types of FETs are the junction field-effect
transistor (JFET) and the metal oxide semiconductor field-
effect transistor (MOSFET).

Recall that a BJT is a current-controlled device; that is,
the base current controls the amount of collector current. A
FET is different. It is a voltage-controlled device, where the
voltage between two of the terminals (gate and source)
controls the current through the device. As you will learn, a
major feature of FETs is their very high input resistance.

CHAPTER OUTLINE

7-1
7-2
7-3
7-4
7-5
7-6
-7

The JFET

JFET Characteristics and Parameters
JFET Biasing

The MOSFET

MOSFET Characteristics and Parameters
MOSFET Biasing

Troubleshooting

m System Application

OPTION: This chapter and Chapter 8 may be postponed
until after the portions of Chapters 9 and 10 involving BJTs
are covered.




CHAPTER OBJECTIVES

Explain the operation of JFETs

Define, discuss, and apply important JFET parameters
Discuss and analyze JFET bias circuits

Explain the operation of MOSFETs

Define, discuss, and apply important MOSFET parameters
Discuss and analyze MOSFET bias circuits

Troubleshoot FET circuits

KEY TERMS

JFET

Drain

Source

Gate

Pinch-off voltage
Transconductance
MOSFET
Depletion

Enhancement

EEE SYSTEM APPLICATION PREVIEW

The system application at the end of the chapter involves
the electronic control circuits for a waste water treatment
system. In particular, you will focus on the application of
field-effect transistors in the sensing circuits for chemical
measurements.

VISIT THE COMPANION WEBSITE
Study aids for this chapter are available at

http://www.prenhall.com/floyd

329
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7-1

FIELD-EFFECT TRANSISTORS (FETs)

THE JFET

The JFET (junction field-effect transistor) is a type of FET that operates with a
reverse-biased pn junction to control current in a channel. Depending on their
structure, JFETs fall into either of two categories, n channel or p channel.

After completing this section, you should be able to

» Explain the operation of JFETs

® Jdentify the three terminals of a JFET

w Explain what a channel is

= Describe the structural difference between an n-channel JFET and a p-channel JFET
= Discuss how voltage controls the current in a JFET

# Identify the symbols for n-channel and p-channel JFETs

Figure 7-1(a) shows the basic structure of an n-channel JFET (Junction field-effect tran-
sistor). Wire leads are connected to each end of the n-channel; the drain is at the upper end,
and the source is at the lower end. Two p-type regions are diffused in the n-type material to
form a channel, and both p-type regions are connected to the gate lead. For simplicity, the
gate lead is shown connected to only one of the p regions. A p-channel JFET is shown in
Figure 7-1(b).

FIGURE 7-1 Drain Drain

A representation of the basic
structure of the two types of JFET.
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Basic Operation

To illustrate the operation of a JFET, Figure 7-2 shows dc bias voltages applied to an n-
channel device. V,, provides a drain-to-source voltage and supplies current from drain to
source. Vg sets the reverse-bias voltage between the gate and the source, as shown.

The JFET is always operated with the gate-source pn junction reverse-biased. Reverse-
biasing of the gate-source junction with a negative gate voltage produces a depletion region
along the pn junction, which extends into the n channel and thus increases its resistance by
restricting the channel width.

The channel width and thus the channel resistance can be controlled by varying the gate
voltage, thereby controlling the amount of drain current, /. Figure 7-3 illustrates this con-
cept. The white areas represent the depletion region created by the reverse bias. It is wider
toward the drain end of the channel because the reverse-bias voltage between the gate and
the drain is greater than that between the gate and the source. We will discuss JFET char-

acteristic curves and some important parameters in Section 7—2.
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FIGURE 7-2
A biased n-channel! JFET.
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(a) JFET biased for conduction (b) Greater V5 narrows the channel (between the white
areas) which increases the resistance of the channel
and decreases [p.

Rp
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(c) Less Vg widens the channel (between the white areas) which
decreases the resistance of the channel and increases /.

FIGURE 7-3

Effects of V on channel width, resistance, and drain current (Ve = V).
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JFET Symbols

The schematic symbols for both n-channel and p-channel JFETSs are shown in Figure 7-4.
Notice that the arrow on the gate points “in” for n channel and “out” for p channel.

FIGURE 7-4 Drain (3) Drain (D)

JFET schematic symbols.

Gate (G Gate (G)

Source (5] Source (5)
n channel p channel
SECTION 7-1
REVIEW 1. Name the three terminals of a JFET.
Answers are at the end 2. Does an n-channel JFET require a positive or negative value for V?
of the chapter. 3. How is the drain current controlled in a JFET?

7-2 JFET CHARACTERISTICS AND PARAMETERS

In this section, you will see how the JFET operates as a voltage-controlled, constant-
current device. You will also learn about cutoff and pinch-off as well as JFET transfer
characteristics.

After completing this section, you should be able to

u Define, discuss, and apply important JFET parameters

= Explain ohmic area, constant-current area, and breakdown

= Define pinch-off voltage

= Describe how gate-to-source voltage controls the drain current
= Define cutoff voltage

# Compare pinch-off and cutoff

® Analyze a JFET transfer characteristic curve

= Use the equation for the transfer characteristic to calculate £,
u Use a JFET data sheet

= Define transconductance

m Explain and determine input resistance and capacitance

# Determine drain-to-source resistance

Consider the case when the gate-to-source voltage is zero (Vg = 0 V). This is produced
by shorting the gate to the source, as in Figure 7-5(a) where both are grounded. As Vpp, (and
thus Vps) is increased from OV, 7, will increase proportionally, as shown in the graph of
Figure 7-5(b) between points A and B. In this area, the channel resistance is essentially con-
stant because the depletion region is not large enough to have significant effect. This is
called the ohmic area because Vjg and I, are related by Ohm’s law.
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(a) JFET with V55 =0V and a variable Vg (Vpp) (b) Drain characteristic

FIGURE 7-5

The drain characteristic curve of a JFET for Vs = 0 showing pinch-off.

At point B in Figure 7-5(b), the curve levels off and I, becomes essentially constant. As
Vps increases from point B to point C, the reverse-bias voltage from gate to drain (Vp) pro-
duces a depletion region large enough to offset the increase in Vg, thus keeping I rela-
tively constant.

Pinch-Off Voltage

For Vs = 0V, the value of Vg at which I, becomes essentially constant (point B on the [i=—=
curve in Figure 7-5(b)) is the pinch-off voltage, V. For a given JFET, V;, has a fixed value.

As you can see, a continued increase in Vg above the pinch-off voltage produces an almost

constant drain current. This value of drain current is Ipgg (Drain to Source current with gate

Shorted) and is always specified on JFET data sheets. Ipgg is the maximum drain current that

a specific JFET can produce regardless of the external circuit, and it 1s always specified for

the condition, Vg = 0.

As shown in the graph in Figure 7-5(b), breakdown occurs at point C when I, begins
to increase very rapidly with any further increase in Vpg. Breakdown can result in irre-
versible damage to the device, so JFETs are always operated below breakdown and within
the constant-current area (between points B and C on the graph). The JFET action that pro-
duces the drain characteristic curve to the point of breakdown for Vg = 0 V is illustrated
n Figure 7-6.

Vs Controls I

Let’s connect a bias voltage, V¢, from gate to source as shown in Figure 7-7(a). As Vg is
set to increasingly more negative values by adjusting Vg, a family of drain characteristic
curves is produced, as shown in Figure 7-7(b). Notice that I, decreases as the magnitude
of Vs is increased to larger negative values because of the narrowing of the channel. Also
notice that, for each increase in Vg, the JFET reaches pinch-off (where constant current be-
gins) at values of Vg less than Vp. Therefore, the amount of drain current is controlled by
Vs, as llustrated in Figure 7-8.
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(b) I increases proportionally with Vg in
the ohmic area.

(c) When Vpg = Vp, Iy is consistant and equal (d) As Vg increases further, /p remains at
to Ipgs. Ipss until breakdown occurs.

FIGURE 7-6

JFET action that produces the characteristic curve for Vg = 0 V.
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(a) JEET biased at Vg =-1V (b) Family of drain characteristic curves

FIGURE 7-7

Pinch-off occurs at a lower Vi, as Vi is increased to more negative values,
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(c) As Vg is made more negative, /Iy continues to decrease

but is constant above pinch-off, which has also decreased.

FIGURE 7-8

JFET CHARACTERISTICS AND PARAMETERS

(b) When Vg is negative, /1y decreases and is constant
above pinch-off, which is less than Vp.

(d) Until Vg5 = —Vi5s00m, Ip continues to decrease.
When Vs 2 —Visoiry Ip = 0.

Vs controls fp.

Cutoff Voltage

The value of Vg that makes /r, approximately zero is the cutoff voltage, Vs The JFET
must be operated between Vg = 0V and Vg For this range of gate-to-source voltages,
I will vary from a maximum of /pgs to a minimum of almost zero.

As you have seen, for an n-channel JFET, the more negative Vs is, the smaller I, be-
comes in the constant-current area. When Vg has a sufficiently large negative value, I, 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 7-9.

E
[]

|+

FIGURE 7-9
JFET at cutoff.




336 ® FIELD-EFFECT TRANSISTORS (FETs)

| EXAMPLE 7-1

Solution

The basic operation of a p-channel JFET is the same as for an n-channel device ex-
cept that a p-channel JFET requires a negative Vpp and a positive Vg, as illustrated in
Figure 7-10.

FIGURE 7-10
A biased p-channel JFET.

Comparison of Pinch-Off and Cutoff

As you have seen, there is a difference between pinch-off and cutoff. There is also a con-
nection. Vp is the value of Vg at which the drain current becomes constant and is always
measured at V5 = 0 V. However, pinch-off occurs for Vg values less than V, when Vg is
nonzero. So, although V, is a constant, the minimum value of Vg at which I, becomes con-
stant varies with V.

Vaseom and Vp are always equal in magnitude but opposite in sign. A data sheet usually
will give either Vg or Vp, but not both. However, when you know one, you have the
other. For example, if Vgsom = —3 V, then Vp = +5V, as shown in Figure 7-7(b).

For the JFET in Figure 7-11, Vggom = —4 V and Ipgg = 12 mA. Determine the
minimum value of Vpp required to put the device in the constant-current area of
operation.

FIGURE 7-11

Since Vggom = —4 V, Vp = 4 V. The minimum value of Vp for the JFET to be in its
constant-current area is

Vps = Vp =4V
In the constant-current area with Vg = 0V,
In = Ipss = 12 mA
The drop across the drain resistor is
Vi, = IoRp = (12mA)(560 Q) = 6.72 V
Apply Kirchhoff’s law around the drain circuit,

Vop = Vps + VRD:4V+6.72V: 10,7V
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This is the value of Vp to make Vg = Vp and put the device in the constant-current
area.

Related Problem®  If Vpp is increased to 15V, what is the drain current?

337

“Answers are at the end of the chapter.

| EXAMPLE 7-2
A particular p-channel JFET has a Vg, = +4 V. What is Iy when Vg = +6 V7

Solution  The p-channel JFET requires a positive gate-to-source voltage. The more positive the
voltage, the less the drain current. When Vg = 4V, I, = 0. Any further increase in
Vs keeps the JFET cut off, so /, remains 0.

Related Problem  What is V}, for the JFET described in this example?

JFET Transfer Characteristic

You have learned that a range of Vg values from zero to Vs, controls the amount of drain
current. For an n-channel JFET, Vs, is negative, and for a p-channel JFET, Vg, 1S pos-
itive. Because V5 does control /Iy, the relationship between these two quantities is very im-
portant. Figure 7—12 is a general transfer characteristic curve that illustrates graphically the
relationship between Vg and /p.

Iy FIGURE 7-12

JFET transfer characteristic curve

L Ipss  (n-channel).

-Vas —+ 0
Vasom

Notice that the bottom end of the curve is at a point on the V¢ axis equal to Vg, and
the top end of the curve is at a point on the /[ axis equal to /g5 This curve, of course, shows
that the operating limits of a JFET are

=0 when Vgs = Viseom
and
ID = IDSS When VGS = 0

The transfer characteristic curve can be developed from the drain characteristic curves
by plotting values of J;, for the values of V taken from the family of drain curves at pinch-
off, as illustrated in Figure 7-13 for a specific set of curves. Each point on the transfer char-
acteristic curve corresponds to specific values of Vg and I on the drain curves. For
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FIGURE 7-13
Example of the development of an n-channel JFET transfer characteristic curve (blue) from the JFET
drain characteristic curves (green).
example, when Vg = =2V, Iy = 4.32 mA. Also, for this specific JFET, Vggm = =5V
and /pgs = 12 mA.
A JFET transfer characteristic curve is expressed as
v VGS :
Equation 7~1 In = Ings| L —
Véstotr)

|EXAMPLE 7-3

Solution

With Equation 7-1, I, can be determined for any Vs if Vagom and Ipgs are known. These
quantities are usually available from the data sheet for a given JFET. Notice the squared
term in the equation. Because of its form, a parabolic relationship is known as a square law,
and therefore, JFETs and MOSFETSs are often referred to as square-law devices.

The data sheet for a typical JFET series is shown in Figure 7-14.

The partial data sheet in Figure 7-14 for a 2N5459 JFET indicates that typically
Ipss = 9 mA and Vg, = —8 V (maximum). Using these values, determine the
drain current for Vo =0V, —1 V,and —4 V.

For Vgg = 0V,
ID = IDSS = 9 mA
For V55 = — 1V, use Equation 7-1.

Vs )2 —1V\?
P DSS( Vs ost) ( ) -8V

= (9mA)(1 — 0.125)> = (9 mA)(0.766) = 6.89 mA
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FOI‘ VGS - _4V,

I = (9ma)| 1 - ::—z T (9mA)(1 - 0.5) = (9mA)(0.25) = 2.25 mA

Related Problem  Determine Iy, for Vg = —3 'V for the 2N5459 JFET.

2N5457
thru
2N5459

Case 29-04, Style 5
TO-92 (TO-226AA)

\\/ 1 Drain
Maximum Ratings
Rating Symbol Value Unit 3
Drain-Source voltage Vps 25 Vdc | Gate
2
3

Drain-Gate voltage Vbg 25 Vde 2 Source
Reverse gate-source voltage Vasr -25 Vde
Gate current Is 10 mA de JFETs
Total device dissipation @ T, = 25°C Pp 310 mw

Deraie above 25°C 2.82 mwrC General-Purpose
Junction temperature T, 125 °C .

P - J = N channel — Depletion

Storage channel temperature range Tae —-65 to +150 C

Electrical Characteristics (7, = 25°C unless otherwise noted.)

| Characteristic [ symbol |  Min | Typ |  Max Unit |
OFF Characteristics
Gate-Source breakdown voltage ViBRrIGSS =25 - - Vde
(g = -10 A de. Vg =0)
Gate reverse current IGss nAde
(Vgs =—15V dc, Vpg = 0) - - -1.0
(Vgs =—15 V de, Vpg = 0. T = 100°C) - - ~200
Gate-Source cutoff voltage Vasiom Vdc
(Viyg = 15V dc, I, = 10 nA de) 2N5457 0.5 - -0
2N5458 -0 - =10
2N5459 -20 - -8.0
Gate-Source voltage Ves Vde
(Vg = 15 V de, Iy = 100 1A de) 2N5457 - -25 -
(Vps = 15 V de, Iy = 200 iA do) 2N5458 - =35 -
(Vps = 15 V de. I, = 400 pA de) 2N5459 - —45 -
ON Characteristics
Zero-Gate-Voltage drain current Inss mA dc
2N5457 1.0 3.0 5.0
(Vs = 15 V de. Vg =0) 2N5458 20 6.0 9.0
2N5459 4.0 9.0 16
Small-signal Characteristics
Forward transfer admittance common source Iyl ymhos
(Vpg =15V de, Vg =0, f=1.0kHz) 2N5457 ) 1000 - 5000 or
2N5458 1500 - 5500 us
2N5459 2000 - 6000
Output admittance common source 13! - 10 50 fmhos
(Vpg =15V de, V55 =0, f= 1.0 kHz) or uS
Tnput capacitance Cis - 45 70 pE
(Vpg = 15V de, Vg =0, f= 1.0 MHz)
Reverse transfer capacitance C - 1.5 3.0 pF
(Vps = 15 V de. Vg = 0.f= 1.0 MHz)

FIGURE 7-14

JFET partial data sheet.
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FIGURE 7-15

& varies depending on the bias
point(VgJ.

Equation 7-2

Equation 7-3

l EXAMPLE 7-4

JFET Forward Transconductance

The forward transconductance (transfer conductance), g,,, is the change in drain current
(Alp) for a given change in gate-to-source voltage (AVs) with the drain-to-source voltage
constant. It is expressed as a ratio and has the unit of siemens (S).
8m = AV
GS

Other common designations for this parameter are g and y; (forward transfer admittance).
As you will see in Chapter 8, g,, is important in FET amplifiers as a major factor in deter-
mining the voltage gain.

Because the transfer characteristic curve for a JFET is nonlinear, g, varies in value de-
pending on the location on the curve as set by V. The value for g, is greater near the top of
the curve (near Vg = 0) than it is near the bottom (near Vgm), as illustrated in Figure 7-15.
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A data sheet normally gives the value of g,, measured at Vg = 0V (g,,0). For example, the
data sheet for the 2N5457 JFET specifies a minimum g,,q (y5) of 1000 S with Vpg = 15V.

Given g0, you can calculate an approximate value for g,, at any point on the transfer
characteristic curve using the following formula:

_ VGS
Em = 8mo 1 - %
GS(off)

When a value of g, is not available, you can calculate it using values of /g5 and Vgt
The vertical lines indicate an absolute value (no sign).

2IDSS

Emo =

Vs (o

The following information is included on the data sheet in Figure 7-14 for a 2N5457
JFET: typically, Inss = 3.0 mA, Vg = —6 V maximum, and Vfstmaxy = 2000 uS.
Using these values, determine the forward transconductance for Vgg = —4 V, and find
Ip at this point.
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Solution  g,.0 = ¥, = 5000 uS. Use Equation 7-2 to calculate g,

VGS
8&n = grn()(l ~ ) = (5000 /.LS)(I —

Vs(ofr)

Next, use Equation 7-1 to calculate I, at Vo = —4 V.

_ Ves \ 4V
1D—1DSS<1 )—(3.0mA)<1 —

GS(otf)

\%
j = 1667 p.S

2
) = 333 uA

Related Problem A given JFET has the following characteristics: Ipgs = 12 mA, Vgseom = —5 V, and

&mo = 3000 S. Find g,, and Iy when Vg = —2 V.

