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MILITARY CURRICULUM MATERIAIS

The military-developed curriculum materials in this course
package were selected by the National Centexr for Research in
Vocational Education Military Curricoulum Project for dissem—
ination to the six regional Curriculum Coordination Centers and
other instructional materials agencies. The purpose of
disseminating thiese courses was to make curricubum materials
developed by the military more accessible to vocational
educators in the civilian setting.

The course materials were acyuired, evaluated by.praject
staff and practitioners in the field, and prepared for
dissemination. Materials which were specific to the military
were deleted, copyrighted materials were either omitted or appro-
val for their use was obtained. These course packages contain
curriculim resource materials which can be adapted to support
vocational instruction and curriculum development.
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Military
Curriculum Materials
Dissemination Is

an activity to increase the accessibility of
military-developed curriculum materials to
vocational and technica! educatlors.

This project, funded by the U.S. Office of
Education, ‘includes the identification and
acquisition of curricuium materials in print
form from the Coast Guard, Air Force,
Army, Marine Corps and Navy.

Access 10 military curriculum materials is

provided through a “Joint Memorandum of
Understanding”” between the U.S. Office of
Education and the Department of Defense.
'[he acquired materials are reviewed by staff
and subject matter specialists, and courses
deemed applicable to vocafional and tech-

nical education are selected for dissemination.

The National Cente or Research in
Vocational Educati. 15 the U.S. Office of
Education’s designated representative to

acquire the materials and conduct the project
activities,

Project Staff:

Wesley E. Budke, Ph.D., Director
National Center Clearinghouse

Shirley A. Chase, Ph.D.
Project Director

What Materials
Are Available?

One hundred twenty courses on microfiche
{thirteen in paper form) and descriptions of
each have been provided to the vocational
Curriculum Coordination Centers and other
instructional matertals agencies for dissemi-
nation.
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Course materials include programmed

“instruction, curriculum outlines, instructor

guides, student workbooks and technical
manuals.

The 120 courses represent the following
sixteen vocational subject areas:

Agriculture Food Service
Aviation Health
Building & Heating & Air
Construction Conditioning
Trades Machine Shop
Clerical Management &
Occupations Supervision
Communications  Meteorology &
Drafting Navigation
Electronics” Photography
Engine Mechanics Public Service

The number of courses and the subject areas
represented will expand as additional mate-
rials with application to vocational and
technical education are identified and selected

“for dissemination.

How Can These
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ials Be Obtained?
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Contact the Curriculum Coordination Center
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materials {e.g., availabifity and cost). They
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you to an instructional matenals agency

cioser to you.
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The National Center for Research in
Vocational Education’s mission is to increase
the ability of diverse agencies, institutions,
and organizations to solve educational prob-
lerns relating to individual career planning,
preparation, and progression. The National
Center fulfills its mission by:
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¢ Generating knowledge through research

Developing educational prograrns and
products

Eva[uating individua) program needs
and outcomes
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Installing educational programs and
products

Operating information systems and
services

Conducting leadership development and
training programs

FOR FURTHER INFORMATION ABOUT

Military Curriculum Materials
WRITE OR CALL
Program Information Office

The National Center for Research in Vocational
Education

The Ohio State University

1960 Kenny Road. Columbus, Ohio 43210

Telephone: 614/486-3655 or Toll Free 80Q/
B48-4815 within the conunental u.s.
{except Ohio}
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Overview a - Thirty Three

OVERVIEW
BASIC ELECTRICITY AnND ELECTRONICS
MODULE 33

Special Devices

In this module you will learn about special devices used in electronics. The
delay lines of lesson 1 and dummy loads of lesson 2 are not semiconductor devices
Yut have been a part of the electronics field for some time.

The specialized devices of lessons 3 and 4 are of two types. The first type of
device, covered in lesson 3, is taken from the field of optoelectronics. Opto-
electronics deals with devices having an electronic input and using 1ight energy
to perform some function. The optoelectronic devices are Similar to other less
specialized devices. Examples of these devices are light-emitting diodes, photo-
diodes, phototransistors, etc. All of the special devices you will study in this
module were designed to fill some particular need of modern electronics but all
are relatively simple and easy to learn.

The second type€ of specialized device is the special-purpose semiconductor. Three
of these will be studied. Each offers an improvement over the transistors and
diodes you are familar with and yet is similar in operation. The varactor diode
and the triac are covered in lesson 3 and the field-effect tramsictor in lesson 4.