Input Resistance and Capacitance

As you know, a JFET operates with its gate-source junction reverse-biased, which makes
the input resistance at the gate very high. This high input resistance is one advantage of the
JFET over the BJT. (Recall that a bipolar junction transistor operates with a forward-biased
base-emitter junction.) JFET data sheets often specify the input resistance by giving a value
for the gate reverse current, Igs, at a certain gate-to-source voltage. The input resistance
can then be determined using the following equation, where the vertical lines indicate an
absolute value (no sign):

Vas

Fox Igss
For example, the 2N5457 data sheet in Figure 7—14 lists a maximum /55 of —1.0 nA for
Vs = — 15V at 25°C. I4¢ increases with temperature, so the input resistance decreases.
The input capacitance, Cy, is a result of the JFET operating with a reverse-biased pn junction.
Recall that a reverse-biased pn junction acts as a capacitor whose capacitance depends on the
amount of reverse voltage. For example, the 2N5457 has a maximum Cj,, of 7 pF for V55 = 0.

| EXAMPLE 7-5
A certain JFET has an /g5 of —2 nA for V5 = —20 V. Determine the input

resistance.

Ves| _ 20V

Solution Ry = T 30A
n

IGSS

= 10,000 MQ

Related Problemn  Determine the minimum input resistance for the 2N5458 from the data sheet in

Figure 7-14.

Drain-to-Source Resistance

You learned from the drain characteristic curve that, above pinch-off, the drain current is
relatively constant over a range of drain-to-source voltages. Therefore, a large change in Vg
produces only a very small change in I,. The ratio of these changes is the drain-to-source
resistance of the device, r;

ds
r’ _ AVDS
ds —

Data sheets often specify this parameter in terms of the output conductance, g,,, or output
admittance, y,,.

341
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I SECTION 7-2
REVIEW

7-3 JFET BIASING

FIGURE 7-16
Self-biased JFETs (I = Iy in all FETs).

1. 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 V;?

2. The Vg of a certain n-channel JFET is increased negatively. Does the drain current
increase or decrease?

3. What value must Vi have to produce cutoff in a p-channel JFET witha V, = =3 V?

Using some of the FET parameters discussed in the previous sections, you will now see
how to dc-bias JFETs. Just as with the BJT, the purpose of biasing is to select the proper
dc gate-to-source voltage to establish a desired value of drain current and, thus, a proper
Q-point. You will learn about two types of bias circuits, self-bias and voltage-divider bias.

After completing this section, you should be able to

# Discuss and analyze JFET bias circuits

® Describe self-bias

® Analyze a self-biased JFET circuit

= Set the self-biased Q-point

® Analyze a JEET circuit with voltage-divider bias

® Use transfer characteristic curves to analyze JFET bias circuits

® Discuss Q-point stability

Self-Bias

Self-bias is the most common type of JFET bias. Recall that a JFET must be operated such
that the gate-source junction is always reverse-biased. This condition requires a negative
Vs for an n-channel JFET and a positive Vg for a p-channel JFET. This can be achieved
using the self-bias arrangements shown in Figure 7-16. The gate resistor, Rg, does not af-
fect the bias because it has essentially no voltage drop across it; and therefore the gate re-
mains at 0 V. Rg is necessary only to isolate an ac signal from ground in amplifier

applications, as you will see later.

+Vpp

(a) n channel (b) p channel
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For the n-channel JFET in Figure 7-16(a), I5 produces a voltage drop across Rg and
makes the source positive with respect to ground. Since /5 = I and V; = 0, then V§ = IyR;.
The gate-to-source voltage is

Vos = Vo — Vs = 0 — IpRs = —IpRs
Thus,
Vas = —IpRs

For the p-channel JFET shown in Figure 7-16(b), the current through Ry produces a nega-
tive voltage at the source, making the gate positive with respect to the source. Therefore,
since I = I,
‘/GS = +1DRS
In the following analysis, the n-channel JFET in Figure 7-16(a) is used for illustration.

Keep in mind that analysis of the p-channel JFET is the same except for opposite-polarity
voltages. The drain voltage with respect to ground is determined as follows:

Vb = Voo — IpRp
Since Vs = IpRs, the drain-to-source voltage is

Vs = Vp — Vs = Vpp — In(Rp + Ry)

I EXAMPLE 7-6
Find Vpg and V54 in Figure 7-17. For the particular JEET in this circuit, the internal

parameter values such as g, Vs, and Ipsg are such that a drain current (Iy) of
approximately 5 mA is produced. Another JFET, even of the same type, may not
produce the same results when connected in this circuit due to the variations in
parameter values.

FIGURE 7-17

Vbp
+15V
o

I RD
5 mA + 1.0 kQ

2200

Solution Vs = IpRs = (5mA)(2200) = 1.1V
Vo =Vop — IpRp = 15V — (5mA)(1.0kQ2) = 15V -5V =10V
Therefore,
Vs =Vp = Vs=10V-11V=89V
Since Vg =0V,
Vos=Vg— V=0V —-11V=-11V
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Related Problem  Determine Vpg and Vg in Figure 7-17 when [, = 8 mA. Assume that Ry, = 860 £,
Rs =390 Q, and Vpp = 12 V.

Open the Multisim file E07-06 in the Examples folder on your CD-ROM. Measure
Ip, Vs, and Vg and compare to the calculated values from the Related Problem.

Setting the Q-Point of a Self-Biased JFET

The basic approach to establishing a JFET bias point is to determine /p, for a desired value
of Vs or vice versa. Then calculate the required value of Rg using the following relation-
ship. The vertical lines indicate an absolute value.

Ves

R =
S [D

For a desired value of Vgs, Iy can be determined in either of two ways: from the trans-
fer characteristic curve for the particular JFET or, more practically, from Equation 7-1
using Ipss and Vggom from the JFET data sheet. The next two examples illustrate these

procedures.

| EXAMPLE 7-7
Determine the value of Rg required to self-bias an n-channel JFET that has the transfer
characteristic curve shown in Figure 7-18 at Vo = —5 V.

FIGURE 7-18
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Solution  From the graph, Iy = 6.25 mA when V55 = —5 V. Calculate Rs.

Vas| __SV

R. = -
Ll 625mA

= 800 Q

Related Problem  Find R for Vg = —3 V.
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Solution

Related Problem

JFET BIASING =

Determine the value of Ry required to self-bias a p-channel JFET with Ipgg = 25 mA
and Vigem = 15 V. Vg istobe 5 V.

Use Equation 7-1 to calculate /.
Vas )2 5V Y
Ip = IDSS(l - ) = (25mA)(1 ~ —)
Vasiorn) 15V
(25 mA)(1 — 0.333)* = 11.1 mA

Now, determine Rg.

5V

Ves| _ 5V
11.1 mA

= 450 Q
Ip

Ry =

Find the value of Rg required to self-bias a p-channel JFET with /g = 18 mA and
VGS(Oﬁ) =8 V. VGS =4V,

Midpoint Bias Itis usually desirable to bias a JFET near the midpoint of its transfer char-
acteristic curve where [, = Ipge/2. Under signal conditions, midpoint bias allows the max-
imum amount of drain current swing between Igs and 0. Using Equation 7-1, it is shown
in Appendix B that /i, is approximately one-half of Ipss when Vg = Vigsom/3.4-

Vos )2 Vas(orn /34 \2
Ip = Ipgg| 1 — =Ipss| 1 = — ] = 0.5lpgs

GS(off)

Vs orn)

So, by selecting Vgs = Vigseofry/3-4, yYou should get a midpoint bias in terms of 1.

To set the drain voltage at midpoint (Vp = Vpp/2), select a value of Ry, to produce the
desired voltage drop. Choose R arbitrarily large to prevent loading on the driving stage in
a cascaded amplifier arrangement. Example 7-9 illustrates these concepts.

| EXAMPLE 7-9

Select resistor values for Ry and R in Figure 7-19 to set up an approximate midpoint
bias. For this particular JFET, the parameters are Ipgs = 12 mA and Vg = —3 V.
Vp should be approximately 6 V (one-half of Vpp).

FIGURE 7-19

345
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Solution

Related Problem

FIGURE 7-20

A self-biased JFET and its transfer
characteristic curve.

For midpoint bias,

1
I =% = 6mA
2
and
Vcs(orf) -3V
Vg = = —— = —882mV
o8 34 34
Then
|% 2mV
Rs = |- = 8mV _p0
I 6 mA

Vb = Voo — IpRp
IpRp = Vpp — W
_Vop—Vp 12V -6V
Iy a 6 mA

= 1kQ

Select resistor values in Figure 7-19 to set up an approximate midpoint bias. The
JFET parameters are Ings = 10 mA and Vg = —10 V. Vpp = ISV

Open the Multisim file E07-09 in the Examples folder on your CD-ROM. The
circuit has the calculated values for Ry, and Rg from the Related Problem. Verify
that an approximate midpoint bias is established by measuring Vp, and I,

Graphical Analysis of a Self-Biased JFET

You can use the transfer characteristic curve of a JFET and certain parameters to determine
the Q-point (I and Vi) of a self-biased circuit. A circuit is shown in Figure 7-20(a), and
a transfer characteristic curve is shown in Figure 7-20(b). If a curve is not available from a
data sheet, you can plot it from Equation 7-1 using data sheet values for Ipgs and Vs

I (mA)
A
110 Ipgs
/
Wi
+Vop }{.-'
| ,f;'
/
Rp 1| ! =1
1.0kQ ) U I | A §
7 /
i —
Rg Rg P i ]
10 MQ 470Q Ve (V L =l =
s (V) o 0

= Vasiofr)
(a) (b)



To determine the Q-point of the circuit in Figure 7-20(a), a self-bias dc load line 1s es-
tablished on the graph in part (b) as follows. First, calculate V55 when [} 1s zero.

Vas = —IpRs = (0) (470 Q) = 0V
This establishes a point at the origin on the graph (I, = 0, V55 = 0). Next, calculate Vg
when I, = Ipgs. From the curve in Figure 7-20(b), Ipss = 10 mA.

Vs = —IpRs = —(10mA) 470 Q) = —4.7V

This establishes a second point on the graph (/ = 10 mA, Vg5 = —4.7 V). Now, with two
points, the load line can be drawn on the transfer characteristic curve as shown in Figure
7-21. The point where the line intersects the transfer characteristic curve is the Q-point of
the circuit as shown.

Ip (MA)
T "' :——,—,————? 10 [DSS
| - r——r} /
| % Load line '/
o W /
L \, /
| /
== | IS ! .,-’; 1
1 ¥
A&
4 ".-J. P
14
.;_/f . | \
1 |- | A
= I
e e ;
VGstof)
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FIGURE 7-21

The intersection of the self-bias dc
load line and the transfer
characteristic curve is the Q-point.

| EXAMPLE 7-10
Determine the Q-point for the JFET circuit in Figure 7-22(a). The transfer

characteristic curve is given in Figure 7-22(b).

FIGURE 7-22

I, (mA)

Vop
9V 714 loss
N[ [/
R I f/
D [ A
| f
2.2kKQ Uy \
: !}}‘ i
: /r”J I\
| |
VA
Rg Ry LA
10 MQ 680 Q il O, i 7
Vs (V ‘ — L
= = as (V) -6 272 15 10

(a) (b)




348 m  FIELD-EFFECT TRANSISTORS (FETs)

Solution Forly =0,
Vos = —IpRs = (0)(680 ) =0V
This gives a point at the origin. From the curve, Ings = 4 mA; 50 Iy = Ipgg = 4 mA.
Vos = —IpRs = —(4 mA)(680 Q) = —2.72V

This gives a second point at 4 mA and —2.72 V. A line is now drawn between the two
points, and the values of I, and V5 at the intersection of the line and the curve are taken
from the graph, as illustrated in Figure 7-22(b). The Q-point values from the graph are

I, = 2.25 mA
VGS = —-15V

Related Problem If Ry is increased to 1.0 k€2 in Figure 7-22(a), what is the new Q-point?

Voltage-Divider Bias

An n-channel JFET with voltage-divider bias is shown in Figure 7-23. The voltage at the
source of the JFET must be more positive than the voltage at the gate in order to keep the
gate-source junction reverse-biased.

FIGURE 7-23

+Vop
O

An n-channel JFET with voltage-
divider bias (I, = Ip).

The source voltage is
Vs = IpRs

The gate voltage is set by resistors R, and R, as expressed by the following equation using
the voltage-divider formula:

Ve = Ry v,
S \R +R,) P

The gate-to-source voltage is
Vos = Vo = Vs
and the source voltage is
Vs = Vg = Vgs
The drain current can be expressed as

1%
IDzis
Rs
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Substituting for Vg,

349

| EXAMPLE 7-11
Determuine /I, and Vi for the JFET with voltage-divider bias in Figure 7-24, given that

for this particular JFET the internal parameter values are such that V=7V,

FIGURE 7-24

Voo

Vop = Vp 12V -7V 35V
Ry 33kO 3.3kQ)
Calculate the gate-to-source voltage as follows:

Vs = IpRs = (1.52mA)(2.2kQ) = 3.34V

Vg = (L%w = (M>12v =154V
R, + R, 7.8 MQ

Vos = Vg — Vs =154V — 334V = =18V

= 1.52 mA

Solution Iy =

If V5 had not been given in this example, the Q-point values could not have been

found without the transfer characteristic curve.

Related Problem  Given that Vi, = 6 V when another JFET is inserted in the circuit of Figure 7-24,

determine the Q-point.

Graphical Analysis of a JFET with Voltage-Divider Bias

An approach similar to the one used for self-bias can be used with voltage-divider bias to
graphically determine the Q-point of a circuit on the transfer characteristic curve.

In a JFET with voltage-divider bias when Iy = 0, Vi is not zero, as in the self-biased
case, because the voltage divider produces a voltage at the gate independent of the drain
current. The voltage-divider dc load line is determined as follows.

Forl, =0,

VSZIDRS:(O)RS:OV
Vs = Vg — Vs = Vg — 0V = Vg

Therefore, one point on the line is at I, = 0 and Vg5 = V.
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For VGS = 0,

Ve Vs Vs
Iy=——3=-2
Rs Rs
A second point on the line is at Iy = V/Rg and Vg = 0. The generalized dc load line is
shown in Figure 7-25. The point at which the load line intersects the transfer characteristic
curve is the Q-point.

FIGURE 7-25 Iy

Generalized dc load line for a JFET
with voltage-divider bias.

"

—Vos <+ :
Vas(oft) 0

| EXAMPLE 7-12
Determine the approximate Q-point for the JFET with voltage-divider bias in Figure

7-26(a), given that this particular device has a transfer characteristic curve as shown in
Figure 7-26(b).

I (MA)
B 12 Ipss
Vbp I | |
+8V ' ] 7
O
680 Q) . |

R, Rs
22MQ 2 33k0 Vs (V) Ves (V)

= = VGs(ofty
(a) (b)

FIGURE 7-26
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Solution  First, establish the two points for the bias line. For I, = 0,

R, 22MQ
Vos = Vo= | —>—|Vpp= | =518V =4V

R, + R, 4.4 MQ
The first point is at fp, = 0 and V55 = 4 V. For V55 = 0,
Vo — V, 1% 4V
ID:'G* s - = [.2mA
Rg Ry 33k

The second point is at [, = 1.2 mA and Vg = 0.
The load line is drawn in Figure 7-26(b), and the approximate Q-point values of
I5 = 1.8 mA and Vg = —1.8 V are picked off the graph, as indicated.

Related Problem  Change Rg to 4.7 kQ and determine the Q-point for the circuit in Figure 7-26(a).

Open the Multisim file E07-12 in the Examples folder on your CD-ROM. Measure
the Q-point values of I, and V5 and see how they compare to the graphically
determined values from the Related Problem.

Q-Point Stability

Unfortunately, the transfer characteristic of a JEET can differ considerably from one device
to another of the same type. If, for example, a 2N5459 JFET is replaced in a given bias cir-
cuit with another 2N5459, the transfer characteristic curve can vary greatly, as illustrated in
Figure 7-27(a). In this case, the maximum /pgg 1S 16 mA and the minimum /pgg is 4 mA.
Likewise, the maximum Vgg o, is — 8 V and the minimum Vg, is —2 V. This means that
if you have a selection of 2N5459s and you randomly pick one out, it can have values any-
where within these ranges.

I, (mA) I
T 16 Ipss Ipss
|'|r‘
t Y 28
| r"l
(i L] !
f
| . .;/‘
[
7
."ll T
.'l.
/ o 172
/-
a [ 14 Joss
/
/ V] Ip
'/.// f'_‘
Hos (el e ;
Vascon VGsofy

(@) (b)
FIGURE 7-27

Variation in the transfer characteristic of 2N5459 JFETs and the effect on the Q-point.
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| SECTION 7-3
REVIEW

7-4
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If a self-bias dc load line is drawn as illustrated in Figure 7-27(b), the same circuit us-
ing a 2N5459 can have a Q-point anywhere along the line from Q;, the minimum bias point,
to Q,, the maximum bias point. Accordingly, the drain current can be any value between /p,
and I,, as shown by the shaded area. This means that the dc voltage at the drain can have
a range of values depending on /. Also, the gate-to-source voltage can be any value be-
tween Vs, and Vg, as indicated.

Figure 7-28 illustrates Q-point stability for a self-biased JFET and for a JFET with
voltage-divider bias. With voltage-divider bias, the dependency of [, on the range of Q-
points is reduced because the slope of the bias line is less than for self-bias for a given JFET.
Although Vg varies quite a bit for both self-bias and voltage-divider bias, Iy is much more
stable with voltage-divider bias.

I p

Ipss | - | 1 Ipss-

Ip 1 1L

1o

-Vas

(a) Self-bias

THE MOSFET

Vos

(b) Voltage-divider bias

FIGURE 7-28

The change in I, between the minimum and the maximum Q-points is much less for a JFET with
voltage-divider bias than for a self-biased JFET.

1. Should a p-channel JFET have a positive or a negative V?

2. In a certain self-biased n-channel JFET circuit, I, = 8 mA and Ry = 1.0 kQ.
Determine V.

3. An n-channel JFET with voltage-divider bias has a gate voltage of 3 V and a source
voltage of 5 V. Calculate V.

The MOSFET (metal oxide semiconductor field-effect transistor) is another
category of field-effect transistor. The MOSFET differs from the JFET in that it has
no pn junction structure; instead, the gate of the MOSFET is insulated from the
channel by a silicon dioxide (Si0,) layer. The two basic types of MOSFETs are
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depletion (D) and enhancement (E). Because of the insulated gate, these devices are
sometimes called IGFETs.

After completing this section, you should be able to

Explain the operation of MOSFETSs

Describe the structural difference between an n-channel and a p-channel depletion
MOSFET (D-MOSFET)

Explain the depletion mode
Explain the enhancement mode
Identify the symbols for n-channel and p-channel D-MOSFETs

Describe the structural difference between an n-channel and a p-channel
enhancement MOSFET (E-MOSFET)

Identify the symbols for n-channel and p-channel E-MOSFETs
Explain how D-MOSFETs and E-MOSFETs differ

Discuss power MOSFETSs

Discuss dual-gate MOSFETs

Depletion MOSFET (D-MOSFET)

One type of MOSFET is the depletion MOSFET (D-MOSFET), and Figure 7-29 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
p-channel devices are shown in the figure. We will use the n-channel device to describe the

basic operation. The p-channel operation is the same, except the voltage polarities are op-

posite those of the n-channel.