This module has been divided into four lessons:
Lesson 1 Delay Lines
Lesson 2 Dummy Loads
Lesson 3 Special Solid State Devices
Lesson 4 Field-Effect Transistors

Do not be concerned at this time with names of terms unfamiliar to you. Each
will become clear as you proceed. However, if you have any questions, do not’
hesitate to call upon your Learning Center Instructor.
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OVERVIEW
LESSON 1

Delay Lines

Irn this lesson you will learn -about a special device called a delay line.” You
will beceme familiar with the operating characteristics of two general types

of delay lines, and with the kinds of delay lines available in each type. You
will learn the differences between the delay lines, and the situations in which
they can be ysed.

The learning objectives of this lesson are as follows:
TERMINAL OBJECTIVE(S):

33.1.61 When the student completes this lesson {s)he will be able to
IDENTIFY the purpose, function and operational characteristics of
electromechanical and electromagnetic delay lines by selecting
statements from a choice of four. 100% accuracy s required.

ENABLING OBJECTIVES:
When the student completes this lesson (s)he will be able to:

33.1.61.1 IDENTIFY the purpose of de]éy lines by selecting the correct state-
nent from a choice of four., 100% accuracy is required.

33.1.61.2 [IDENTIFY the general principle by which time delay is accomplished
’ in an electromechanical delay 1ine by seilecting the correct state-
ment from a choice of four. 100% accuracy is required.

33.1.61.3 IDENTIFY the operating methods and characteristics of specific
electromechanical delay 1ine devices by se]ect1ng the correct
“ statement from a choice of four. 100% accuracy is required.

33.1.61.4 IDENTIFY the genéral principle by which time delay is accomplished
in an electromagnetic delay line by selecting the Correct state-~
ment from a choice of four. 100% accuracy is required.

33.1.61.5 IDENTIFY the operating methods and characteristics of specific
' electromagnetic delay line devices by selecting the correct state-
ment from a choice of four. 100% accuracytis required-

33.1.61.6 IDENTIFY the relationship between impedance matching and the
operating characteristics of a delay line by se1gcting the correct
statement from a choice of four. 100% accuracy 1S required.

BEFORE YOU START THIS LESSON, READ THE LESSON LEARNING OBJECTIVES AND PREVIEW
THE LIST OF STUDY RESOURCES ON THE NEXT PAGE.

4 11
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L1ST OF STUDY RESOURCES
LESSON 1 -

Delay Lines
To learn the material in this Tesson, you have the option of chooSing,
according tg your experience and preferences, any or all of the following
study resources: .
Writien Lesson preSentation in:
Module Booklet:
Summary
Programmed Instruction

Marrative

Student’s Guide

Summary
Progress Check

Additional Materie](s):

Enrichment Material(s):

ETecironics Instaitation and Maintenance Book (EIMB){Test Methods and
Practices), NAVSHIPS 0967-0G00-0120

YOU MAY USt ANY, OR ALL, RESOURCES LISTED ABOVE, AND ALSO THE LEARNING
CENTER INSTRUCTOR. HOWEVER, ALL MATERIALS LISTED ARE NOT NECESSARLLY -
REQUIRED TO ACHIEVE LESSOM OBJECTIVES. THE PROGRESS CHECK MAY BE TAKEN AT
ANY TIME.
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SUMMARY
LESSON 1

Delay Lines

Many electronic equipments .use delay lines to trigger some circuits at later
times than others. Most delay lines are divided into two categories:
electromechanical and electromagnetic.

Eiectromechanical delay lines convert electrical input signals into mechani-
cal motion {ultrasonic energy}, transfer this energy as motion through some
physical medium, and reconvert -it to electrical cutput signals. The time
delay depends on the medium used {such as mercury, a stee} spr1ng quartz
crystal) and the length of the delay line,

Figure 1 shows the signal characteristics for electromechanical detay 1ines.

BRI
- DELAY o N DELAED

N

5u8 10pS (515

Figure 1
ILLUSTRATION OF ELECTROMECHANICAL TIME DELAY

The output signal is a delayed non-distorted, and attenuated copy of the .
input signal. -

13
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Dne type of electromechanical delay line is made up 0f a column of mercury
with a slab of quartz crystal at each end as shown in Figure 2.

{\ MERCURY FILLED W
COLUMK y °

\uuam cmsm

SLABS

Figure 2

ELECTROMECHANICAL MERCURY DELAY LINE

The mercury delay line uses the piezoelectric effect of the quartz crystals
to convert electrical energy into mechanical energy, and reconvert mechamca'l
energy back into electrical energy.

Electromagnetic delay Tines are devices which functlon through the action
of ¢tharging and discharging capacitance, and expanding and collapsing
*inductive, or magnetic, fields. Standard coaxial cable (coax), as shown in
Figure 3, may be used as a electromagnetic delay line.