FIGURE 7-29

Representation of the basic structure
of D-MOSFETs.

“_\“ )

s n substrate

subsirate

o
/ r
Channel L@J

Solrce

(a) n channel (b) p channel

The D-MOSFET can be operated in either of two modes—the depletion mode or the en-
hancement 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 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.
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Depletion Mode Visualize the gate as one plate of a parallel-plate capacitor and the chan-
nel as the other plate. The silicon dioxide insulating layer is the dielectric. With a negative
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 elec-
trons, 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, Vison. the channel is totally depleted and the drain current is zero. This depletion
mode is illustrated in Figure 7-30(a). Like the n-channel JFET, the n-channel D-MOSFET
conducts drain current for gate-to-source voltages between Vg oy and zero. In addition, the
D-MOSFET conducts for values of V5 above zero.

———

W, )
W W]
n
@ -
_(i % e i
_‘ ©) P = Voo P = Voo
©)
Voo — Iy — n
+
(a) Depletion mode: Vg negative and less than Vg o (b) Enhancernent mode: Vg positive

FIGURE 7-30
Operation of n-channel D-MOSFET.

Enhancement Mode With a positive gate voltage, more conduction electrons are at-
tracted into the channel, thus increasing (enhancing) the channel conductivity, as illustrated
in Figure 7-30(b).

D-MOSFET Symbols  The schematic symbols for both the n-channel and the p-channel de-
pletion MOSFETsS are shown in Figure 7-31. The substrate, indicated by the arrow, is nor-
mally (but not always) connected internally to the source. Sometimes, there is a separate
substrate pin. An inward-pointing substrate arrow is for n channel, and an outward-pointing
arrow is for p channel.

FIGURE 7-31 Draii Drain

D-MOSFET schematic symbols.

Source Source

n channel p channel
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Enhancement MOSFET (E-MOSFET)

The E-MOSFET operates only in the enhancement mode and has no depletion mode. It dif-
fers in construction from the D-MOSFET in that it has no structural channel. Notice in
Figure 7-32(a) that the substrate extends completely to the SiO, layer. For an n-channel de-
vice, a positive gate voltage above a threshold value induces a channel by creating a thin
layer of negative charges in the substrate region adjacent to the SiO, layer, as shown in
Figure 7-32(b). The conductivity of the channel is enhanced by increasing the gate-to-
source voltage and thus pulling more electrons into the channel area. For any gate voltage
below the threshold value, there is no channel.

355

Dyain Ro < FIGURE 7-32
| Representation of the basic
E-MOSFET construction and
) il operation (n-channel).
= J.l\‘ H channel \ n
p ——

Gate Em====i | | p substrate VDD

n n

Source —_ L 4

(a) Basic construction (b) Induced channel (Vs > Vgsny)

The schematic symbols for the n-channel and p-channel E-MOSFETs are shown in
Figure 7-33. The broken lines symbolize the absence of a physical channel. Like the
D-MOSFET, some devices have a separate substrate connection.

Drain IHain FIGURE 7-33
E-MOSFET schematic symbols.

Gate Gitte

Source Source

n channel p chanpel

Power MOSFET:s

The conventional enhancement MOSFETSs have a long thin lateral channel as shown in the
structural view in Figure 7-34. This results in a relatively high drain-to-source resistance
and limits the E-MOSFET to low power applications. When the gate is positive, the chan-
nel is formed close to the gate between the source and the drain, as shown.
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FIGURE 7-34 Source Gate Drain

Cross section of conventional
E-MOSFET structure. Channel is
shown as white area.

Si0,

8-

1 “T - L‘
“e

Channel

Substrate

Lateral Double Diffused MOSFET (LDMOSFET) The LDMOSFET is a type of enhance-
ment MOSFET designed for power applications. This device has a shorter channel between
drain and source than does the conventional E-MOSFET. The shorter channel results in
lower resistance, which allows higher current and voltage.

Figure 7-35 shows the basic structure of an LDMOSFET. When the gate is positive, a
very short n channel is induced in the p layer between the lightly doped source and the
n~ region. There is current from the drain through the n regions and the induced channel to
the source, as indicated.

FIGURE 7-35 Source  Gate Drain
Cross section of LDMOSFET
structure.
] : J " SiO,
) ‘ R | o
n Channel

VMQOSFET The V-groove MOSFET is another variation of the conventional E-MOSFET
designed to achieve higher power capability by creating a shorter and wider channel with
less resistance between the drain and source. The shorter, wider channels allow for higher
currents and, thus, greater power dissipation. Frequency response is also improved.

The VMOSFET has two source connections, a gate connection on top, and a drain con-
nection on the bottom, as shown in Figure 7-36. The channel is induced vertically along
both sides of the V-shaped groove between the drain (n* substrate where n* means a higher
doping level than n™) and the source connections. The channel length is set by the thickness
of the layers, which is controlled by doping densities and diffusion time rather than by mask
dimensions.

FIGURE 7-36
Cross section of VMOSFET structure.

Source Gate Source

Si0,

n- .Channcl—/ \l//'. \—Channel

nt

[
Drain

TMOSFET TMOSFET is similar to VMOSFET excepr that it doesn’t use a V-shaped
g.roove and 1s, therefore, easier to manufacture. The structure of TMOSFET 1s illustrated in
Figure 7-37. The gate structure is embedded in a silicon dioxide layer, and the source con-
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Source  Gate FIGURE 7-37

Cross section of TMOSFET structure.
i

p nt f

tact is continuous over the entire surface area. The drain is on the bottom. TMOSFET
achieves greater packing density than VMOSFET, while retaining the short vertical chan-
nel advantage.

Dual-Gate MOSFET:s

The dual-gate MOSFET can be either a depletion or an enhancement type. The only differ-
ence is that it has two gates, as shown in Figure 7-38. As previously mentioned, one draw-
back of a FET is its high input capacitance, which restricts its use at higher frequencies. By
using a dual-gate device, the input capacitance is reduced, thus making the device useful in
high-frequency RF amplifier applications. Another advantage of the dual-gate arrangement
is that it allows for an automatic gain control (AGC) input in certain RF amplifiers.

b ) FIGURE 7-38

Dual-gate n-channel MOSFET
G, G symbols.

(a) D-MOSFET (b) E-MOSFET

| | SECTION 7-4
REVIEW 1. Name the two basic types of MOSFETs.

2. If the gate-to-source voltage in an n-channel depletion MOSFET is made more
negative, does the drain current increase or decrease?

3. If the gate-to-source voltage in an n-channel E-MOSFET is made more positive,
does the drain current increase or decrease?

7-5 MOSFET CHARACTERISTICS AND PARAMETERS

Much of the discussion concerning JFET characteristics and parameters applies
equally to MOSFETs. In this section, MOSFET parameters are discussed.

After completing this section, you should be able to
= Define, discuss, and apply important MOSFET parameters

® Analyze a D-MOSFET transfer characteristic curve
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FIGURE 7-39

D-MOSFET general transfer
characteristic curves.

I EXAMPLE 7-13

Solution

Related Problem

m Use the equation for the D-MOSFET transfer characteristic to calculate I,
® Analyze an E-MOSFET transfer characteristic curve

® Use the equation for the E-MOSFET transfer characteristic to calculate I,

m Use a MOSFET data sheet

® Discuss handling precautions for MOS devices

D-MOSFET Transfer Characteristic

As previously discussed, the D-MOSFET can operate with either positive or negative gate volt-
ages. This is indicated on the general transfer characteristic curves in Figure 7-39 for both n-
channel and p-channel MOSFETS. The point on the curves where Vg = 0 corresponds to Jpgg.
The point where I, = 0 corresponds to Vggom. As with the JFET, Vggom = — Ve

The square-law expression in Equation 7-1 for the JFET curve also applies to the
D-MOSFET curve, as Example 7-13 demonstrates.

Ip Ip
J
’ \
f
Flnss Ipss +
i
.-".’ \
/ 4 ‘\.
/ \
d
Vs = — ~ Vs
GS(of) 0 0 Vst
(a) n channel (b) p channel

For a cestain D-MOSFET, /g = 10 mA and Viggom = —8 V.
(a) Is this an n-channel or a p-channel?
(b) Calculate Iy at Vgg = —3 V.

(¢) Calculate Iy at Vgg = +3 V.

(a) The device has a negative Vs therefore, it is an n-channel MOSFET.

by Ip = I (1 Ves )2 (lOmA)(l V>2 3.91 mA
= _— = _—— = R m
DS Vesioff) -8V

+3V\?
= 18.9 mA
\Y%

For a certain D-MOSFET, Ipgs = 18 mA and Vg, = +10 V.
(a) Is this an n-channel or a p-channel?
(b) Determine Iy at Vog = +4 V.

(¢) Determine I at Vg = —4 V.
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E-MOSFET Transfer Characteristic

The E-MOSFET uses only channel enhancement. Therefore, an n-channel device requires
a positive gate-to-source voltage, and a p-channel device requires a negative gate-to-source
voltage. Figure 7-40 shows the general transfer characteristic curves for both types of
E-MOSFETs. As you can see, there is no drain current when Vg = 0. Therefore, the
E-MOSFET does not have a significant /ngg parameter, as do the JFET and the D-MOSFET.
Notice also that there is ideally no drain current until V¢ reaches a certain nonzero value

called the threshold voltage, Viginy-

Iy I FIGURE 7-40
I E-MOSFET general transfer
I \ characteristic curves.
| \
/ \
\
/ \
j \
/ \,
/ N
.\\\
.
oot \\“‘x‘
ol Vesan +V5s Vs Vasany 10
(a) n channel (b) p channel

The equation for the parabolic transfer characteristic curve of the E-MOSFET differs
from that of the JFET and the D-MOSFET because the curve starts at Vg, rather than
Viseom on the horizontal axis and never intersects the vertical axis. The equation for the
E-MOSFET transfer characteristic curve is

Ip = K(Vgs — Vcsmn)2

Equation 7-4

The constant X depends on the particular MOSFET and can be determined from the data
sheet by taking the specified value of Ip, called I, at the given value of Vs and substi-
tuting the values into Equation 7—4. A typical E-MOSFET data sheet is given in Figure 7-41.

| EXAMPLE 7-14

Solution

Related Problem

The data sheet in Figure 7-41 for a 2N7008 E-MOSFET gives Ip,, = 500 mA
(minimum) at Vg = 10V and Vg = 1 V. Determine the drain current for Vg = 5 V.

First, solve for K using Equation 7—4.

Ip(on)
K = 2 =
(VGS - VGs(m))

Next, using the value of K, calculate I, for Vg = 5 V.

500mA 500 mA
(I0V —1V)>  81V?

= 6.17 mA/V?

In = K(Vgs = Vesan)® = (6.17 mA/N)S V — 1 V)’ = 98,7 mA

The data sheet for an E-MOSFET gives Ip,, = 100 mA at Vg5 = 8 V and Vg, =
4 V. Find I, when Vg = 6 V.
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Maximum Ratings
Rating Symbol Value Unit ] Case 29-04, Style 22
Drain-Source voltage Vbss 60 Vde TO-92 (TO-ZZGAA)
Drain-Gate voltage (Rpg = | Mf€)) Vbor 60 Vde \\
Gate-Source voltage Vis +40 Vde / 3 Drain
Drain current mA de
Continuous /p 150
Pulsed Iom 1000 2
Total power dissipation @ T, =25°C Pp 400 mw | Gate
Derate above 25°C 3.2 mw/°C 2 | Source
Operating and storage Ty Tag -55to +150 °C 3
temperalure range
Thermal Characteristics TMOS FET
Thermal resistance junclion to ambient Roua 3125 cow | Transistor
Maximum lcad temperature for T 300 °C
soldering purposes, [/16" from case N channel — Enhancement
for 10 scconds
Electrical Characteristies (7. = 25°C unless otherwise noted.)
| Characleristic | Symbol | Min | Max | Unit
OFF Characteristics
Drain-Source breakdown voltage ViBriDSS 60 - Vdc
(Vgs = 0,15 =100 pA)
Zero gate voltage drain current Inss HA de
(Vs = S0 V. Vg = 0) _ o
(Vg =30V, V5 =0,7; = 125°C) - 500
Gate-Body leakage current, forward Isse - -100 nA dc
(Vgse =30V de, Vg =0)
ON Characteristics
Gate threshotd voltage (Vpg = Vgs. fp = 250 pA) Vasam 1.0 25 Vde
Static drain-source on-resistance FoScom Ohm
(Vgg = 5.0V de. Iy = 50 A do) - 7.5
(Vg = 10 V de, Iy = 500 mA de. T = 125°C) - 13.5
Drain-Source on-voltage Vbscon Vde
(Vgs = 5.0 V. Iy = 50 mA) - IS
(Vgs = 10 V. /y = 500 mA) - 375
On-state drain current Tpcom 500 - mA
(Vgs =10V, Vps 2 2.0Vpon)
Forward transconductance & 80 - pmhos
(Vps 2 2.0Vps(eny /o = 200 mA) ’ or uS
Dynamic Characteristics
Input capacitance Cigs - 50 pF
Output capacitance (Vps =25 V. Vg =0 C _ 2
put cap _ - 10 M)
Reverse transfer capacitance Crgs - 5.0
Switching Characteristics
Turn-On delay time (Vpyp = 30 Vo I = 200 mA on - 20 ns
Turn-Off delay time Rgen = 25 ohms, R = 150 ohms) logy - 20

FIGURE 7-41
Data sheet for the 2N7008 n-channel E-MOSFET (TMOSFET construction).

Handling Precautions

All MOS devices are subject to damage from electrostatic discharge (ESD). Because the gate
of a MOSFET is insulated from the channel, the input resistance is extremely high (ideally in-
finite). The gate leakage current, /g5, for a typical MOSFET is in the pA range, whereas the
gate reverse current for a typical JFET is in the nA range. The input capacitance results from
the insulated gate structure. Excess static charge can be accumulated because the input ca-
pacitance combines with the very high input resistance and can result in damage to the device.
To avoid damage from ESD, certain precautions should be taken when handling MOSFETSs:

1. MOS devices should be shipped and stored in conductive foam.

2. All instruments and metal benches used in assembly or test should be connected
to earth ground (round or third prong of 110 V wall outlets).
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3. The assembler’s or handler’s wrist should be connected to earth ground with a
length of 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 d¢c power supply is off.

SECTION 7-5 . o ) )
REVIEW 1. What is the major difference in construction of the D-MOSFET and the E-MOSFET?

2. Name two parameters of an E-MOSFET that are not specified for D-MOSFETs?
3. What is ESD?

7-6 MOSFET BIASING

Three ways to bias a MOSFET are zero-bias, voltage-divider bias, and drain-
feedback bias. Biasing is important in FET amplifiers, which you will study in the
next chapter.

After completing this section, you should be able to
= Discuss and analyze MOSFET bias circuits

= Describe zero-bias of a D-MOSFET

m Analyze a zero-biased MOSFET circuit

# Describe voltage-divider bias of an E-MOSFET
Describe drain-feedback bias of an E-MOSFET

D-MOSFET Bias

Recall that D-MOSFETsS can be operated with either positive or negative values of V. A sim-
ple bias method is to set Vg = O so that an ac signal at the gate varies the gate-to-source volt-
age above and below this 0 V bias point. A MOSFET with zero bias is shown in Figure 7-42(a).
Since Vg = 0, Iy = Ipgg as indicated. The drain-to-source voltage is expressed as follows:

Vbs = Vop = Ipssfp

The purpose of R is to accommodate an ac signal input by isolating it from ground, as
shown in Figure 7-42(b). Since there is no dc gate current, R does not affect the zero gate-
to-source bias.

FIGURE 7-42
A zero-biased D-MOSFET.

(®)



362 ® FIELD-EFFECT TRANSISTORS (FETs)

I EXAMPLE 7-15
Determine the drain-to-source voltage in the circuit of Figure 7-43. The MOSFET

data sheet gives Vgsom = —8 V and Ipgs = 12 mA.
FIGURE 7-43
VDD
+18V
RD
620 Q)
+
Vbs
Rg
10 MQ

Solution  Since Iy = Ipgs = 12 mA, the drain-to-source voltage is

VDS = VDD - IDSSRD =18V — (12 mA)(620 Q) =106V

Related Problem  Find Vpg in Figure 7-43 when Vigom = — 10V and Ipgs = 20 mA.

E-MOSFET Bias

Recall that E-MOSFETs must have a Vg greater than the threshold value, Vg, so zero
bias cannot be used. Figure 7-44 shows two ways to bias an E-MOSFET (D-MOSFETs can
also be biased using these methods). An n-channel device is used for purposes of illustra-
tion. In either the voltage-divider or drain-feedback bias arrangement, the purpose is to
make the gate voltage more positive than the source by an amount exceeding Vg, Equa-
tions for the analysis of the voltage-divider bias in Figure 7-44(a) are as follows:

Vag = R, v,
GS Rl + R2 DD

Vbs = Vpp — IpRp

where Iy = K(Vgs — Vigan)” from Equation 7-4.
In the drain-feedback bias circuit in Figure 7-44(b), there is negligible gate current and,
therefore, no voltage drop across Rg. This makes Vgg = V.

FIGURE 7-44

Common E-MOSFET biasing
arrangements.

+Vbp +Vop
O

Ry Rp

(a) Voltage-divider bias (b) Drain-feedback bias
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I EXAMPLE 7-16
Determine V5 and Vpg for the E-MOSFET circuit in Figure 7-45. Assume this particular

MOSFET has minimum values of I,y = 200 mA at Vs = 4V and Vg, =2 V.

FIGURE 7-45

Solution  For the E-MOSFET in Figure 7-45, the gate-to-source voltage is

Voo | By [ By C a3y
O TAR + Ry P 115 kQ '

To determine Vg, first find K using the minimum value of I,y and the specified
voltage values.

Ioon 200mA 200 mA
K= L 22 I SomA/v?
(VGS - VGS(lh)) (4 V-2 V) 4V

Now calculate /I, for Vgg = 3.13 V.

In = K(Vgs — Vosan)? = (50mA/V?)(3.13V — 2 V)?
= (50 mA/V?)(1.13 V)? = 63.8 mA

Finally, calculate Vpg.

Vos = Voo — IpRp = 24 V — (63.8 mA)(200 Q) = 11.2V

Related Problem Determine Vgg and Vg for the maximum specified value of Vg, if the MOSFET in
Figure 7-45 is a 2N7008. Refer to the data sheet in Figure 7-41.

| EXAMPLE 7-17
Determine the amount of drain current in Figure 7-46. The MOSFET has a Vg, = 3 V.

FIGURE 7-46

Vbp
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Solution

Related Problem

I SECTION 7-6
REVIEW

7-7

FIGURE 7-47

Two symptoms in a self-biased JFET
circuit.

FIELD-EFFECT TRANSISTORS (FETs)

The meter indicates Vg = 8.5 V. Since this is a drain-feedback configuration,

VDS = VGS =85V.
VDD - VDS 15 vV — 85 \%
ID = =

Rp 4.7 k)

= 1.38 mA

Determine Iy, if the meter in Figure 7-46 reads 5 V.

1. For a D-MOSFET biased at Vs = 0, is the drain current equal to zero, I, or Ipgs?

2. For an n-channel E-MOSFET with Vg, = 2V, Vg must be in excess of what value
in order to conduct?

TROUBLESHOOTING

In this section, we discuss some common faults that may be encountered in FET
circuits and the probable causes for each fault.

After completing this section, you should be able to
u Troubleshoot FET circuits
= Troubleshoot self-biased JFET circuits

= Troubleshoot MOSFET circuits with zero bias and voltage-divider bias

Faults in Self-Biased JFET Circuits

Symptom 1: Vi = Vpp  For this condition, the drain current must be zero because there is
no voltage drop across Ry, as illustrated in Figure 7-47(a). As in any circuit, it is good trou-
bleshooting practice to first check for obvious problems such as open or poor connections,
as well as charred resistors. Next, disconnect power and measure suspected resistors for

+Vpp

Rp
Vp less
than
normal

(a) Symptom [: Drain voltage equal

(b) Symptom 2: Drain voltage less
to supply voltage

than normal



opens. If these are okay, the JFET is probably bad. Any of the following faults can produce
this symptom:

. No ground connection at Rg

. Rgopen

1

2

3. Open drain lead connection
4. Open source lead connection
5

. FET internally open between drain and source

Symptom 2: V,, Significantly Less Than Normal For this condition, unless the supply
voltage is lower than it should be, the drain current must be larger than normal because the
drop across Ry, is too much. Figure 7-47(b) indicates this situation. This symptom can be
caused by any of the following:

1. Open Rg
2. Open gate Jead
3. FET internally open at gate
Any of these three faults will cause the depletion region in the JFET to disappear and the

channel to widen so that the drain current is limited only by Ry, R, and the small channel
resistance.

Faults in D-MOSFET and E-MOSFET Circuits

One fault that is difficult to detect is when the gate opens in a zero-biased D-MOSFET. In
a zero-biased D-MOSFET, the gate-to-source voltage remains zero when an open occurs in
the gate circuit; thus, the drain current doesn’t change, and the bias appears normal, as in-
dicated in Figure 7-48.

+Vpp +Vpp FIGURE 7-48

An open fault in the gate circuit of a

D-MOSFET causes no change in Iy,
Rp

I
W
- +

.; _i_ =

(a) Normal operation (b) Gate circuit open (can be
either external or internal)

In an E-MOSFET circuit with voltage-divider bias, an open R, makes the gate voltage
zero. This causes the transistor to be off and act like an open switch because a gate-to-source
threshold voltage greater than zero is required to turn the device on. This condition is illus-
trated in Figure 7—49(a). If R, opens, the gate is at + Vj, and the channel resistance is very
low so the device approximates a closed switch. The drain current is limited only by Rp,.
This condition is illustrated in Figure 7-49(b).

TROUBLESHOOTING

365
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FIGURE 7-49%
Failures in an E-MOSFET circuit with

voltage-divider bias.

R

Isecnon 7-7
REVIEW 1

FIELD-EFFECT TRANSISTORS (FETs)

+Vop

OPEN Rp

+Vop

OFF

Multisim Troubleshooting Exercises

These file circuits are in the Troubleshooting Exercises folder on your CD-ROM.

1. Open file TSEQ7-01. Determine if the circuit is working properly and, if not, deter-

mine the fault.

2. Open file TSE07-02. Determine if the circuit is working properly and, if not, deter-

mine the fault.

3. Open file TSE07-03. Determine if the circuit is working properly and, if not, deter-

mine the fault.

. In a self-biased JFET circuit, the drain voltage equals V. If the JFET is okay, what

are other possible faults?

2. Why doesn’t the drain current change when an open occurs in the gate circuit of a

zero-biased D~-MOSFET circuit?

3. If the gate of an E-MOSFET becomes shorted to ground in a circuit with voltage-

SYSTEM |
APPLICATION

divider bias, what is the drain voltage?

i This application involves electronic instru-

circuits used in a waste water neutraliza-
tion system, Although both digital and
analog circuits are used, you will begin by
focusing on the pH sensor circuit board

i and apply the knowledge you have gained
in this chapter to complete your assign-
ment.

The Waste Water Neutralization System

Basic Operation The diagram of the
waste water neutralization system is shown
i in Figure 7-50. The system measures and

controls the pH of waste water. The pH is a
mentation for waste water treatment facil-
| ities. You are responsible for evaluating the |
0 for the strongest acids, through 7 for
neutral solutions, on up to 14 for the
strongest bases. Typically waste water is not
a strong acid or a strong base, so the range
! of pH values is typically greater than 2 and
less than 11. The pH of the water is

measure of the degree of acidity or alka-
linity of a solution. Values of pH range from

measured by sensors at the inlet and outlet
of the neutralization basin and at the outlet

i of the smoothing basin where the pH
| should be 7, indicating a neutral solution.

The pH sensor produces a small voltage

proportional to the pH of the liquid in



controls the drain current, producing an

which it is immersed. The output voltage reagent to the water and the amount :
of each pH sensor is fed to the gate of a i that should be added. The digital
MQOSFET on the pH sensor circuit board. controller activates the control valves for
The small gate voltage from the sensor the correct amount of chemical to

output voltage at the drain that is digitized pH values are sent to a display

)

inversely proportional to the gate voltage ! panel for visual monitoring.

but with a larger magnitude. Rheostats are
used as drain resistors for calibrating each

i properly adjust the pH level. Also, the

SYSTEM APPLICATION = 367

Label a copy of the board with
component and input/output designations
in agreement with the schematic.

Analysis of the pH Sensor Circuits

circuit individually so that, for a given pH,
all the output voltages are equal. This is

necessary because of variation in the :
MOSFET characteristics from one device to

i ® The system documentation is

pH sensor circuit board is missing. The
transistors are 2N3797.

incomplete and the schematic forthe | ®

another.

The MOSFET output voltages go to B From the circuit board in Figure 7-51,
the analog-to-digital converters and the create a schematic and label all
digital controller. Based on the digitized |  components. There are two
pH values, the controller determines interconections on the back side shown L
whether to add sulfuric acid or caustic | as dark traces. i

DC power supply

Analog-to-digital converters

Digital controller

pH readouts

pH sensor
circuit board

Refer to the partial data sheet in Figure 7-52
i and the pH sensor graph in Figure 7-53.

i The Printed Circuit Bord ™

Determine the input resistance of the
D-MOSFET in each circuit.

Determine the minimum, typical, and
maximum resistance values to which the
rheostat must be set in each circuit to
provide a dc drain voltage of +7 V for a
neutral solution (pH = 7). The
regulated dc supply voltage is +15 V.

Determine the range of output voltage
(drain voltage) for a change in the pH

pHI sensor

Waste water
inflow

Neutralization basin

FIGURE 7-50

pH2 senisor

Smoothing basin

nH3 sensor

Neutralized
water outflow

Diagram of the waste water neutralization system.
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sensor voltage of from —500 mV to
+500 mV. What is the range of pH
values represented? Use typical values

from the MOSFET data sheet.

Test Procedure

B Develop a step-by-step set of
instructions on how to check the pH
sensor circuit board for proper
operation using the test points (circled
numbers) indicated in the test bench
setup of Figure 7-54. Assume the test
solutions for pH values from 2 to 11 are
available.

¥ Specify voltage values for all the
measurements to be made. Take into

FIELD-EFFECT TRANSISTORS (FETs)

account the loading effect of the
10 MQ input resistance of the DMM.

\ B Provide a fault analysis for all possible
i component failures.

Troubleshooting

i Problems have developed in two boards.
Based on the sequence of test bench

! measurements for each board indicated
in Figure 7-55 on page 371, determine
the most likely fault in each case. The
circled numbers indicate test point

! connections to the circuit board. Assume

! typical data sheet values for the
i MOSFETs. The circuits are supposed to be
! calibrated, but don’t rely on it.

! Final Report (Optional)

Submit a final written report on the pH
sensor circuit board using an organized
i format that includes the following:

1. A physical description of the circuits.

2. A discussion of the operation of the
circuits.

3. Alist of the specifications.

4. A list of parts with part numbers if
available.

5. A list of the types of problems on the
two faulty circuit boards.

6. A complete description of how you
determined the problem on each of
the faulty circuit boards.

FIGURE 7-51

pH sensor circuit board.
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Maximum Ratings 2IN3796
Rating Symbol Value Unit 2N3797
Drain-Source voltage Vbs Vdc Case 22-03, Style 2
2N3796 25 TO-18 (TO-206AA) 3 Drai
Drain
2N3797 20
Gate-Source voltage Vs 10 Vde
R Gate
Drain current In 20 mA dc 5
Total device dissipation @ T, = 25°C Py 200 mw -
e 259 4 0,
De.rale above 25°C _ 1.14 m\;V/ C MOSFETs | Source
Junction temperature range Ty +175 C Low Power Audio
Storage channel temperature range Tay -6 1o +200 °C N channel — Depletion
Electrical Characteristics (7, = 25°C unless otherwise noted.)
\ Characteristic | symbol | Min Typ Max Unit
OFF Characteristics
Drain-Source breakdown voltage ViBRiDSX Vde
(Vs =—-4.0V. 1, =5.0 uA) 2N3796 25 30 -
(Vas ==T0V, Ip=5.0 uA) 2N3797 20 25 -
Gate reverse current Ioss pAdc
Vs ==10V, Vg = 0) - - 1.0
(Vs =—10 V. Ve = 0, T, = 150°C) - - 200
Gate-Source cutoff voltage Vasiof Vdc
(Ip=0.5u1A, Vpg=10V) 2N3796 - =30 -4.0
(Up=20uA. Vps=10V) 2N3797 - -5.0 -70
Drain-Gate reverse current Ingo - - 1.0 pAdc
(Vpg = 10V.Ig=0}
ON Characteristics
Zero-Gate-Voltage drain current 2N3796 Inss mA de
(Vpg =10 V. V55 =0) 2N3797 0.5 1.5 30
20 29 6.0
On-State drain current 2N3796 ocom 0 3 mA dc
(Vpg =10V, Vg = +3.5 V) IN3T9T 7 : 14
ps os 379 9.0 14 18
Small-Signal Characteristics
Forward-transfer admitiance Il gmhos
(Vpg =10 V. Vg =0, f=1.0kHz) 2N3796 900 1200 1800 or
2N3797 1500 2300 3000 us
(Vpg = 10 V. V55 =0, f= 1.0 MHz) 2N3796 900 - -
2N3797 1500 - -
Output admittance [ umhos
(Vg =10V, V5o =0.7/=1.0kHz) 2N3796 - 12 25 or
2N3797 — 2 60 HS
Inpul capacitance Cins pF
(Vs = 10V, Vg =0./= 1.OMH2) 2N3796 - 5.0 7.0
2N3797 - 6.0 8.0
Reverse transfer capacitance Chss - .5 0.8 pF
(Vps =10 V. V55 =0. /= 1.0 MHz)
Functional Characteristics
Noise figure NF - 38 - dB
(Vps =10V, V56=0,/=1.0 kHz, Rg =3 megohms)
3
M1 ; [T
T IT AN
Y= 10V r o Vo =10V
7,=3C z s s 7, =25C
E 4
( &
i e
‘_é -1
X B
A0 ONIREE 01 02 03 05 L0 30 S0 10 0 nn ank o) A2 A3 AS i o500 o
Iye Avzm oot fmA Y el AL A
2N3796 2N3797

FIGURE 7-52

Partial data sheet for the 2N3797 D-MOSFET.
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(a) Equivalent circuit (the voltage (b) Output voltage versus pH level
polarity is reversible)

FIGURE 7-53

Equivalent circuit and output characteristic for the pH sensor.
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pH sensor with leads

+15V from power supply

Power supply ground

FIGURE 7-54

Test bench setup for the pH sensor circuit board.
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+15V from power supply

Power supply ground

FIGURE 7-55

Test results for two faulty circuit boards.
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Gate

Gate

JFETs

FIELD-EFFECT TRANSISTORS (FETs)

Drain Drain u

Gate -

Source Source o

I hinnet

D-MOSFETs

D-MOSFETs
Drain Drain

Gale

Source Source

Gate-source junction must be reverse-biased.

Vgs controls I,

Value of Vg at which I, becomes constant is the pinch-off voltage.
Value of Vg at which 7, becomes zero is the cutoff voltage, Vs
Ipgs 1s drain current when Vg = 0.

Transfer characteristic:

Vos \*
Iy = 1D55<1 Y )
GS(off)
Forward transconductance:
_ Vs
Emn = &m0 1 - V.
GS(off)
g0 = 2Ipgs
mQ
[Vasom)|

Except that it can be operated in enhancement mode, the D-MOSFET char-
acteristics are the same as JFET.

Depletion mode:

n channel: Vgg negative

p channel: Vg positive

Enhancement mode:

n channel: Vg positive

p channel: Vg negative

Vgs controls Iy,

Value of Vg at which I, becomes zero is the cutoff voltage, Vs,

Ipss 18 drain current when Vg = 0.

j

Transfer characteristic:

VG S

Ip = IDSS(I -
Vas(ott)



E-MOSFETs
F-MOSFETs
Drain Drain
Gate Gate
Source Source

i channel 7+ channel

SUMMARY OF FIELD-EFFECT TRANSISTORS =
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There is no depletion mode and characteristics differ from D-MOSFET.

Enhancement mode:
n channel: Vg positive
p channel: V¢ negative

Vgs controls I,

Value of Vg at which I, begins is the threshold voltage, Vgsup.

Transfer characteristic:

Ip = K(Vgs — VGS(m))2

K in formula can be calculated by substituting data sheet values Ip,, for Iy,

and Vg at which Iy, is specified for Vgs.

D-MOSFET

+Vop

hidis

+Vop

Drain-feedbuck

FET BIASING (voltage polarities and current directions reverse for p channel)

E-MOSFET

+Vop

Rp
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CHAPTER SUMMARY

KEY TERMS

m  Field-effect transistors are unipolar devices (one-charge carrier).

®  The three FET terminals are source, drain, and gate.

® The JFET operates with a reverse-biased pn junction (gate-to-source).

® The high input resistance of a JFET is due to the reverse-biased gate-source junction.

m  Reverse bias of a JEFET produces a depletion region within the channel, thus increasing channel
resistance.

®  For an n-channel JFET, Vs can vary from zero negatively to cutoff, Vggem. For a p-channel
JFET, Vs can vary from zero positively to Vggion-

W [ is the constant drain current when Vgg = 0. This is true for both JFETs and D-MOSFETs.

# A FET is called a square-law device because of the relationship of I to the square of a term
containing Vg.

®  Unlike JFETs and D-MOSFETs, the E-MOSFET cannot operate with Vg = 0 V.

®  Midpoint bias for a JFET is I, = Is¢/2, obtained by setting Vg = Vggiorr/3-4-

® The Q-point in a JFET with voltage-divider bias is more stable than in a self-biased JFET.

® MOSFETs differ from JFETSs in that the gate of a MOSFET is insulated from the channel by an
Si0, layer, whereas the gate and channel in a JFET are separated by a pn junction.

= A depletion MOSFET (D-MOSFET) can operate with a zero, positive, or negative gate-to-
source voltage.

®  The D-MOSFET has a physical channel between the drain and source.

u  For an n-channel D-MOSFET, negative values of Vg produce the depletion mode and positive
values produce the enhancement mode.

®  The enhancement MOSFET (E-MOSFET) has no physical channel.

® A channel is induced in an E-MOSFET by the application of a V5 greater than the threshold
value, Vgsan)-

®  Midpoint bias for a D-MOSFET is I, = Ipgs, Obtained by setting Vg = 0.
® An E-MOSFET has no /g5 parameter.
®  An n-channel E-MOSFET has a positive Vggqp,. A p-channel E-MOSFET has a negative Vg

= LDMOSFET, VMOSFET, and TMOSFET are E-MOSFET technologies developed for higher
power dissipation than a conventional E-MOSFET.

Key terms and other bold terms in the chapter are defined in the end-of-book glossary.

Depletion In a MOSFET, the process of removing or depleting the channel of charge carriers and thus
decreasing the channel conductivity.

Drain One of the three terminals of a FET analogous to the collector of a BJT.

Enhancement In a MOSFET, the process of creating a channel or increasing the conductivity of the
channel by the addition of charge carriers.

Gate One of the three terminals of a FET analogous to the base of a BJT.
JFET Junction field-effect transistor; one of two major types of field-effect transistors.

MOSFET Metal oxide semiconductor field-effect transistor; one of two major types of FETs; some-
times called IGFET for insulated-gate FET.

Pinch-off voltage The value of the drain-to-source voltage of a FET at which the drain current be-
comes constant when the gate-to-source voltage is zero.

Source One of the three terminals of a FET analogous to the emitter of a BJT.

Transconductance (g,,) The ratio of a change in drain current to a change in gate-to-source voltage
inaFET.
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KEY FORMULAS

7-2

7-3

7-4

Vi 2
Iy = IDSS<1 - cs) JFET/D-MOSFET transfer characteristic
Vesom

_ Vs
& = 8wl 1 — Transconductance
Vas(om

[Vas(om|
Iy = K(Vgs — V(;S(,h))z E-MOSFET transfer characteristic

gm0 = Transconductance at Vg =0

Answers are at the end of the chapter.

1
2
3
4
5
6
7
8

. If the drain current in Figure 7-17 is increased, Vpg will

(a) increase (b) decrease (c) not change

. If the drain current in Figure 7-17 is increased, Vg will

(a) increase (b) decrease (c) not change

. If the value of Ry, in Figure 7-24 is increased, I, will

(a) increase (b) decrease (¢) not change

. If the value of R, in Figure 7-24 is decreased, Vg will

(a) increase (b) decrease (c) not change

. If the value of R in Figure 7-43 is increased, Vg will

(a) increase (b) decrease (c) not change

. If the value of /g in Figure 743 is increased, Vg will

(a) increase (b) decrease (¢) not change

. If Vg in Figure 7-45 is increased, I, will

(a) increase (b) decrease (¢) not change

. If R, in Figure 745 opens, Vg will

(a) increase (b) decrease (c) not change

SELF-TEST Answers are at the end of the chapter.

1.