PROTECTIVE
QUTER
COVERING

COPPER BRAID OUTER CONDUCTOR
POLYETHELYENE
CENTER CONDUCTOR ———*

Figure 3
STANDARD COAXIAL CABLE

The time delay in coaxial cable is directly proportional to cable length.
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Spiral-wound coaxial cable, as shown in Figure 4, produces a time delay
which is about 14 times greater than that of standard coax, pecause of the
coiled center conductor,

BRAIDED COPPER SHIELD
SPIRAL WOUND

CENTER CONDUCTOR s / / RUBBER OUTER INSULATOR

s

POLYETHYLENE INSULATOR

Figure 4
SPIRAL COAX DELAY LINE

Spiral-wound coax is more commonly used because of its space-saving feature.

The lumped constant delay line, as shown in Figure‘ 5, is .used to produce
very long delays when component size must be minimized. This type of line
uses real capacitors and inductors to produce the delay.

v
& ZEEEYY o
ATl — I - e |
NETWORK PULSE DELAY
- 5915-00-875-0352
ESC CORP. NO. 11-96B
PALISADES PARK, N.J.
1096~-7502C

Fligy,re 5

LUMPED CONSTANT DECAY LINE

This type of delay line can be manufactured to provide exact time delays of
.relatively long duration in a very small package size,

—

1'_)
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Waveguides must be used as a delay line when the frequency of the input
signal reachies~thie microwave frequency range. A waveguide is a cylindrical

or rectangular metal pipe, as shown in Figure 6, comnonly used as a microwave
freguency transmission line,

CYLINDRICAL RECTANGULAR
WAVEGUIDE - - WAVEGUIDE

Figure 6

WAVEGUIDES

In electromagnetic delay 1ines as in electromechanical delay lines, the
output signal has the same shape and pulse width as the input signal.
Also, the output signal s attenuated. The amount of time delay and
signal attenuation is directly proportional to delay line length.

As a rule of thumb, maximum energy transfer and minimum distortion occur :
in electromagnetic delay Tines if the input source and output load impedances
are matched to the delay line. An example of impedance matching is shown

»in Figure 7. Notice that Zg = Zj5 and Zoyt = Zj /
Z, DELAY
. ] 5001
1000
Figure 7

DELAY LINE IMPEDANCE MATCHING
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AT THIS PCINT YOU MAY TAKE THE LESSON PROGRESS CHECK. IF YOU ANSWER ALL SELF-TEST
ITEMS CORRECTLY, PROCEED TO THE NEXT LESSON. [IF YOU INCORRECYTLY ANSWER ONLY A

FEW OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE WILL REFER YOU TO

THE APPROPRIATE PAGES, PARAGRAPHS, OR FRAMES SO THAT YOU CAN RESTUDY THE PARTS OF
THIS LESSON YOU ARE HAVING DIFFICULTY WITH. IF yQu FEEL THAT YOU HAVE FAILEO T0
UNDERSTAND ALL, OR MOST, OF THE LESSON, SELECT AND USE ANOTHER WRITTEN MEDIUM OF
INSTRUCTION, AUDIO/VISUAL MATERIALS {IF APPLICABLE), OR CONSULTATION WITH THE
LEARNING CENTER INSTRUCTOR, UNTIL YOU CAN ANSWER ALL SELF-TEST ITEMS ON THE
PROGRESS CHECK CORRECTLY.
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PROGRAMMED INSTRUCTION
LESSON 1

Delay Lines

TEST FRAMES ARE 7, 15, AND 20. PROCEED TO TEST FRAME 7 FIRST AND SEE IF
YOU CAN ANSWER THE QUESTIONS. FOLLOW DIRECTIONS GIVEN AFTER THE TEST

-

FRAME .

(E;) Many electronic equipments use one signal to trigger a number of

¢ircuits. When the signal iy fed to those circuits, one or more of them
may require the siygnal at a later time than the othérs. Taerefore, the
signal must be detaved for a specific time interval without any distortibn
which would ¢hange its shape. A delay line is usgﬂ to provide the requi}ed
non-distorted signal time delay. X

A signal may be slowed down for a spe¢ific time interval by using a special

device ¢alled a.

B o L P Ay S = . A o o o o WY o s - -

(::) Most delay Tines ¢an be broken down into two major types:
I. electromechanical delay lines (for longer delays)
2. electromagnétic delay lines (for shorter delays)
The first type of delay line you will Tearn aboul .is eTectromechanical
{acoustic). As the name implies, these\devices convert electrical input
signals into mechanical motion {ultra-sonic¢ energy). This motion then is

transferred from input to output through some sort of material such as

11
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P.I. Thirty Three-1

mercury, a steel spring, or a large piece of quartz cystal. The signal

moves more siowly in the material than in the input wire to the _device.

Finally, the mechanical motion is recohverted at the output back to elec-

trical signals.

Figure 1 shows a block diagram of the input-conversion-output process in an

electromechanical delay line.

DELAY LINE
A

/ .