The JFET is

(a) aunipolar device (b) a voltage-controlled device
(c) acwrent-controlled device (d) answers (a) and (c)

(e) answers (a) and (b)

The channel of a JFET is between the

(a) gate and drain (b) drain and source (¢) gate and source (d) input and output

A JFET always operates with

(a) the gate-to-source pn junction reverse-biased

(b) the gate-to-source pn junction forward-biased

(c) the drain connected to ground

(d) the gate connected to the source

For Vi = 0V, the drain current becomes constant when Vg exceeds
(a) cutoff ®) Vpp © Vp d) OV

The constant-current area of a FET lies between

(a) cutoff and saturation (b) cutoff and pinch-off

(¢) Oand Ipgg (d) pinch-off and breakdown
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PROBLEMS

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Ipss is

(a) the drain current with the source shorted (b) the drain current at cutoff

(¢) the maximum possible drain current (d) the midpoint drain current
. Drain current in the constant-current area increases when

(a) the gate-to-source bias voltage decreases
(b) the gate-to-source bias voltage increases
(c) the drain-to-source voltage increases
(d) the drain-to-source voltage decreases

In a certain FET cirenit, Vg = 0V, Vo = 15 V, Ings = |5 mA, and Ry = 470 Q. If Ry is
decreased 10 330 Q, /g iS

(a) 19.5 mA (b) 10.5mA (c) I5mA (d) | mA

At cutoff, the JFET channel is

(a) at its widest point (b) completely closed by the depletion region

(c) extremely narrow (d) reverse-biased

A certain JFET data sheet gives Viggony = —4 V. The pinch-off voltage, V5,

(a) cannot be determined (b) 1s -4V (¢) depends on Vg (d) is+4V
The JFET in Question 10

(a) 1s an n channel (b) is a p channel (¢) can be either

For a certain JFET, /555 = 10 nA at Vs = 10 V. The input resistance is

(a) 100 MQ (b) 1MQ (c) 1000 MQ (d) 1000 mQ

For a certain p-channel JFET, Vg0 = 8 V. The value of V5 for an approximate midpoint
bias 1s

(a) 4V (b) OV (¢) 125V (d) 234V

A MOSFET differs from a JFET mainly because

(a) of the power rating (b) the MOSFET has two gates

(c) the JFET has a pn junction (d) MOSFETs do not have a physical channel

A certain D-MOSFET is biased at Vg5 = 0 V. Its data sheet specifies /pgg = 20 mA and
Visiom = —3 V. The value of the drain current

(a) isOA (b) cannot be determined (c) is 20 mA

An n-channe]l D-MOSFET with a positive Vg 1s operating in

(a) the depletion mode (b) the enhancement mode

(¢) cutoff (d) saturation

A certain p-channel E-MOSFET has a Vg, = —2 V. If Vg5 = 0V, the drain current is
(a) OA (b) Iy (¢) maximum (d) Ipss

A TMOSFET is a special type of

(a) D-MOSFET (b) JFET (¢) E-MOSFET (d) answers (a) and (c)

Answers to all odd-numbered problems are at the end of the book.

SECTION 7-1

BASIC PROBLEMS
The JFET

1.

The Vi of a p-channel JFET is increased from 1 Vto 3 V.
(a) Does the depletion region narrow or widen?

(b) Does the resistance of the channel increase or decrease?

2. Why must the gate-to-source voltage of an n-channel JEET always be either 0 or negative?

- Draw the schematic diagrams for a p-channel and an n-channel JFET. Labe) the terminals.

Show how to connect bias voltages between the gate and source of the JFETS in Figure 7-56.



SECTION 7-2

SECTION 7-3

FIGURE 7-5

PROBLEMS ® 377

o

+Vbp ~Vbp

(a) (b)

JFET Characteristics and Parameters

5.

A JFET has a specified pinch-off voltage of 5 V. When V5 = 0, what is Vg at the point where
the drain current becomes constant?

A certain n-channel JFET is biased such that Vg = —2 V. What is the value of Vg if Vp is
specified to be 6 V? Is the device on?

A certain JFET data sheet gives Vg, = —8 V and Ipgs = 10 mA. When V5 = 0, what is I,
tor values of V5 above pinch off? Vi, = 15 V.

8. A certain p-channel JFET has a Vggom = 6 V. What is I when Vgg = 8 V?
9. The JFET in Figure 7-57 has a Vg, = —4 V. Assume that you increase the supply voltage,

Vpp, beginning at zero until the ammeter reaches a steady value. What does the voltmeter read
at this point?

FIGURE 7-57 R

10.

11.

12.

13.

14.

15.

The following parameters are obtained from a certain JFET data sheet: Vg = —8 V and
Ipss = 5 mA. Determine the values of I, for each value of Vg ranging from 0 Vto —8 V in

| V steps. Plot the transfer characteristic curve from these data.

For the JFET in Problem 10, what value of V is required to set up a drain current of 2.25 mA?
For a particular JFET, g, = 3200 uS. What is g, when V55 = —4 'V, given that Vg, = —8 V?

Determine the forward transconductance of a JFET biased at Vg = —2 V. From the data
sheet, Vigom = —7 V and g, = 2000 uS at Vg = 0 V. Also determine the forward transfer
admittance, y.

A p-channel JFET data sheet shows that /555 = 5 nA at Vg = 10 V. Determine the input
resistance.

Using Equation 7-1, plot the transfer characteristic curve for a JFET with I,g = 8 mA and
Vasom = —3 V. Use at least four points.

JFET Biasing

16.

An n-channel self-biased JFET has a drain current of 12 mA and a 100 Q source resistor. What
is the value of V4?
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17. Determine the value of R required for a self-biased JFET to produce a Vg5 of —4 V when
Ip = 5 mA.

18. Determine the value of Ry required for a seif-biased JFET to produce I, = 2.5 mA when
Vs = =3 V.

19. Ipss = 20 mA and Vg, = —6 'V for a particular JFET.
(a) What is Ip when Vg = 0 V?
(b) What is I, when Vg = Visom?
(c) If Vg is increased from —4 V to — 1 V, does I, increase or decrease?

20. For each circuit in Figure 7-58, determine Vg and V.

FIGURE 7-58

Multisim file circuits are identified with a CD logo and are in the Problems folder on your CD-ROM.
Filenames correspond to figure numbers (e.g., FO7-58).

21. Using the curve in Figure 7-59, determine the value of Rg required for a 9.5 mA drain current.

FIGURE 7-59 In

T

Ings = 15 mA

| i b=
-10V 0
VGsofn)

—Vas =

22. Setup a midpoint bias for a JFET with /g3 = 14 mA and Vasom = —10V. Use a 24 V dc

source as the supply voltage. Show the circuit and resistor values. Indicate the values of Iy,
Vs, and V.

23. Determine the total input resistance in Figure 7-60. I55s = 20 nA at Vgg = — 10 V.
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FIGURE 7-60

24. Graphically determine the Q-point for the circuit in Figure 7-61(a) using the transfer
characteristic curve in Figure 7-61(b).

FIGURE 7-61 I

Ihgs =5 mA

|
Vbp |
+6V _l

|

RD
820 O

Rg Ry
10 MQ) 3300

—V, - 3 | \ ! |
os 35V 0

VGsiofn
(a) (b)
25. Find the Q-point for the p-channel JFET circuit in Figure 7-62.

FIGURE 7-62

Ipgg = 10 mA

Voo
-9V

Rp
1.8 k(2
Rg Rs
10 MQ 390 Q)
0
)

> Vs

(a (b)
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SECTION 7-4

SECTION 7-5

26. Given that the drain-to-ground voltage in Figure 7-63 is 5V, determine the Q-point of the
circuit.

FIGURE 7-63

27. Find the Q-point values for the JFET with voltage-divider bias in Figure 7-64.

Ip

!

Ipgs =5 mA

v i o i | L Ly
GS 4V +4V a8
Vasioff)
€0}

FIGURE 7-64

The MOSFET

28. Draw the schematic symbols for n-channel and p-channel D-MOSFETSs and E-MOSFETs.
Label the terminals.

29. In what mode is an n-channel D-MOSFET with a positive V5 operating?
30. Describe the basic difference between a D-MOSFET and an E-MOSFET.
31. Explain why both types of MOSFETSs have an extremely high input resistance at the gate.

MOSFET Characteristics and Parameters
32. The data sheet for a certain D-MOSFET gives Vasom = —3 Vand Ipgg = 8 mA.
(a) Is this device p channel or 2 channel?
(b) Determine /y, for values of Vg ranging from —5 V to +5 V in increments of | V.

(¢) Plot the transfer characteristic curve using the data from part (b).
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33. Determine Ipgs, given Ip = 3 mA, Vg = —2V, and Vg, = —10 V.

34. The data sheet for an E-MOSFET reveals that Ip,,,, = 10 mA at Vg = —12V and Vg =
—3 V. Find I, when Vg = —6 V.

SECTION 7-6 MOSFET Biasing

35. Determine in which mode (depletion, enhancement or neither) each D-MOSFET in Figure
7-65 is biased.

+Vpp +Vbp -Vop

Rg Rs

(a)

FIGURE 7-65

(c) (@)

36. Each E-MOSFET in Figure 7-66 has a Vg, of +5V or —5V, depending on whether it is an
n-channel or a p-channel device. Determine whether each MOSFET is on or off.

FIGURE ?:66 e +10V 25V
0

10kQ 47KQ
Z47MO

‘ (5
flOMQ 1.0 MQ

37. Determine Vg for each circuit in Figure 7-67. Ings = 8 mA.

FIGURE 7-67

Vop Vop Vop
+12V +15V -9V
Rp Rp Rp
1.0kQ) 1.2k 560 02
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38. Find Vg and Vg for the E-MOSFETS in Figure 7—68. Data sheet information is listed with
each circuit.

Ion =3 MA@ Vgg =4V ¢
Vosam =2V

Ipen=2mA @ V=3V
Vosum =1.5V

(a) (b)

FIGURE_]’-&;_S

39. Based on the V5 measurements, determine the drain current and drain-to-source voltage for
each circuit in Figure 7-69.

+12V +8V
O

2.2k 4.7k

W@ Igss = 10 pA

FIGURE 7-69

40. Determine the actual gate-to-source voltage in Figure 7-70 by taking into account the gate
leakage current, Igss. Assume that Isgs 15 50 pA and Iy 1s 1 mA under the existing bias
conditions.

FIGURE 7-70 Voo

+15V
O

Rp

Rs 8.2k
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TROUBLESHOOTING PROBLEMS

Troubleshooting

41. The current reading in Figure 7-58(2) suddenly goes to zero. What are the possible faults?

42. The current reading in Figure 7-58(b) suddenly jumps to approximately 16 mA. What are the
possible faults?

43. If the supply voltage in Figure 7-58(c) is accidentally changed to —20 V, what would you see
on the ammeter?

44. You measure +10 V at the drain of the MOSFET in Figure 7-66(a). The transistor checks
good and the ground connections are okay. What can be the problem?

45. You measure approximately O V at the drain of the MOSFET in Figure 7-66(b). You can find

no shorts and the transistor checks good. What is the most likely problem?

SYSTEM APPLICATION PROBLEMS

46. The 100 uF capacitor on the pH sensor circuit board in Figure 7-51 has opened. What effect
could this have on the circuit operation? Explain.

47. Refer to Figure 7-53. What should be the output voltage of the pH sensor for a pH of 57 For
a pH of 97

48. Refer to the test bench setup in Figure 7-54. When measuring the voltage inputs to the pH
sensor circuits from the pH sensor in a test solution, you notice that the voltmeter indicates
values that are approximately half of what they should be for each circuit. After trying a new
sensor, the voltages are still half the expected value. What do you think is wrong?

49. Determine the voltage that would be measured at test point 6 on the circuit board in Figure
7-55 for a pH of 7 if the rheostat is incorrectly set to a value of 1 k. Assume typical values.

DATA SHEET PROBLEMS

50. What type of FET is the 2N5457?

51. Referring to the data sheet in Figure 7-14, determine the following:
(a) Minimum Vg o, for the 2N5457.
(b) Maximum drain-to-source voltage for the 2N5457.
(¢) Maximum power dissipation for the 2N5458 at an ambient temperature of 25°C.
(d) Maximum reverse gate-to-source voltage for the 2N5459.

52. Referring to Figure 7-14, determine the maximum power dissipation for a 2N5457 at an
ambient temperature of 65°C.

53. Referring to Figure 7-14, determine the minimum g, for the 2N5459 at a frequency of 1 kHz.

54. Referring to Figure 7-14, what is the typical drain current in a 2N5459 for Vg = 0V?

55. Referring to the data sheet in Figure 7-41, determine the minimum gate-to-source voltage at
which the MOSFET begins to conduct current.

56. Referring to Figure 741, what is the drain current when Vg = 10 V?

57. Referring to the data sheet in Figure 7-52, determine 7, in a 2N3797 when Vg = +3 V.
Determine I, when Vg = —2 V.

58. Referring to Figure 7-52, how much does the maximum forward transconductance of a
2N3796 change over a range of signal frequencies from 1 kHz to | MHz?

59. Referring to Figure 7-52, determine the typical value of gate-to-source voltage at which the

2N3796 will go into cutoff.
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FIGURE 7-71 Vop FIGURE 7-72

+12V

RD
10kQ

2N5457

R
5.6kQ)

ADVANCED PROBLEMS

60. Find Vg and Vg in Figure 7-71 using minimum data sheet values.
61. Determine the maximum /p and Vg for the circuit in Figure 7-72.

62. Determine the range of possible Q-point values from minimum to maximum for the circuit in
Figure 7-71.

63. Find the typical drain-to-source voltage for the pH sensor circuits in Figure 7-54 when a pH of S is
measured. Assume the rheostats are set to produce 7 V at the drains when a pH of 7 is measured.

64. Design a MOSFET circuit with zero bias using a 2N3797 that operates from a +9 V dc supply
and produces a Vg of 4.5 V. The maximum current drawn from the source is to be | mA.

65. Design a circuit using a 2N7008 MOSFET and a +12 V dc supply voltage with voltage-divider
bias that will produce +8 V at the drain and draw a maximum current from the supply of 20 mA.

MULTISIM TROUBLESHOOTING PROBLEMS

These file circuits are in the Troubleshooting Problems folder on your CD-ROM.
66. Open file TSPO7-66 and determine the fault.
67. Open file TSPO7-67 and determine the fault.
68. Open file TSPO7-68 and determine the fault.
69. Open file TSPO7-69 and determine the fault.
70. Open file TSPO7-70 and determine the fault.
71. Open file TSPO7-71 and determine the fault.
72. Open file TSPO7-72 and determine the fault.
73. Open file TSPO7-73 and determine the fault.
74. Open file TSP07-74 and determine the fault.

ANSWERS
SECTION REVIEWS

SECTION 7-1 The JFET
1. Drain, source, and gate
2. An n-channel JFET requires a negative V.

3. I is controlled by V.

SECTION 7-2 )FET Characteristics and Parameters
1. When Vjg = 7V at pinch-off and Vg = 0V, V, = =7 V.
2. As Vg increases negatively, /1, decreases.
3. For Vp = =3V, Vggom = +3 V.



SECTION 7-3

SECTION 7-4

SECTION 7-5

SECTION 7-6

SECTION 7-7

ANSWERS

JFET Biasing
1. A p-channel JFET requires a positive Vg,
2. Vgs=V5—Vg=0V —(8mA)(1.0kY) = -8V
3. Vg =V —Vg=3V—-5V=-2V

The MOSFET
1. Depletion MOSFET (D-MOSFET) and enhancement MOSFET (E-MOSFET)
2. Iy decreases.

3. I, increases.

MOSFET Characteristics and Parameters
1. The D-MOSFET has a structural channel; the E-MOSFET does not.
2. Vgsan and K are not specified for D-MOSFETs.
3. ESD is ElectroStatic Discharge.

MOSFET Biasing
1. When Vg5 = 0V, the drain current is equal to Jjygs-

2, Vgg must exceed Vg = 2V for conduction to occur.

Troubleshooting
1. Rgopen, no ground connection
2. Because Vg remains at approximately zero
3. The device is off and V[, = Vpp.

RELATED PROBLEMS FOR EXAMPLES

7-1 I, remains at approximately 12 mA.
72 Vp=—-4V
7-3 I =351 mA
7-4 g, = 1800 uS; Iy, = 4.32 mA
7-5 Ry = 150,000 MQ
76 Vpg =2V, Vgg= —3.12V
7-7 Rs=231Q
7-8 Ry =1889Q
7-9 Rs =586 Q; Ry = 1500 Q
7-10 Vgs=—-18V, ;=18 mA
7-11 Iy =181 mA, Vg = —1.99V
7-12 I =125mA, Vgg= —2.25V
7-13 (a) p channel (b) 6.48 mA (¢) 35.3 mA
7-14 I = 25 mA
7-15 Vps =56V
7-16 Vg =3.13V; Vg =223V
7-17 I =213 mA

CIRCUIT-ACTION QUIZ
L) 2 30 40 5@ 60d) 7@ 8@

SELF-TEST

1. (e) 2.(b) 3.(a) 4. (¢) 5.(d) 6. (c) 7.(a) 8. (¢ 9. (b)
10.(d) 11.(a) 12.(c) 13.(d) 14.(c) 15.(c) 16.(b) 17.(a) 18.(c)

® 385
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FET AMPLIFIERS

INTRODUCTION CHAPTER OUTLINE

The things you learned about biasing FETs in the last chapter 8-1  FET Amplification
are carried forward into this chapter where FET circuits are 8-2  Common-Source Amplifiers
used as small-signal amplifiers. Because of their high input

. - Co -Drain Amplifi
resistance and other characteristics, FETs are often preferred 8-3 mmon-Lirain Amplmers

over BJTs (bipolar junction transistors) for certain types of 8-4  Common-Gate Amplifiers
applications. 8-5  Troubleshooting

Many of the concepts that relate to amplifiers using BJTs m System Application
apply as well to FET amplifiers. The three FET amplifier

configurations are common-source, common-drain, and

common-gate. These are analogous to the common-emitter, OPTION: If Chapter 7 was postponed, this chapter may
common-collector, and common-base configurations in BJT also be postponed until after the portions of Chapters 9 and
amplifiers. 10 involving BJTs are covered.
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CHAPTER OBJECTIVES HEEN SYSTEM APPLICATION PREVIEW

Describe the amplification properties of a FET For the system application at the end of the chapter, you
will be evaluating the feasibility of replacing the BJT

Explain and analyze th ti f - FET
plain and analyze the operation of common-source amplifier in a public address system with a FET amplifier.

amplifiers

Explain and analyze the operation of common-drain FET

amplifiers

VISIT THE COMPANION WEBSITE

Explain and analyze the operation of common-gate FET | Study aids for this chapter are available at

amplifiers
| http://www.prenhall.com/floyd
Troubleshoot FET amplifiers

KEY TERMS

Common-source
Common-drain
Source-follower

Common-gate
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8-1

FET AMPLIFIERS

FET AMPLIFICATION

Equation 8-1

In this section, you will learn about the amplification properties of FETs and how the
gain is affected by certain parameters and circuit components. We will simplify the
FET to an equivalent circuit to get to the essence of its operation.

After completing this section, you should be able to
= Describe the amplification properties of a FET
m Discuss FET parameters using an equivalent circuit

» Discuss the voltage gain of a FET

Describe the effect of internal drain-to-source resistance on the voltage gain

Describe the effect of external source resistance on the voltage gain

The transconductance is defined as g,, = Al /AVss. In ac quantities, g,, = I,/V,. By re-
arranging the terms,

Id = gmv

3%

This equation states that the output current, /,;, equals the input voltage, V.

> multiplied by
the transconductance, g,,.

Equivalent Circuit

A FET equivalent circuit representing the relationship in Equation 8-1 is shown in Figure
8-1. In part (a), the internal resistance, r,,, appears between the gate and source, and a cur-
rent source equal to g,,V,, appears between the drain and source. Also, the internal drain-
to-source resistance, 1y, is included. In part (b), a simplified ideal model is shown. The
resistance, ry;, is assumed to be infinitely large so that there is an open circuit between the
gate and source. Also, ry; is assumed large enough to neglect.

FIGURE 8-1

elv)

Internal FET equivalent circuits.

Go
»_‘ b
Y 1

- 3 . O

S S

(a) Complete (b) Simplified

Voltage Gain

An ideal FET equivalent circuit with an external ac drain resistance is shown in Figure 8-2.

The ac voltage gain of this circuit is V,,,/V,, where V,, = V, and V,,, = V,. The voltage
gain expression is, therefore,

A‘, — V(I\_'
v,



From the equivalent circuit,

V(/s = [dR(/

and from the definition of transconductance,

Ly
Voo = 5

$n

FIGURE 8-2

Simplified FET equivalent circuit with
an external ac drain resistance.

Substituting the two preceding expressions into the equation for voltage gain yields

Ide — gm[de
’ ld/gm I(/
A\v = ngd

I EXAMPLE 8-1

Solution

Related Problem *

Effect of rj, on Gain

FET AMPLIFICATION

Equation 8-2

A\r = ngzl = (4 ms) (15 kQ) =6

What is the ideal voltage gain when g,, = 6000 wS and R, = 2.2 k}?

A certain JFET has a g,, = 4 mS. With an external ac drain resistance of 1.5 k{), what
is the ideal voltage gain?

"Answers are at the end of the chapter.

If the internal drain-to-source resistance of a FET is taken into account, it appears in paral-
lel with R,, as indicated in Figure 8-3. If r/, is not sufficiently greater than R, (at least 10
times greater), the gain is reduced from the ideal case of Equation 8-2 to the following:

A = Ryryy
v Em R({ + r(,{;

FIGURE 8-3

FET equivalent circuit including the

internal drain-to-source resistance,

rg» Which appears in parallel with R,.

389
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I EXAMPLE 8-2
The JFET in Example 8-1 has an ry, = 10 k€. Determine the voltage gain when i, is

taken into account.

Solution  The ry, is effectively in parallel with the external ac drain resistance R,. Therefore,

~ Ry \ (15kQ)(10kQ) ~
A, = g,,,(Rd . r},_r> = (4 mS)( k0 + 10ka | = (4mS)(1.3kQ) =52

The voltage gain is reduced from a value of 6 (Example 8—1) because ry, is in paralle]
with R,

Related Problem A JFET hasag, = 6 mS, an ry, = 5 k{), and an external ac drain resistance of
1.0 k2. What is the voltage gain?

Effect of External Source Resistance on Gain

Including an external resistance from a FET’s source terminal to ground results in the equiv-
alent circuit of Figure 8—4. Examination of this circuit shows that the total input voltage be-
tween the gate and ground is

Vin = Vgs + I(IRS
The output voltage taken across R; is
Vom = Ide

Therefore, the formula for voltage gain is developed as follows:

A = voul _ 1(IR(/ _ gl”vg&Rd _ gmvg.rR(l
' Vin Vgs + IdRs vg.\' + gnngsRs Vg:(l + ngA')
IHIR
Equation 8-3 A = Sl
l + g’NRS
FIGURE 8-4 D
§
l boams
|
3 Iy= '
h_ ) R
vy Vo ’
oy 1.5kQ
RS
560 2

| EXAMPLE 8-3
Use the FET equivalent circuit shown in Figure 84 to determine the voltage gain

when the output is taken across R, Neglect r,.

Solutionn  There is an external source resistor, so the voltage gain is

_ &R (4mS)(15kQ) 6 6
I+g,R 1+ (4mS)(560Q) 1 +224 324

v

= 1.85
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This is the same circuit as in Example 8—1 except for R,. As you can see, R, reduces
the voltage gain from 6 (Example 8-1) to 1.85.

Related Problem  For the circuit in Figure 84, g, = 3.5 mS, R, = 330 Q, and R, = 1.8 k(2. Find the
voltage gain when the output is taken across R,. Neglect r;.

SECTION 8&-1
REVIEW 1. One FET has a transconductance of 3000 uS and another has a transconductance

Answers are at the end of 3.5 mS. Which one can produce the higher voltage gain, with all other circuit
of the chapter. components the same?

2. A FET circuit has a g,, = 2500 uS and an R, = 10 k(1. ldeally, what voltage gain can
it produce?

3. Two FETs have the same g,,.. One has an r), = 50 k() and the other has an
ry, = 100 kQ under the same conditions. Which FET can produce the higher
voltage gain when used in a circuit with R, = 10 k2?

8-2 COMMON-SOURCE AMPLIFIERS

Now that you have an idea of how a FET functions as a voltage-amplifying device,
let’s look at a complete amplifier circuit. The common-source (CS) amplifier
discussed in this section is comparable to the common-emitter BJT amplifier that you
studied in Chapter 6.

After completing this section, you should be able to

= Explain and analyze the operation of common-source FET amplifiers
® Analyze JFET and MOSFET CS amplifiers

® Determine the dc values of a CS amplifier

% Develop an ac equivalent circuit and determine the voltage gain of a CS amplifier

| ]

Describe the effect of an ac load on the voltage gain
= Discuss phase inversion in a CS amplifier

# Determine the input resistance of a CS amplifier

A common-source amplifier is one with no source resistor, so the source is connected i
to ground. A self-biased common-source n-channel JFET amplifier with an ac source ca-
pacitively coupled to the gate is shown in Figure 8-5(a). The resistor, R, serves two pur-
poses: It keeps the gate at approximately 0 V dc (because /54 is extremely small), and its
large value (usually several megohms) prevents loading of the ac signal source. The bias
voltage is produced by the drop across Rs. The bypass capacitor, C,, keeps the source of the
FET effectively at ac ground.
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FIGURE 8-5

JFET common-source amplifier.

in

(a) Schematic (b) Voltage waveform relationship

The input signal voltage causes the gate-to-source voltage to swing above and below its
Q-point value (Vgsq), causing a corresponding swing in drain current. As the drain current in-
creases, the voltage drop across Ry also increases, causing the drain voltage to decrease. The
drain current swings above and below its Q-point value in phase with the gate-to-source volt-
age. The drain-to-source voltage swings above and below its Q-point value (Vpgp) and is 180°
out of phase with the gate-to-source voltage, as illustrated in Figure 8-5(b).

A Graphical Picture The operation just described for an n-channel JFET is illustrated graph-
ically on both the transfer characteristic curve and the drain characteristic curve in Figure 8-6.
Part (a) shows how a sinusoidal variation, V,,, produces a corresponding sinusoidal variation
in I,. As V,, swings from its Q-point value to a more negative value, I, decreases from its Q-
point value. As V,, swings to a less negative value, I, increases. Figure 8-6(b) shows a view of
the same operation using the drain curves. The signal at the gate drives the drain current equally
above and below the Q-point on the load line, as indicated by the arrows. Lines projected from
the peaks of the gate voltage across to the I, axis and down to the Vi axis indicate the peak-
to-peak variations of the drain current and drain-to-source voltage, as shown.

Ip
Ip
j— Ipss f -
/ B |
b ™ i
If’ -\_\.
/ ; AN
[/ . f / "\
‘T T g = )
fi / 1N /\
/ ~, Ji A
£ — () f Y -
{ | - - !
5 Em Ing e [ {dsAmg s | N —7 YosQ
11 j H T T
ol / | S N
e I I e ¥ S o I ! . N/
/‘I o / I : I\\
‘ P ! S
v, pam | 1| : : [ e v
—YGS VI = T 0 0 T T 0 DS
GS(off) - ‘ : — |
N - »
A | T
(. |
' !
Vs { 51
' |
Vbso
(a) JFET (n-channel) transfer characteristic curve (b) JFET (n-channel) drain curves showing signal operation
showing signal operation
FIGURE 8-6

JFET characteristic curves.
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DC Analysis

To analyze the amplifier in Figure 8-7, you must first determine the dc bias values. To do
this, develop a dc equivalent circuit by replacing all capacitors with opens, as shown in
Figure 8-8. First, you must determine I, before you can do any analysis. If the circuit is
biased at the midpoint of the load line, you can calculate I, using /g5 from the FET data
sheet as follows:

In = > Equation 8-4
Otherwise, you must determine I, from circuit parameter values, which is tedious be-
cause Equation 8-5 must be solved for /. (This equation is derived by the substitu-
tion of Vg = IR into Equation 7-1.) A solution of the equation for [, involves

expanding it into a quadratic form and then finding the root of the quadratic, as de-
veloped in Appendix B.

IbRs \?
p = Ipss| 1 — Equation 8-5
Vasotr)

+Vop

FIGURE 8-7 FIGURE 8-8

JFET common-source amplifier.

DC equivalent circuit for the amplifier in Figure 8-7.

Calculator Solution Equation 8-5 can be solved for I, using a calculator. For a calcula-
tor other than the TI-86, consult the user’s manual to determine if it has equation-solving
capability. The sequence of keystrokes for a TI-86 is as follows:

C = ------
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FIGURE §-9

AC equivalent for the amplifier in

Figure 8-7.

Equation 8-6

The screen will appear as follows:

ID=IDSS*(1—(-ID*RS/V...
ID=

IDSS=

RS=

VGSOFF=

‘bound=(-1e99, 1£99)

|arapH| winp | zoow | TRacE|soLvE]

Use the up/down arrow keys to move the blinking cursor to the IDSS= and enter the
value in amps. Next, move the cursor to the RS = and enter the value in ohms. Finally, move
the cursor to the VGSOFF= and enter the absolute value in volts (do not include the sign
if negative). Move the cursor back up to ID= but do not enter a value. Select SOLVE with
the [ key. The value of ID will appear.

AC Equivalent Circuit

To analyze the signal operation of the amplifier in Figure 8-7, develop an ac equivalent cir-
cuit as follows. Replace the capacitors by effective shorts, based on the simplifying as-
sumption that X = 0 at the signal frequency. Replace the dc source by a ground, based on
the assumption that the voltage source has a zero internal resistance. The Vy, terminal is at
a zero-volt ac potential and therefore acts as an ac ground.

The ac equivalent circuit is shown in Figure 8-9(a). Notice that the + V};p end of R, and
the source terminal are both effectively at ac ground. Recall that in ac analysis, the ac
ground and the actual circuit ground are treated as the same point.

(a)

Signal Voltage at the Gate An ac voltage source is shown connected to the input in
Figure 8-9(b). Since the input resistance to a FET is extremely high, practically all of the
input voltage from the signal source appears at the gate with very little voltage dropped
across the internal source resistance.

Vg.x = Vin
Voltage Gain The expression for FET voltage gain that was given in Equation 8-2 ap-
plies to the common-source amplifier.

A\' = ngd
The output signal voltage V,, at the drain is

Voul = Vd: =AY

vVes
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or
Voul = ngdVi
where R, = Rp|R,and V,, = V..

| EXAMPLE 8-4
What is the total output voltage of the unloaded amplifier in Figure 8-107 For this

particular JFET, /g5 is 12 mA and Vo is =3 V.

1

FIGURE 8-10

Solution  First, find the dc output current using a calculator. When Equation 8-5 is solved with
the parameter values given, I, = 1.96 mA. Using this value, calculate Vi,

Vp = Vpp — IpRp = 12V — (1.96 mA)(3.3kQ) = 5.53V
Next, calculate g,, as follows:

Vgs = —IpRs = —(1.96 mA)(910 Q) = —1.78 V

Upes  2(12mA)
8mo = = T = 8 mS
‘VGS(ot'f) ‘ 3

Em = 8mo 1 —- ==
( VGS(oﬂ')

~1.78 V
= (8 mS)(l - == ) =325m$S

Finally, find the ac output voltage.

Vo = AV = 2, RpVin = (3.25 m$)(3.3 kQ)(100 mV) = 1.07 V rms

our — hvVin in

The total output voitage is an ac signal with a peak-to-peak value of 1.07 V x 2.828 =
3.03 V, riding on a dc level of 5.53 V.

Related Problem  What will happen in the amplifier of Figure 8-10 if a transistor with Vgem = —2V is
used? Assume the other parameters are the same.

ll Open the Multisim file E08-04 in the Examples folder on your CD-ROM. Using
‘ the specified input voltage, measure the output voltage and compare with the

calculated value.
| —
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FIGURE 8-11

JFET amplifier and its ac equivalent.

| EXAMPLE 8-5

Solution

Related Problem

Effect of an AC Load on Voltage Gain

When a load is connected to an amplifier’s output through a coupling capacitor, as shown
in Figure 8-11(a), the ac drain resistance is effectively Ry, in parallel with R; because the
upper end of Ry, is at ac ground. The ac equivalent circuit is shown in Figure 8-11(b). The

total ac drain resistance is
R(I =
Rp + R,

The effect of R, is to reduce the unloaded voltage gain, as Example 8-5 illustrates.

+Yop

MWy

RplIR,

n

(a) (b)

If a 4.7 k) load resistor is ac coupled to the output of the amplifier in Example 84,
what is the resulting rms output voltage?

The ac drain resistance is

3.3 k) (4.7 kO
RoR _ | i ) _ Loskn

" Ro + R, 8 kQ

R d

Calculation of V,,, yields
Vow = AV, = 2,8V = (325 mS)(1.94 k(1)(100 mV) = 631 mV rms

our viom
The unloaded ac output voltage was 1.07 V rms in Example 84,
If a 10 k€} load resistor is ac coupled to the output of the amplifier in Example 8—4
and the JFET is replaced with one having a g,, = 3000 wS, what is the resulting rms

output voltage?

Phase Inversion

The output voltage (at the drain) is 180° out of phase with the input voltage (at the gate).
The phase inversion can be designated by a negative voltage gain, —A,. Recall that the
common-emitter BJT amplifier also exhibited a phase inversion.

Input Resistance

Because the input to a common-source amplifier is at the gate, the input resistance is ex-
tremely high. Ideally, it approaches infinity and can be neglected. As you know, the high in-
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put resistance is produced by the reverse-biased pn junction in a JFET and by the insulated
gate structure in a MOSFET. The actual input resistance seen by the signal source is the
gate-to-ground resistor, Rg, in parallel with the FET’s input resistance, Vg/Igss- The reverse
leakage current, /5gs, is typically given on the data sheet for a specific value of Vg so that
the input resistance of the device can be calculated.

_ Vos .
R, = Rgl Equation 8-7
Igss

| EXAMPLE 8-6

FIGURE 8-12

What input resistance is seen by the signal source in Figure 8-12? I5ss = 30 nA at

¢

0.1 uF R,
10k

R Cs

100 Q 10 uF

Solution  The input resistance at the gate of the JFET is

_Yes _ 10V
) = 1o 30nA

Ry = 333 MQ

The input resistance seen by the signal source is

Ry = Rg | Rineaey = 10 MQ | 333 MQ = 9.7 MQ

Related Problem  How much is the total input resistance if Iqss = 1 nA at Vgg = 10 V?

D-MOSFET Amplifier Operation

A zero-biased common-source n-channel D-MOSFET with an ac source capacitively cou-
pled to the gate is shown in Figure 8—13. The gate is at approximately 0 V dc and the source
terminal is at ground, thus making Vs = 0 V.

+Vbp FIGURE 8-13
Zero-biased D-MOSFET common-

source amplifier.

Ry ¢,

G
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FIGURE 8-14

Depletion-enhancement operation
of D-MOSFET shown on transfer
characteristic curve.

I EXAMPLE 8-7

FIGURE B-15

Solution

The signal voltage causes V,, to swing above and below its zero value, producing a swing
in I, as shown in Figure 8-14. The negative swing in V,, produces the depletion mode, and
1, decreases. The positive swing in V, produces the enhancement mode, and /, increases. Note
that the enhancement mode is to the right of the vertical axis (Vgg = 0), and the depletion
mode is to the left. The dc analysis of this amplifier is somewhat easier than for a JFET be-
cause I, = Ipgg at Vg = 0. Once [}, is known, the analysis involves calculating only Vp,

Vb = Vpp — IpRp

The ac analysis is the same as for the JFET amplifier.

Vs

Ip
g/
= F
&S
___:_:-"_/

. & ;'Il" ___________

/ I \\

S

—-r——\——/——————

|
Y
/N H 1

| |
! |
| |
! |
! 01
: T +Vas
- |
4 |
N |
| ]
! A
| |

The particular D-MOSFET used in the amplifier of Figure 8-15 has an Ipgs of 200 mA
and a g,, of 200 mS. Determine both the dc drain voltage and ac output voltage. V;, =

500 mV.

Since the amplifier is zero-biased,

and, therefore,

The ac output voltage is

Voo — IpRp = 15V — (200mA)(33 Q) = 84V
Rp| R, =330Q]82kQ =3290

Vour = 8:qViy = (200 mS)(32.9 2)(500 mV) = 3.29 V
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If a D-MOSFET with g,, = 100 mS and Iss = 100 mA replaces the one in this

Related Problem
example, what is the ac output voltage when V;, = 500 mV?

he dc drain voltage with no input signal. Then measure the ac output voltage with

Ppen the Multisim file E08-07 in the Examples folder on your CD-ROM. Measure
t
an rms input voltage of 500 mV. Compare with the calculated values.

E-MOSFET Amplifier Operation

A common-source n-channel E-MOSFET with voltage-divider bias with an ac source ca-
pacitively coupled to the gate is shown in Figure 8-16. The gate is biased with a positive

voltage such that Vg > Vigg-

FIGURE 8-16

Common-source E-MOSFET
amplifier with voltage-divider bias.

As with the JFET and D-MOSFET, the signal voltage produces a swing in V,; above and
below its Q-point value, Vg5q. This, in turn, causes a swing in I, above and below its Q-point
value, Ipq, as illustrated in Figure 8-17. Operation is entirely in the enhancement mode.

FIGURE 8§-17

Iy
E-MOSFET (n-channel) operation
| shown on transfer characteristic
Enbineemen / curve.
/
.J‘
S N s |
0 j.r'J:
lpogey—nf——-~—-———— -+ !
F A :
Al
S|
‘_/_.-'_____—___—__“_~__——_/"( | :
' pa : I
N
T
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| EXAMPLE 8-8
Transfer characteristic curves for a particular n-channel JFET, D-MOSFET, and

E-MOSFET are shown in Figure 8—18. Determine the peak-to-peak variation in I,
when V,, is varied 1V about its Q-point value for each curve.