MECHANICAL |°‘“

ELECTRICAL
i LGN R poiy ro fournur, T
— . SIGNAL —— '
| sionat |MECHAMIGAL oo,  oeeq| ] EBLECTRICAL lsiGHaL o
CONVERSION

to GCONVERSION

-Figure:l
ELECTROMECHANICAL DELAY LINE BLOCK DIAGRAM

A practical commercial use of an electromechanical delay Tine is shown in

Figure 2.

DELAY LIKE
REVERBERATION
(ECHO CHAMBER EFFECT)

Figure 2
ELECTROMECHANICAL DELAY LINE APPLICATION
12 . 19

=
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In the figure, an audio amplifier uses an electromechanical delay line to
in%rodyce a time delay‘ggto voice or music Signals. The delayed signal is
recombined with the non-delayed signal to produce a "reverberated® sound
effect similar to an “"echo chamber”. You may have heard this effect on

your favorite music radio station.

The type of delay line which uses some sort of material to cause a time

delay from input to output is called

electromechanica)l

(::) How does an electromechanical delay line slow down the input signal?

As you would suspect, mechanical motion travels much more slowly than does
an electrical pulse. Therefore, the amountlof time delay depends on two
factors: the type of material used to provide the mechanical transfer, and
the distance the mechanical motion travels through the material. The
amount of time delay is directly proportional to the d{stance the mechanical
signal travels. For example, if signal A travels twice as far as signal B

in the same material, signal A will have twice the delay of signal B.

Electromechanical delay depends dn both the type of

used to provide the mechanical transfer, and the

mechanical signal travels.

e A A o o o A e A

material,'distance
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In all delay lines, the output signal amplitude is less than the input

signal amplitude. The signal loss in electromechanical delay 1ines occurs
because the mechanical motion uses some energy which is not reconverted to

the output signal. Therefore, the output signal is attenuated, or reduced.
The amount of attenuation, Tike the amount of delay, depends on both the

type of material used and the distance the mechanical signal travels. As

you can probably guess, the amount of attenuation a1solis directly proportional

to the distance of travel.

Figure 3 shows an example of the input and output signals for a typical

electromechanical delay line.

\\\\\\

DELAY —t N DELAYED
\\\

51S 10 5U8

Figure 3
ILLUSTRATION OF ELECTROMECHANMICAL TIME DELAY

. Notice that the output Signal is delayed by 5 microseconds, and is attenuated
in amplitude. N\
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.In all delay lines, the output signal is reduced in amplitude, or

- A ey e T A S A

attenuated

(::)'Dne type of electromechanical delay Tine is made up of a column of

mercury with a slab of quartz crystal at each end as shown in Figure 4,

E

INPUT " MERQURY FILLED
COLUMN

1 S QWARTZ ORISTAL

SLABS

1

/@ Wi

Figure 4
ELECTROMECHANICAL MERCURY DELAY LINE

The qQuartz crystals have the ability to physically change shape (that is,

expand or contraci) when either a voltage or mechanical force is applied to

them. This quality of crystals, the piezoelectice effect, was discusséed in '

Module 32, Lesson 5.
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”~

Figure 5 illustrates how the piezoelectric effect operates in a meftury

delay line.
CRISTAL CRYSTAL

/ ~

PRESSURE PRESSURE .
‘w.(ES 'ﬂ\fES tO = time Zero
- reference
Figurg 5

MERCURY DELAY LINE ACTION

In the figure, the crystal at the input end of the column vibrates in
reponse to the applied electrical energy. The vibrations generate pressure

waves in the mercury. These pressuEe waves travel through the mercury

slowly compared to. the speed of an electric signal, and sQ detay the

signal. When the pressure waves strike the output crystal, their mechanical
~ energy is reconverted to electrical energy. The resulting output signal is

an undistorted, delayed, and smaller copy of the input signal.
. - . N
The electromechanical operation of a mercury delay line is caused by the

effect of the quertz crystals.,

i e e A e e A e W W MW W W W

.- : .
H

piezoelectric
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An important 1imitation in eleciromechanical delay 1ines is output

signal distortion caused by heat., Distortion can occur if the temperature
of the delay Tine is above its normal operating temperature. Heat Tan
cause the delay line to expand unevenly, and distorzufﬁé shape of the
quartz crystal slabs, As a result, the crystals produce uneven pressure
waves, and a distorted output signal. However, if the delay line is not

damaged, it will operate normally when the temperature is lowered.

A output signal can occur if an electromechanical delay

line is heated encugh above normal operating temperature,

distorted
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(::) THIS IS A TEST FRAME. COMPLETE THE TEST QUESTIONS, AND THEN COMPARE

YOUR ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE
FOLLOWING THE QUESTIONS.
1. In an electromechanical delay line, the input signal is converted into

. (electrical/mechanical) energy.

2. The amount of time delay in an electromechanical delay line is

{directly/inversely) proportional to the distance the signal travels through

the delay line.
3. Delay line output signal amplitudes are attenuated, which means that

they are the input signal amplitudes.

a. less than
b. greater than

c. the same as

4. Mercury delay lines make use of the - effect of

quartz crystals.

5. What is the effect on the output signal of electromechanical delay lines

which are operated above normal operating temperatures?

‘a. There is no effect.
b. The output signal can be amplified.

c¢. The output signal can be distorted.
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mechanical
diréﬁtly

2. less than
piezoelectric

*5. ¢. The output signal can be distored:.

o
IF YOUR ANSWERS MATCH THE C?RRECT ANSWERS, YQE MAY GO TO TEST FRAME 15,

OTHERWISE, GO BACK TO FRAME 1 AND TAKE THE PRGGRAMMED SEQUENCE BEFORE
f ‘

1

TAKING TEST FRAME 7 AGAIN.!‘J /-

\ .
The second type of de]ay\h'ne you wilY learn about is electromagnetic.
In electromagnetic delay 1ines. the sTgaal is deTayed through the action of
charging and discharging capacitance, and expanding‘and collapsing inductive,

or magnetic, fields.

Standard coaxial cable is an excellent example of an electromagnetic detay
line. Coaxial cable, or coax, is a type of transmission line used to
transfer electrical power or signals between two points. For example, coax

is used between antennas and receivers or transmitters.,

Coaxial cable is an example of an i delay line.

electromagnetic
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How does coaxial cable function as an electromagnetic delay line to

high freguency electrical signals? To answer this question, you first must

study Figure 6 to see what a piece of standard coax 100ks like.

PROTECTIVE
QUTER
COVERING

COPPER BRAID OUTER CONDUCTOR
POLYETHELYENE
CENTER CONDUCTOR ———————

Figure 6
STANDARD COAXIAL CABLE

In the figure, the polyethylene (flexible plastic} insulator between the center

-

conductor and the copper braid outer conductor, or shield, acts like the dielec¢-

tric in a capacitor. The center conductor acts as an inductor. Therefore, coaxial

cable functions electrically like a series of LC circuits asshown in Figure 7.

CENTER CONDUCTOR
Li L2

L= INPUT - ‘ 2 —=Cln)  OUTPUT=

o—\ \ I : O
BRAIDED COPPER SHIELD

Figure 7

AC EQUIVALENT-COAXIAL CABLE

21
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In the figure, each AC equivalent LC cifﬁuit is shown as L1-Cl, L2-C2, and

so on. The LC circuit shown as L(n)-C(n) means that there are any number
of such circuits in a cable. The amount of each inductance is small { a few
microhenries), which permits the inductive fields about each inductor to
expand and collapse rapidly. Also, the amount of each capacitance is small
{about 25 picofarads per foot), which permits a rapid charge and discharge

of each capacitance.

In coaxial cable, the time delay results from the rapid expansion and

collapse of fields, and the rapid charge and

discharge of .

N ok A Yol . P o ot AV L R £k g A= K 4 e m A EE e w B e e e A e e el B WES L R

inductive {or magnetic), capacitances {or capacitors)
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¢

The time delay in coaxial cable can be explained by referring to the

equivalent inductors and capacitors shown in Figure 8.

CENTER CONDUCTOR
LI L2 L3 L4 L{n)

L= INPUT Lo Tcz Gn)  OUTPUT=

o— \
BRAIDED COPPER SHIELD

#igure 8
AC EQUIVALENT-COAXIAL CABLE

When the leading edge of a signal pulse is injected into the center conductor
in the figure, inductor L1 initially opposes a change in cﬁrrent. This
action drops the signal voltage across Ll. As the magnetic field around L]
rapidly expands, L1 begins to conduct current which charges capacitor Cl.
(the time delay to charge (] equa1szEi) As C1 charges, L2 opposes any
current flow. This drops the voltage across LZ. When L2 begins to conduct
current, €2 begins to charge. This indqc;or-capacitor-inductor transfer is
repeated on down the line. Each time an inductor opposes the charge of a

capacitor, the signal pulse is delayed.

In Figure 8, L2 will {aid/oppose) the charge of £2, causing a time delay.

S P e e S A T A A S e i S A S A

oppose
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(::) You have learned that the leading edge of a signal pulse which is in-
Jected into a coaxial cable receives & time delay. Figure 9 again shows

the equivalent LC circuits in coaxial cable.

CENTFR CONDUCTOR
LI L(n)

L= IRPUT I_C I T C2 I ; Ch)  OUTPUT: _— _

O
N BRAIDED COPPER SHIELD
Figure 9

AC EQUIVALENT-CDAXIAL CABLE

In the figure, the input signal pulse width is maintained by the charge on the

the LC circuit capacitors.