Ip (mA) Ip (mA) Ip (mA)
5 A e
9L / 71
4 8_.
L 34 7t / 67 /
D/ -3 6F 57
L ? 5% 39 44 — =
A1 O4la 3 0 /i
il 25/5 13 SE D £
AR /T2 =T A
e L 14 R
“Ves (V) A [ “Ves (V) il +Vgs (V) o [ Vas (V)
’—". T T T = |l T T 1 T T 17T |‘ { T T 1 €T lT‘l T 17 1 1T i v r 1 17
9 -7 -5 i-2-1 0 -7 -5 -3 - 0l23456 0 12345671910 12 14
(a) JFET (b) D-MOSFET (c) E-MOSFET

FIGURE 8-18

Solution (a) The JFET Q-pointis at Vgg = —2V and Iy = 2.5 mA. From the graph in Figure
8-18(a), Ip = 3.4 mA when Vg5 = —1V,and I = 1.8 mA when Vg = —3 V.
The peak-to-peak drain current is therefore 1.6 mA.

(b) The D-MOSFET Q-point is at Vg = 0V and I, = Igs = 4 mA. From the graph
in Figure 8-18(b), I = 2.5 mA when Vg = —1 V, and I, = 5.3 mA when Vg =
+1 V. The peak-to-peak drain current is therefore 2.8 mA.

(¢) The E-MOSFET Q-point is at Vgg = +8 V and I, = 2.5 mA. From the graph in
Figure 8-18(c), I = 3.9 mA when Vg = +9 V, and I = 1.7 mA when Vg =
+7 V. The peak-to-peak drain current is therefore 2.2 mA.

Related Problem  As the Q-point is moved toward the bottom end of the curves in Figure 8-18, does the
variation in /j, increase or decrease for the same *1 V variation in Vg? In addition to
the change in the amount that /j, varies, what else will happen?

The circuit in Figure 8-16 uses voltage-divider bias to achieve a Vg above threshold.
The general dc analysis proceeds as follows using the E-MOSFET characteristic equation
(Equation 7-4) to solve for Iy,

Ve = (7& )v
GS R[ + R2 DD
In = K(Vgs = Vasm)?
Vbs = Vob — IpRp

The voltage gain expression is the same as for the JFET and D-MOSFET circuits. The ac
input resistance is
Equation 8_8 Rin = Rl ” RZ ” RlN(gale)

where Rinue) = Vos/loss-
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I EXAMPLE 8-9
A common-source amplifier using an E-MOSFET is shown in Figure 8-19. Find Vg,

I, Vs, and the ac output voltage. Assume that for this particular device, Ip,y =
200 mA at Vs =4V, Vg = 2 V,and g, = 23 mS. V,, = 25 mV.

FIGURE B-19

. R, 8.2 k)
Solution Vas = m Voo = 552 K0) 15V =223V
For VGS =4 V,
] on 200 mA 5
K — = 50mA/V2

N (Vcs - VGS(m))2 - (4V - 2V)2
Therefore,
In = K(Vgs — Vosay)® = (50mA/V?)(2.23 V = 2V)? = 2.65 mA
Vos = Vpop — IpRp = 15V — (2.65mA)(3.3kQ}) = 6.26 V
R, = Ry| R, = 33kQ|33kQ =3k
The ac output voltage is

V., = AV, =g, RV, = (23 mS$)(3 k)25 mV) = 1.73V

ont v

Related Problem  For the E-MOSFET in Figure 8-19, Ip,y = 100 mA at Vgg = 5V, Vg = 1V, and
g, = 10 mS. Find Vs, Iy, Vs, and the ac output voltage. V,, = 25 mV.

Open the Multisim file EQ8-09 in the Examples folder on your CD-ROM. ‘
Determine /I, Vps, and V,,,, using the specified value of V. Compare with the \
calculated values.

i SECTION 8-2
REVIEW 1. When V., is at its positive peak, at what points are I, and V7

2. What is the difference between V,, and V?

3. Which of the three types of FETs can operate with a gate-to-source Q-point value
of 0 V?

4. What factors determine the voltage gain of a common-source FET amplifier?

5. A certain amplifier has an Ry = 1.0 k(2. When a load resistance of 1.0 k() is
capacitively coupled to the drain, how much does the gain change?




402 =

8-3

FET AMPLIFIERS

COMMON-DRAIN AMPLIFIERS

Equation 8-9

The common-drain (CD) amplifier covered in this section is comparable to the common-
collector BIT amplifier. Recall that the CC amplifier is called an emitter-follower.
Similarly, the common-drain amplifier is called a source-follower because the voltage at
the source is approximately the same amplitude as the input (gate) voltage and is in
phase with it. In other words, the source voltage follows the gate input voltage.

After completing this section, you should be able to

= Explain and analyze the operation of common-drain FET amplifiers
= Analyze a CD amplifier

® Determine the voltage gain of a CD amplifier

® Determine the input resistance of a CD amplifier

A common-drain JFET amplifier is one that has no drain resistor, as shown in Figure
8-20. A common-drain amplifier is also called a source-follower. Self-biasing is used in this
particular circuit. The input signal is applied to the gate through a coupling capacitor, C,, and
the output signal is coupled to the load resistor through C,.

FIGURE 8-20 +Vop

JFET common-drain amplifier
(source-follower). c

Voltage Gain

As in all amplifiers, the voltage gain is A, = V,,,/V,,. For the source-follower, V,,, is IR,

and V,, is V,, + [,R, as shown in Figure 8-21. Therefore, the gate-to-source voltage gain

is IR (Vo + I,R,). Substituting 1, = g,,V,, into the expression gives the following result:
&V oRs

v =
ng + g"lvg.SR.S
The V,, terms cancel, so

_ ngx
L+ ngx

g

Notice here that the gain is always slightly less than one. If g,,R, >> 1, then a good approxima-
tion is A, = 1. Since the output voltage is at the source, it is in phase with the gate (input) voltage.

FIGURE 8-21

Voltages in a common-drain
amplifier with a load resistor shown

combined with R;.
R, =R IR,
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Input Resistance

Because the input signal is applied to the gate, the input resistance seen by the input signal
source is extremely high, just as in the common-source amplifier configuration. The gate re-
sistor, Rg, in parallel with the input resistance looking in at the gate is the total input resistance.

Rin = Rg || Ringgney Equation 8-10

where R}N(gale) = Vcsllcss.

EXAMPLE 8-10

Determine the voltage gain of the amplifier in Figure 8-22 using the data sheet
information in Figure 8-23. Also, determine the input resistance. Use minimum data
sheet values where available. V5 1s negative because it is a p-channel device.

FIGURE 8-22

VoD
-10V

2N5460
C

Electrical Characteristics (Ty= 25°C unless otherwise noted.)

Characteristic Symbol | Min | Typ | Max | Unit
OFF Characteristics
Gate-Source breakdown voltage ViBRIGSS Vde
(I =10 pAde. Vpg=0) 2N5460, 2N5461, 2N5462 40 - -
2N5463, 2N5464, 2N5465 60 - -
Gate reverse current less
(Vs =20 Vdc, Vs =0) 2N5460, 2N5461. 2N5462 ) - = 5.0 nAdc
(Vgs =30V dc. Vg =0) 2N5463. 2N5464, 2N5465 - 5.0
(Vg =20V dc, ¥y =0,T, = 00°C) 2N5460. 2N5461, 2N5462 - = 1.0 HA de
(Vs =30 Vde, Vg = 0. T, = 100°C) 2N35463. 2N5464, 2N5465 - - 1.0
Gate-Source cutoff voliage Vésioffy Vde
(Vps =15V de. [ = 1.0 uA de) 2N5460, 2N5463 0.75 - 6.0
2N5461, 2N5464 1.0 - 7.5
2N5462, 2N5465 .8 - 9.0
Gate-Source voltage Vas
(Vpg = 15 Vde, Ip=0.1 nA dc) 2N5460, 2N5463 ) 0.5 - 4.0 Vdc
(Vps =15V de, I, =0.2 mA de) 2N5461, 2N5464 0.8 - 4.5
Vgs =15Vdc. ID =0.4 mA dc) 2N5462. 2N5465 1.5 ~ 6.0
ON Characteristics
Zero-gate-voltage drain current Ipss mA dc
(Vpg =15V dc, Vg =0, 2N5460, 2N5463 -1.0 - -5.0
f=1.0kHz) 2N5461, 2N5464 -20 - -9.0
2N5462, 2N5465 -4.0 - - 16
Small-Signal Characteristics
Forward transfer admittance 1Yl pmhos
(Vps =15V de, Vgg=0. /= [.OKHz) 2N5460, 2N5463 1000 - 4000 or
2N5461. 2N5464 1500 - 5000 us
2N3462, 2N54635 2000 - 6000
Output admittance 1Yl - - 75 pmhos or
(Vs = 15V dc. Vg = 0. F= 1.0 kHz) “s
Input capacitance C’.Lr ~ 50 7.0 pF
(Vg =15V de, Vg5 =0, f= 1.0 MHz)
Reverse lransfer capacitance Cys - 1.0 2.0 pF
(Vps =15V de. Vg =0.f=1.0MH2)

FIGURE 8-23

403

Partial data sheet for the 2N5460~2N5465 p-channel JFETs.
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Solution

Related Problem

ISECTION 8-3
REVIEW

Since R, >> R, R, = Rg. From the partial data sheet in Figure 8-23, g, = y; = (000 uS
(minimum). The voltage gain is

A = g/nRS _ (1000,&8)(101{9)
"1+ g,Rs 1+ (1000 u8)(10kQ)

= 0.909

From the data sheet, /555 = 5 nA (maximum) at Vo5 = 20 V. Therefore,

Ves 20V
Rivgene) = T2 = = 4000 MO
s Isss  S1nA

R[l\' = RG H RlN(gale) =10 MQ || 4000 MQ = 10 MQ

If the maximum value of g,, of the 2N5460 JFET in the source-follower of Figure
8-22 is used, what is the voltage gain?

Open the Multisim file E08-10 in the Examples folder on your CD-ROM. Measure
the voltage gain using an input voltage of 10 mV rms to see how it compares with
the calculated value.

1. What is the ideal maximum voltage gain of a common-drain amplifier?

2. What factors influence the voltage gain of a common-drain amplifier?

8-4 COMMON-GATE AMPLIFIERS

The common-gate FET amplifier configuration introduced in this section is
comparable to the common-base BJT amplifier. Like the CB, the common-gate (CG)
amplifier has a low input resistance. This is different from the CS and CD
configurations, which have very high input resistances.

After completing this section, you should be able to

Explain and analyze the operation of common-gate FET amplifiers
= Analyze a CG amplifier
® Determine the voltage gain of a CG amplifier

= Determine the input resistance of a CG amplifier

A self-biased common-gate amplifier is shown in Figure 8~24. The gate is connected
directly to ground. The input signal is applied at the source terminal through C,. The out-
put is coupled through C, from the drain terminal.



FIGURE 8-24
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JFET common-gate amplifier.

Voltage Gain
The voltage gain from source to drain is developed as follows:
A = Vou _ & _ 1R, _ gmvgst
‘ Vi Vgs Vgs Vg.s
Av = ngd

Equation 8-11

where R; = Ry, | R,. Notice that the gain expression is the same as for the common-source

JFET amplifier.

Input Resistance

As you have seen, both the common-source and common-drain configurations have ex-
tremely high input resistances because the gate is the input terminal. In contrast, the common-
gate configuration where the source is the input terminal has a low input resistance. This is
shown as follows. First, the input current is equal to the drain current.

1

IHZI

5

= Id = gmv

&8
Second, the input voltage equals V..

V., =V

n gs
Therefore, the input resistance at the source terminal is

Ves

Rin(som‘ce) - 1%
Em Vs

_ Vin
Iiu
[

Rin(:om'ce) - ;)_

m

If, for example, g,, has a value of 4000 uS, then

R = 2500

in(source) 4000 ,LLS

Equation 8-12

405
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| EXAMPLE 8-11
Determine the minimum voltage gain and input resistance of the amplifier in Figure

8-25. Vpp is negative because it 1s a p-channel device.

FIGURE 8-25

Solution  From the data sheet in Figure 8-23, g,, = 2000 S minimum. This common-gate
amplifier has a load resistor, so the effective drain resistance is Ry, | R, and the
minimum voltage gain is

A, = g,(Rp|| R = (2000 uS)(10 kO | 10 k) = 10
The input resistance at the source terminal is

1 1
Ristsonrce) = = = 500 = 500 Q)
in{source) S 2000 uS

The signal source actually sees Rg in parallel with K;
resistance is

so the total input

n(sourcey

Rin = Rin(,murce) ” RS = 500 Q “ 47 kQ = 452 Q

Related Problem  What is the input resistance in Figure 8-25 if Rg is changed to 10 k{2?

Open the Multisim file E08-11 in the Examples folder on your CD-ROM. Measure
the voltage using a 10 mV rms input voltage.

SECTION 8-4
REVIEW 1. What is a major difference between a common-gate amplifier and the other two

configurations?

2. What common factor determines the voltage gain and the input resistance of a
common-gate amplifier?
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8-5 TROUBLESHOOTING

A technician who understands the basics of circuit operation and who can, if
necessary, perform basic analysis on a given circuit is much more valuable than one
who is limited to carrying out routine test procedures. In this section, you will see how
to test a circuit board that has only a schematic with no specified test procedure or
voltage levels. In this case, basic knowledge of how the circuit operates and the ability
to do a quick circuit analysis are useful.

After completing this section, you should be able to

= Troubleshoot FET amplifiers
= Troubleshoot a two-stage CS amplifier

m Relate a schematic to a circuit board

Assume that you are given a circuit board pulled from the audio amplifier section of a
sound system and told simply that it is not working properly. Obtain the system schematic
and locate this particular circuit on it. The circuit is a two-stage FET amplifier, as shown in
Figure 8-26.

FIGURE 8-26

A two-stage FET amplifier circuit.

The problem is approached in the following sequence.

Step 1: Determine what the voltage levels in the circuit should be so that you know
what to look for. First, pull a data sheet on the particular transistor (assume both
Q, and @, are found to be the same type of transistor) and determine the g,, so
that you can calculate the typical voltage gain. Assume that for this particular
device, a typical g,, of 5000 w8 is specified. Calculate the expected typical volt-
age gain of each stage (notice they are identical) based on the typical value of
g, The g,, of actual devices may be any value between the specified minimum
and maximum values. Because the input resistance is very high, the second
stage does not significantly load the first stage, as in a BJT amplifier. So, the
unloaded voltage gain for each stage is

A, = g,R, = (5000 uS)(1.5 k) = 7.5
Since the stages are identical, the typical overall gain should be
A, = (75)(75) = 563

We will ignore dc levels at this time and concentrate on signal tracing.
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FIGURE 8-27

Oscilloscope displays of signals in the
two-stage FET amplifier.

Step 2:

Step 3:

Arrange a test setup to permit connection of an input test signal, a dc supply
voltage, and ground to the circuit. The schematic shows that the dc supply
voltage must be +12 V. Choose 10 mV rms as an input test signal. This value
is arbitrary (although the capability of your signal source is a factor), but small
enough that the expected output signal voltage is well below the absolute
peak-to-peak limit of 12 V set by the supply voltage and ground (you know
that the output voltage swing cannot go higher than 12 V or lower than 0 V).
Set the frequency of the sinusoidal signal source to an arbitrary value in the
audio range (say 10 kHz) because you know this is an audio amplifier. The au-
dio frequency range is generally accepted as 20 Hz to 20 kHz.

Check the input signal at the gate of @, and the output signal at the drain of
@, with an oscilloscope. The results are shown in Figure 8-27. The measured

output voltage has a peak value of 226 mV. The expected typical peak output
voltage is

Voul = VinA\” = (1414 mV)(563) = 796 mV peak

The output is much less than it should be.

5 mV/div

=L =85 _.!___[.._...

EEINEEE

|50 mVidiv 50 paddiv

50 ps/div

10 mV rms @ 10 kHz

+12Vdc

Ground

100 mV/di

S0 psidiv




Step 4:

Step 5:

Trace the signal from the output toward the input to determine the fault.
Figure 8-27 shows the oscilloscope displays of the measured signal volt-
ages. The voltage at the gate of 0, is 106 mV peak, as expected (14.14 mV
x 7.5 = 106 mV). This signal is properly coupled from the drain of Q.
Therefore, the problem lies in the second stage. From the oscilloscope dis-
plays, the gain of @, is much lower than it should be (213 mV/100 mV =
2.13 instead of 7.5).

Analyze the possible causes of the observed malfunction. There are three pos-
sible reasons the gain is low:

1. O, has a lower transconductance (g,,) than the specified typical value.
Check the data sheet to see if the minimum g,, accounts for the lower
measured gain.

Rs has a lower value than shown on the schematic.

3. The bypass capacitor C, 1s open.

L

The only way to check the g, is by replacing O, with a new transistor of
the same type and rechecking the output signal. You can make certain that Ry
is the proper value by removing one end of the resistor from the circuit board
and measuring the resistance with an ohmmeter. To avoid having to unsolder
a component, the best way to start isolating the fault is by checking the sig-
nal voltage at the source of Q,. If the capacitor is working properly, there will
be only a dc voltage at the source. The presence of a signal voltage at the
source indicates that C, is open. With R¢ unbypassed, the gain expression is
gaR /(1 + g,R,) rather than simply g,,R,. thus resulting in less gain.

Multisim Troubleshooting Exercises

These file circuits are in the Troubleshooting Exercises folder on your CD-ROM.

1. Open file TSE08-01. Determine if the circuit is working properly and, if not, deter-
mine the fault.

2. Open file TSE08-02. Determine if the circuit is working properly and, if not, deter-
mine the fault.

3. Open file TSE08-03. Determine if the circuit is working properly and, if not, deter-
mine the fault.

4. Open file TSE08-04. Determine if the circuit is working properly and, if not, deter-
mine the fault.

I SECTION 8-5
REVIEW

2. Assume that C; in the amplifier of Figure 8-26 opened. What symptoms would

indicate this failure?

3. If C; opened in the amplifier, would the voltage gain of the first stage be affected?

TROUBLESHOOTING

1. What is the prerequisite to effective troubleshooting?

409
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SYSTEM
APPLICATION

You are assigned to investigate the possi-

used in the public address system currently
being produced to replace the BJTs with
FETs. You are asked to evaluate a design
and breadboard the circuit to evaluate its

amplifier. You will apply the knowledge
you have gained in this chapter to
complete your assignment.

Review of the BJT Amplifier

bility of redesigning the audio preamplifier |

performance compared to the existing BJT

A schematic of the BJT (bipolar junction
transistor) amplifier currently used in the
public address/audio paging system is
shown in Figure 8-28. (See the system
application in Chapter 6.)

| Performance of the BJT Amplifier

The overall voltage gain of the two-stage BJT amplifier was previously determined to be
adjustable over a range from 145 to 733 as follows:

] Ryl BocR
| Stage 1: Vg = (“ﬂcﬁ‘»)vCC =193V
: R, + RZ”BDCR‘I
Ve=V, — 07V =123V
Ve
= -—<=123mA
E
v,=203 0
B R3[| Ringbase2) 19348 55
T v 2030
| R Ry + R
! Stage 2: Vs = elBoc(Rs + Ry) Vee = 1.88V
Rs + Ryl Boc(Rs + Ro)
V=V, — 07V =118V
Ve
= — = 0.97 mA
Re
r= 2580
R, 47 kQ
Av(max) = = =19.1
r+ Ry 245.8Q
R 4.7 kQ
Arpoli= = =377

Yo+ Ry + Ry 1245.8 Q)

Attenuation of Input: The microphone input has a 30 () resistance.