When the trailing edge of the input signal pulse goes back to D volts, the

gapacitors discharge, one at a time, through the inductors. L1 will oppose
the dfscharge current of {1 through L1, and delay Cl's voltage drop to D
volts. L2 then will opposé the discharge current of C2 through L2. The
capacitor-inductor interaction at the trailing edge of the signal pulse is
repeated on down the line. This interaction keeps the pulse width of the time
delayed signals tﬁe same as the input signal. Therefore, the waveforms of

the output and input signals are the same shape and have the same pulse

width.

30
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1n coaxial cable, the input and output pulse widths are (different/the

same), and the input and output waveforms have (different/the same) shapes.

__________ ke e e e e

the same, the same

(::) In electromagnetic delay lines, the output signal is attenuated. This

is partially because the capacitor in each equivaient LC circuit never
becanes fully charged before it discharges into the next LC circuit. The
greater the number of equivalent capacitors that must be charged, the
greater are both the time delay and signal- attenuation. In addition, all

conductors have some resistance which contributes to the signal loss.

Figure 10 illustrates the characteristics of a-signal moving through an

electromagnetic time delay device such as coaxial cable.

INPYUT
LI-c2
|
]
gt L

]
]
|
Ls-cs_i_ﬁ_
[
4-04 T L

505t 1

OuTPUT '
TINE —>

Figure 10

ELECTROMAGNETIC TIME DELAY DEVICE SIGNAL CHARACTERISTICS
25
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In the figure, tﬁe output signal from each LC circuit is shown. Notice

that the output uavef&nns for the suéceésive LC circuits have the same shape
and pulse width as the input signal, but are attenuated. Also notice that
the final output from the coaxial caple has a time delay equal to the sum

of the time delays for the individual LC circuits. As you can see, both

the time delay and signal attenuation of coaxial cable are directly propor-

tional to cable length.

The longer the coaxial cable, the (less/more) the signal is delayed, and

the (1ess/more) the signal is attentuated.

more, more

(::) A typical time delay for standard coaxial cable is .0l0 microseconds
(.0104 second) per meter. To produce even a 1« second delay would
require one hundred meters of coaxial cable. The cable may be coiled to.

reduce its physical size as shown in Figure 11,

Figure 11
COILED COAX DELAY LINE

32
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However, a better method to reduce cable length for a given delay is to

use a cable with a special spiral-wound center conductor as shown in Figure 12,

BRAIDED COPPER SHIELD
SPIRAL WOUND

CENTER CONDUCTOR / 7 RUBER TR INSULATOR

POLYETHYLENE INSULATOR

Figure 12
SPIRAL COAX DELAY LINE

~ The length of the center conductor is greatly increased by spiraling. This
type of cable increases the number of apparent inductors and capacitors (LC
circuits) per meter, and proportionately increases both the time delay and
the signal attenuation. In fact, the delay time for spiral-wound coax is
“about 14 times greater th@n that of standard coax. For this reason,

spiral-wound cpax is the more commonly used cable for time delays. -

The type of coax which has the greater time delay per unit Tength is
(standard/spira¥-wound).

spiral-wound
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Even spiral-wound coax may require too much cable length for some

applications. For very Idng time delays where the size of components must
be kept to a minimum, the lumped constant delay line as shown in Figure 13

may be used. )

& SFEIEY — —

N == W

NETWOR PULSE DELAY
5915-00-575-0352
ESC CORF: NO. 11-96B
PALISADES PARK, N.J.
1096-7502C

Figure 13
LUMPED CONSTANT DELAY LINE

This type of electromagnetic delay line is made up of real inductors
and capacitors. The Tumped constant delay tine cén ﬁfoduce a 30 millisecond
delay in a package as small as 2.54 cm {I inch} square and 1.27 cm (1/2

' inch) thick. This same delay time would require about 214 meters of
spiral-wound coax. The lumped constant delay line can be manufactured to

produce exact time delays and still retain the small package feature.

which of the following three types of electromagnetic delay lines can pro-
duce the longest time delay using the least amount of space?

a; spiral-wound coax

b. Qtandard coax

¢. Tlumped constant

W e e w E ak WY e T o W e e T T ko m E E  WEOWE WS W WS W W WS WS WS WSS WS ey M e W W

c. lumped constant




(::) THIS IS A TEST FRAME. COMPLETE THE TEST QUESTIONS, AND THEN COMPARE

YOUR ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE
FOLLOKING THE QUESTIONS.
1. Coaxial cable is what type of delay line?
a. electromagnetic
b. electromechanical
Coaxial cable functions electrically as a series of circuits.
a. RC
b. LC
c. piezoelectric

d. amplifier

In coaxial cable, the amount of signal attenuation is {directly/inversely)
re]ated to cable length. -
In coaxial cable, the pulse width of the time delayed signal is (wider

than/the same as/narrower than) the pulse width of the input signal.

One meter of spiral-wound coax, compared to one meter of standard coax,

v

L

provides {less/the same/more} f?ﬁ;/delay and (less/the Same/more) signal
attenuation. -
The electromagéetic deiay 1ine which is manufactured to provide exact time
delays in a small package size is
2. spira]-woundycoag.

mercury delay line,

Tumped cqhstant,

standard coax,
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1. a. electromagnetic
2. b. LC '
" 3. directly

4. the same as

5. more, more

6. ¢. Jumped constant.

IF YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO TO TEST FRAME 20.

OTHERWISE GO BACK TO FRAME 8 AND TAKE THE PROGRAMMED SEQUENCY BEFORE TAKING
TEST FRAME 15 AGAIN,
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Why don't these delay lines operate properly at microwave frequencies? As
you know, electromagnetic delay lines function by using capacitance between

- the two sides of the line as shown in Figure 15.

LI 2 13 14 L(n)

Cln)  OUTPUT= _—~_

Figure 15

AC EQUIVALENT OF DELAY LINE

As the frequency of the input signal increases, the capacitive reactance

(Xc) of theséycapacitors decreases. This relationship is expressed in the
formula Xc=.159+FC. Now at microwave frequencies, Xc becomes so small that
the signal in the coax and lumped constant delay lines will be effectively
shdyted across_the line. This$ causes intolerable 1psses and poor operation

of these delay lines at microwave frequencies.

The coaxial and lumped constant delay lines (will/will not} operate properly

at oicrowave frequencies.

will not
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The coax and lumped constant delay lines will not operate properly
when the frequency of the input signal reacheslofmexceeds the microwave
range used by radar and some communications equipment. Figure 184 shows

where the microwave frequency range is in the frequency spectrum.

FREQUENCY IN HZ

0 N I3 4 15

0° 10" 10 0w

svaavous wv
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OKIVI W4 ON
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'J
NOLIVHIVY (EBVJHI‘

&

Figure 14
FREQUENCY SPECTRUM CHART

As you can see, microwave frequencies are extremely high and range from about

1000 MHz{10%z) to 100,000 MHZ (10}1Hz).
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To make a waveguide act as a delay line, the wavequide is formed into

a loop or c¢ircle as shown in Fiqure 17,

ouTPUT 2

QUTPUT |

INPUY

Figure 17
WAVEGUIDE DELAY LINE

A signal at the input will split.and travel in both directions around the
circ]e; The signal going -to output 2 has farther to travel than the signal
going to output 1. This causes output 2 to occur later than output 1.
Output 2 i; delayed in time with reference to output 1, and bhoth outputs

are delayed with reference to the input. The amount of time delay possib}e
with this method is very small. However, when Tonger tjme delays are
required at m1Cr0wavé frequencies, the signal is converted to a lower

',

frequenc& to allow one of the other types of_deiay lines to be used.
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_(::) At microwave frequencies, a transmission line known as a waveguide is
used to conduct, RF signals. A waveguide is simply a cylindrical or rectangular
metal pipe through which microwave signals easily travel, Figure 16 shows

an example of two types of waveguides.

- 7' —

CYLINDRICAL RECTANGULAR
WAVEGUIDE WAVEGUIDE
Figure 16

WAVEGUIDES

Signal speed through a waveguide 1is slowér‘than through either free space
or a wire conductor. ?herefore, the waveguide ran he used as a time delay

device, although it is primarily ysed as a transmission line,

An electromagnetic delay line at microwave frequencies is called a

‘waveguide
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As a technician woking with delay lines, vyou will not be concerned
with designing the devices, However, it 15 necessary for you to know their
performance characteristics as previously discussed. 9ne other important

characteristic is that a delay line shoul be impedance matched to both the

input source and output load. This is done to provide maximum energy
transfer with minimum distortion of the signals. Figure 19 shows an

example of impedance matching.

Zg= 1000 N
Zn  DELAY %°u i é Z,=s00n
1000 LINE 500 p
T ohms ohms —T

Figure 19
DELAY LINE IMPEDANCE MATCHING

In the figure, the source impedance (Zg) of an input signal equals 1000
ohms. If you want maximum energy transfer to occur, the "rule of thumb"” is
to ma;cch the source and delay line impedances. Therefore, the delay line
input impedance {Zjn) also equals 1000 ohms. This rule also applies to
the match between the delay line output impedance (Zp,t) and the 1oad

impedance (Z) ). In the example, both equal 500 ohms.