AW, by e 203 Q L
RSO T Je3a +300
Total Voltage Gain: A,y = (0.404)(95)(19.1) = 733 maximum
: Aoy = (0.404)(95)(3.77) = 145 minimum

+12V
R, Ry ; .
68 k(2 2.2k0
G Gy
| (4
1l 0
| uF o | uF
-
100 uF Ry Ry
15kQ) 1.0 kQ
FIGURE 8-28

BJT audio preamplifier. Both transistors are 2N3904. Assume Bpc = B, = 100.




Basic MOSFET Amplifier Design

The basic design for one stage of a
MOSFET amplifier using a 2N3797 is

shown in Figure 8-29. You are to evaluate
it to determine if it can be used in a multi-

stage amplifier to provide the same
voltage gain as the bipolar version.

= Using the data sheet in Figure 8-30,
determine the minimum and maximum
dc drain-to-source voltages. Remember,
for a zero-biased D-MOSFET, the drain

current equals .

® Using the data sheet in Figure 8-30,

determine the minimum and maximum

voltage gains.

® Discuss the problem presented by the

variation in Iy from one device to the

next and recommend an approach to

minimize the problem.

Discuss the problem presented by the
fact that the voltage gain of the
MOSFET amplifier stage is dependent

on g,,, and recommend an approach to

minimize the problem.

SYSTEM APPLICATION

FIGURE 8-29

411

Schematic of one MOSFET amplifier stage.

2N3796
2N3797
Case 22-03, Style 2
TO-18 (TO-206AA)
3 Drai
Maximim Ratings T
Rating Symbol Value Unit
Drain-Source voltage Vps Vde Gate
2N3796 25 2
2N3797 20
Gate-Source voltage Vas +10 Vde | Source
Drain current Iy 20 mA dc
Total device dissipation @ T, = 25°C Py 200 mW MOSFETs
Derate above 25°C .14 mw/C Low Power Audio
Junction temperarure 7, +175 °C N-channel — Depletion
Storage channel temperature range Tae - 6510+ 200 °C
Electrical Characteristics (7, = 25°C unless otherwise noted.)
[ Characteristic Symbol Min | Typ | Max Unit
OFF Characleristics
Drain-Source breakdown voltage ViBR)DSX Vde
(Vog=-4.0V. 1, =50 uA) 2N3796 25 30 -
(Vgs == 7.0V. Iy = 5.0 uA) 2N3797 20 25 -
Gate reverse current Ioss pA de
(Vg =—10V. Ve = 0) i B - 1.0
(Vgg =10 V. Vg =0. T, = 150°C) - - 200
Gate-Source cutoff voltage V, Vdc
£ GS(aff
(5= 0.5 A, Vs = 10 V) e Stofd - -30 | -40
(In = 2.0 A, Vs = 10V) 2 - -5.0 -7.0
Drain-Gate reverse current I - - 1.0 A dec
Ve =10V, Ig=0) peo P
ON Characterislics
Zcro-gate-voltage drain current Ipss mA dc
(Vps = 10V, Vg5 =0) 2N3796 03 1.5 3.0
2N3797 2.0 29 6.0
On-State drain current i mA dc
2N3796 Diom
(Vps =10V, Vg =+3.5V) 7.0 14
N3T97 9.0 14 18
Small-Signal Characteristics
Forward transfer admittance [RgA umhos
(Vps = 10V, Vs = 0./ = 1.0 kHz) 2N3796 ’ 900 1200 1800 or
2N3797 1500 2300 3000 us
(Vps = 10V, V55 =0, f= 1.0 MHz) 2N3796 900 - -
2N3797 1500 - -
Output admittance 1Y, 12 25 #mhos or
(Vpg =10V, Vi =0, f= 1.0 kHz) 2N3796 B us
S GS IN3T97 - 27 60
Input capacitance (o pF
~ _0 e ; 2N3796 i - 5.0 7.0
(Vps =10V, Vs =0.f= 1.0 MH2) SN3797 - 6.0 50
Reverse transfer capacitance Chogy - 0.5 08 pF
(Vps =10V, Vgs = 0./ = 1.0 MH2) ‘

FIGURE 8-30

Partial data sheet for the 2N3797 D-MQOSFET.
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Amplifier Performance on the Test Bench

The breadboard test bench for the
MOSFET amplifier is shown in Figure 8-31.
Two stages have been wired on the
connector board for testing. The two
2N3797 transistors in the circuit have
been randomly picked from a large
selection of the devices.

Verify that the circuit is properly wired
on the connector board.

B Measurements taken on the bread-
boarded circuit are shown in Figure
8-32 where each set of measurements
is made with different transistors. That

is, the first set of measurements is

i

made with two randomly selected
Z2N3797s and then the transistors are
replaced with two different randomly

selected devices for the second set of

measurements. The circled numbers

indicate test point connections to the | ®

circuit.

Explain the difference in the two sets of
dc voltage readings.

Explain the difference in the two sets of
ac voltage readings. ;

Can Ipss and g, be determined for
each transistor from the measurements

in Figure 8-327 If so, determine the

values for each of the four different
MOSFETs.

B Determine the gain of each stage for

each set of measurements in Figure 8-32.

Assuming the maximum theoretical
gain can be achieved for Vs centered
at 6 V by careful selection of the
MOSFETs for maximum g, and typical
Ipss, how many stages will be required
to match the maximum gain of the
BJT amplifier in Figure 8—28?
Remember to take into account the
attenuation, if any, of the input
circuit.

PROBE COMP
sy L

—_——
MEZSURE ACCUIRE [ auroser } .
remius

[ [ e O i | 3

LTy GURSOR ComPCAY [ ruxstoe)
& @ @ | & &
1 | VERTICAL HORIZONTAL F S TRIGGER Iy
o] & rommon | ©rosmon posmon e

| — MENU = -
i G: CURSB 1 curson 2 HOLZOFF
TRIGGER MENU

SET LEVEL 10 8%

FORCE TRIGGER

TRUGGET FIEW

10 mV rms @ 10 kHz
from function generator

Power supply ground —%—?\

FIGURE 8-31

Q)

Breadboard test bench for a two-stage MOSFET amplifier.
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Measurement 1 Measurement 2 Measurement 3 Measurement 4
3= ) E B3 i e S e 4 — ’ - .
(]:l.l_ LIy ‘ = % o | ) v il ) il
coM v coM va
Q @ V= @ @ V=
(® (&) bc ® &) bC
I | V/div : (. l_l-lr\_,";!-:.\ |
Set 1 @5 Scope ac coupled
Measurement 1 Measurement 2 Measurement 4
N R | ; moflll o |
Loy [ Y I R
CcoM VQ COM Vv
Q Q Ve ) Q \&
® @ bC ® (& bc
| V/dis 0.1 tosidiv_
Q?
Set 2 @ Scope ac coupled

+12 V from power supply '—% EEEE

-“-‘"

_r _".

S

100 mV rms @ 5 kHz lﬂ

from function generator

FIGURE 8-32

Measurements of amplifier voltages for two sets of MOSFETs.

Recommendation (Optional) i 2. Acomparison of the performance of | a MOSFET amplifier or to retain the
Submit a recommendation containing the : the MOSFET amplifier to the BJT BJT amplifier in the system.
following items: amplifier. '

4. Reasons justifying your

1. A summary of your analysis and test 3. A statement of recommendation to recommendation.
results for the MOSFET amplifier. { either replace the BJT amplifier with | J
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N channels are shown. Vyy, is negative for p channel.

COMMON-SOURCE AMPLIFIERS

JFET Self-bias D-MOSFET Zero-bias

+Vpp +Vpp

IR 2 w [p=1
A :IDSS(I _Ipiis ) D DSS
GS(off) " A, =g,R,
" A, = gaR v,
St v " R, =Rg| (%)
E Rin = RG “ (£> 0%
Igss

COMMON-DRAIN AMPLIFIER

JFET Self-bias
+Vpp

RS
IR z
' 1D=1D55<1 T —— )
GS(off)
R
AV — gm )
1+ g,R;
1%
* Ry =R (ﬂ)
IGSS

L

E-MOSFET Voltage-divider bias
+Vop

B Ip = K(Vgs — VGS(m))2
" Av = ngd

VGS
» Rin = Rl ” R2 ” <I—>
GSS

COMMON-GATE AMPLIFIER

JFET  Self-bias

+Vpp
Rp
G
¢ L
'|H -
Rs
1 2
= Iy = Ipss| 1 — ofts
Visioft)
n Av = ngd

"R, = (L) ” Rs
Em



CHAPTER SUMMARY

KEY FORMULAS = 415

KEY TERMS

m  The drain of a FET is analogous to the collector of a BIT, the source of a FET is analogous to
the emitter of a BIT, and the gate of a FET is analogous to the base of a BJT.

= The transconductance, g,,, of a FET relates the output current, /

« to the input voltage, V..

m The voltage gain of a common-source amplifier is determined largely by the transconductance,

g..» and the drain resistance, R,.

= The internal drain-to-source resistance, r;,, of a FET influences (reduces) the gain if it is not
sufficiently greater than R, so that it can be neglected.

® An unbypassed resistance between source and ground (Rg) reduces the voltage gain of a FET

amplifier.

® A load resistance connected to the drain of a common-source amplifier reduces the voltage gain.

= There is a 180° phase inversion between gate and drain voltages.

= The input resistance at the gate of a FET is extremely high.

® The voltage gain of a common-drain amplifier (source-follower) is always slightly less than 1.

®  There is no phase inversion between gate and source in a source-follower.

® The input resistance of a common-gate amplifier is the reciprocal of g,,,.

®  The total voltage gain of a multistage amplifier is the product of the individual voltage gains

(sum of dB gains).

®  Generally, higher voltage gains can be achieved with BJT amplifiers than with FET amplifiers.

Key terms and other bold terms in the chapter are defined in the end-of-book glossary.

KEY FORMULAS

Common-drain A FET amplifier configuration in which the drain is the grounded terminal.

Common-gate A FET amplifier configuration in which the gate is the grounded terminal.

Common-source A FET amplifier configuration in which the source is the grounded terminal.

Source-follower The common-drain amplifier.

FET Amplification
8-1 Id = gmvgs
8—2 Av = ngd
"lR
83 A, = _8nlla
1 + gl"RS

Common-Source Amplifier

I[lsr-i
84 I, =
P72
I
8-5 Iy, = IDSS(I _ 1oRs
VGS(OIT)
8—6 Av = ngd
Ve
8—7 Rin = RG “ (£>
IGSS
8-8 Rin = Rl ” RZ “ RIN (gate)

Common-Drain Amplifier
Av — ngS

1+ g,KR
8—10 Rin = RG ” RlN(gale)

8-9

j

Drain current

Voltage gain with source grounded or R, bypassed

Voltage gain with R, unbypassed

For centered Q-point

Self-biased JFET current
Voltage gain
Input resistance, self-bias and zero-bias

Input resistance, voltage-divider bias

Voltage gain

Input resistance
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Common-Gate Amplifier
8-11 A, = g.Ry Voltage gain

1
8-12 Riysourcey = Input resistance

8m

CIRCUIT-ACTION QUIZ Answers are at the end of the chapter.

1. If the drain current is increased in Figure 8-10, Vg will

(a) increase (b) decrease (c) not change

2. If the JFET in Figure 8-10 is substituted with one having a lower value of /g, the voltage
gain will
(a) increase (b) decrease (¢) not change

3. If the JFET in Figure 8-10 is substituted with one having a lower value of Vg, the voltage
gain will

(a) increase (b) decrease (c) not change

4. If the value of R in Figure 8-10 is increased, Vg will
(a) increase (b) decrease (c) not change

5. If the value of R in Figure 8-12 is increased, the input resistance seen by the signal source will
(a) increase (b) decrease (¢) not change

6. If the value of Ry, in Figure 8-15 is increased, the dc output voltage will
(a) increase (b) decrease (¢) not change

7. If the value of R, in Figure 8-19 is increased, Vg will
(a) increase (b) decrease (c) not change

8. If the value of R, in Figure 8-19 is decreased, the voltage gain will
(a) increase (b) decrease (¢) not change

9. If the value of Rg in Figure 8-22 is increased, the voltage gain will
(a) increase (b) decrease (¢) not change

10. If C, in Figure 8-26 opens, the output signal voltage will

(a) increase (b) decrease (¢) not change

SELF-TEST Answers are at the end of the chapter.

1. Ina common-source amplifier, the output voltage is

(a) 180° out of phase with the input (b) in phase with the input
(c¢) taken at the source (d) taken at the drain
(e) answers (a) and (c) (f) answers (a) and (d)

2. In a certain common-source (CS) amplifier, V,;, = 3.2V rms and V,; = 280 mV rms. The
voltage gain is

(a) 1 (b) 114 (c) 8.75 (@) 3.2

3. In acertain CS amplifier, Ry = 1.0 k), Ry = 560 Q, Vpp, = 10V, and g,, = 4500 uS. If the
source resistor is completely bypassed, the voltage gain is

(a) 450 (b) 45 (c) 4.5 (d) 2.52
4. Ideally, the equivalent circuit of a FET contains
(a) acurrent source in series with a resistance
(b) aresistance between drain and source terminals
(¢) acurrent source between gate and source terminals

(d) a current source between drain and source terminals



10.

11.

12.

14.

15.

PROBLEMS = 417

The value of the current source in Question 4 is dependent on the
(a) transconductance and gate-to-source voltage

(b) dc supply voltage

(c¢) external drain resistance

(d) answers (b) and (c)

A certain common-source amplifier has a voltage gain of 10. If the source bypass capacitor is
removed,

(a) the voltage gain will increase (b) the transconductance will increase
(c) the voltage gain will decrease (d) the Q-point will shift

A CS amplifier has a load resistance of 10 kQ and R, = 820 Q. If g,, = SmS and V,,, =
500 mV, the output signal voltage is

(a) 1.89V (b) 205V (c) 25V (d) 05V
If the load resistance in Question 7 is removed, the output voltage will
(a) stay the same (b) decrease (¢) increase (d) be zero

A certain common-drain (CD) amplifier with Rg = 1.0 k£ has a transconductance of 6000 uS.
The voltage gain is

(a) 1 (b) 0.86 (c) 0.98 (d) 6

The data sheet for the transistor used in a CD amplifier specifies Igss = 5 nA at Vgg = [0 VU If
the resistor from gate to ground, Rg, is 50 M, the total input resistance is approximately

(a) 50 MQ (b) 200 MO (¢) 40 MQ (d) 20.5 MQ

The common-gate (CG) amplifier differs from both the CS and CD configurations in that it has a
(a) much higher voltage gain (b) much lower voltage gain

(¢) much higher input resistance (d) much lower input resistance

If you are looking for both good voltage gain and high input resistance, you must use a

(a) CS amplifier (b) CD amplifier (¢) CG amplifier

. For small-signal operation, an n-channel JFET must be biased at

(@ Vgs=0V (b) Vus = Visom
(©) —Visom < Vgs <0V (d) 0V < Vgs < +Vasem

Two FET amplifiers are cascaded. The first stage has a voltage gain of 5 and the second stage
has a voltage gain of 7. The overall voltage gain is

(a) 35 (b) 12 (¢) dependent on the second stage loading

If there is an internal open between the drain and source in a CS amplifier, the drain voltage is
equal to
(a) OV (b) Vip (¢) a value less than normal (d) Vgs

pROBLEMS Answers to all odd-numbered problems are at the end of the book.

BASIC PROBLEMS
FET Amplification

SECTION 8-1

1.

A FET has a g,, = 6000 uS. Determine the rms drain current for each of the following rms
values of V..

(a) 10mV
(b) 150mV
(¢) 06V
d 1v

The gain of a certain JFET amplifier with a source resistance of zero is 20. Determine the
drain resistance if the g, is 3500 u.S.
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3. A certain FET amplifier has a g,, of 4.2 mS, rj, = 12 k), and R, = 4.7 k(). What is the voltage
gain? Assume the source resistance is 0 {).

4. What is the gain for the amplifier in Problem 3 if the source resistance is 1.0 k{?

SECTION 8-2 Common-Source Amplifiers
5. Identify the type of FET and its bias arrangement in Figure 8-33. Ideally, what is V55?
6. Calculate the dc voltages from each terminal to ground for the FETs in Figure 8-33.

FIGURE 8-33 +15V -0V +12V

Rg Rg
10 MQ = 330

(a) (b)

7. Identify each characteristic curve in Figure 8-34 by the type of FET that it represents.

FIGURE 8-34 Ip Ip Ip

~Vis ! +Vas “Vos 0 -Vas
(a) (b) (©)

8. Refer to the JFET transfer characteristic curve in Figure 8—18(a) and determine the peak-to-
peak value ot /, when V,, is varied = 1.5 V about its Q-point value.

9. Repeat Problem 8 for the curves in Figure 8—18(b) and Figure 8-18(c).
10. Given that /, = 2.83 mA in Figure 8-35, find Vpg and Vig. Vigoy = —7 V and Ipgg = 8 mA.

FIGURE 8-35

Multisim file circuits are identified
with a CD logo and are in the
Problems folder on your CD-ROM.
Filenames correspond to figure

numbers (e.g., F08-35).




FIGURE 8-37

11.

12.

13.

PROBLEMS = 419

If a 50 mV rms input signal is applied to the amplifier in Figure 8-35, what is the peak-to-peak
output voltage? g,, = 5000 uS.

If a 1500 €2 load is ac coupled to the output in Figure 8-35, what is the resulting output
voltage (rms) when a 50 mV rms input is applied? g,, = 5000 uS.

Determine the voltage gain of each common-source amplifier in Figure 8-36.

14. Draw the dc and ac equivalent circuits for the amplifier in Figure 8-37.

15.

16.
17.

Vop
+I5V
Rp
820 Q) G .
-
¢ I\
[ o 1uF
I Ry
0.1 uF 3.3k
Rg Rs G, =
10 MQ 220 0 I | uF
Determine the drain current in Figure 8-37 given that /pgs = 12.7 mA and Visom = —4 V.

The Q-point is centered.
What is the gain of the amplifier in Figure 8-37 if C, is removed?

A 4.7 k{} resistor is connected in paralle! with R, in Figure 8-37. What is the voltage gain?
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FIGURE 8-41

18. For the common-source amplifier in Figure 8-38, determine /p, Vs, and Vg for a centered Q-
point. Ings = 9 mA, and Vggiom, = —3 V.

FIGURE 8-38

Voo
+9V

i 10 uF
' 2, =3700 5

RL
10kQ

19. Ifa 10 mV rms signal is applied to the input of the amplifier in Figure 8-38, what is the rms
value of the output signal?

20. Determine Vg, I, and Vg for the amplifier in Figure 8-39. [y = 18 mA at Vg = 10V,
Vosam = 2.5V, and g,, = 3000 uS.

FIGURE 8-39

21. Determine R, seen by the