In delay lines maximum energy is transferred with minimal d*stortion if the

input and output are natched with thpse of the signal

source and load.

impedances
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Figure 18 shows both output signals in relation to the wavequide input

signal.

T T ™ 1 .1 T
T3 T TTT8 18 T
~ DELAY

ouTPUT 2
::I | I |2|
- T r +«r I I r —

T T2 BWOTET6TT 8T _THO

Figure 18

WAVEGUIDE DELAY TIMES

In the figure, you can see that the output 2 signals have a longer time
delay than Lhe output 1 sigmals. You can alsc see that the shape amd pulse
width of the output and input waveforms are the same. Notice that the

cutput signals are attenuated.

[n Figure 18, an input signal travels the longer distance to reach output
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USE THE FIGURE BELOW TD ANSWER QUESTION #3.

3. What rule is observed with regard to impedance matching in delay lines.
a. Zout = Zin, Ig = 'ZL‘;

b. = Touts Zin = &

c. 2, Zin = Zout

=Zipy Lout = 1L
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THIS 1S A TEST FRAME. COMPLETE THE TEST QUESTIONS, AND THEN COMPARE
YOUR ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE FOLLOWING
THE QUESTIONS.

1. Coaxial cabie and lumped constant delay lines do not operate properly

in the frequency rangé,

a. audio
b. microwave
¢. shortwave

d. TV and FM radio

2. What type of detay lines may be used at micrﬁwave frequencies for smal)
time delays?
a. Spiral-wound Coax
b. Electromechanical
Standard caax

waveguide
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1. b. microwave

2. d. HWaveguide

3. d. Zg = Zin, Zout = IL

IF YOUR ANSWERS MATCH THE CORRECT AMSWERS, YOU HAVE COMPLETED THE PROGRAMMED
INSTRUCTION FOR LESSON Y, MODULE THIRTY THREE. OTHERWISE GO BACK TO FRAME 16
AND TAKE THE PROGRAMMED SEQUENCE BEFORE TAKING TEST FRAME 20 AGAIN.

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK. IF YOU ANSWER ALL
SELF-TEST ITEMS CORRECTLY, PROCEED TO THE LESSON TEST. IF YOU INCORRECTLY
ANSWER ONLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CCRRECT ANSWER

PAGE WILL REFER YQU TO THE APPROPRIATE PAGES, PARAGRAPHS, OR FRAMES SO THAT
YOU CAN RESTUDY THE PARTS OF THIS LESSON 7OU ARE HAVING DIFFICULTY WITH.

IF YOU FEEL THAT YOU HAVE FAILED TO UNDERSTAND ALL, OR MOST, OF THE LESSON,
SELECT AND USE ANOTHER WRITTEN MEDIUM OF INSTRUCTION, AUDIO/VISUAL MATERI-
ALS (IF APPLICABLE), OR CONSULTATION WITH THE LEAPNING CENTER INSTRUCTOR,
UNTIL YOU CAN ANSWER ALL SELF-TEST ITEMS ON THE PROGRESS CHECK CORRECTLY.
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The transfer of the mechanical motion through the material causes the
delay. Material motion travels much more slowly than an electrical pulse.
Therefore, the amount of time for the transfer will depend on the material
used and the distance the mechanical motion travels through the material.
Mechanical motion also will be attenuated (reduced in energy) by the
material. The amount of attenuation is directly proportional to the
distance the mechanical signal travels and to the type of medium. Figure 2
shows the time delay and signal attenuation of a typical electromechancial
delay Tine.

NN

|
548 101

Figure 2

ILLUSTRATION OF ELECTROMECHANICAL TIME DELAY

One type of electromechanical delay line is made up of a column of mercury
with a slab of quartz crystal at each end-as shown in Figure 3.

WPUT ~ WERCURY FILLED QUTRUT
COLUNN E

~~— QUARTZ CRYSTAL — L

SLABS "

1

Figure 3 ' S

CIErTRAME FHANTRAL MCDrIIDY NELAY 1 yue

46
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1
AW

HARRATIVE
LESSON 1

Delay Lines

14

Hany electronic equipments use one signal to trigger a number of circuits.
wWhen the signal is fed to those circuits, one or more of them may require
the non-distorted signal at a later time than the others. 7o do this, a
delay line is used. Most delay Tines are divided into two categories:

electromechanical (for longer delays) and electromagnetic (for shorter
delays).

Electromechanical (or acoustic) d2lay Tines are devices which convert
electrical input signals into mechanical motion {uTtrasonic energy}. This
motion is transferred from input to output through some sort of material
(for example: mercury, a steel spring, or a large piece of quartz crystal},
and then reconverted into electrical signals at the output. A practical
commercial use of an electromechanical delay line is shown in Figure 1.

_ SOUND WAYES

T
" e

DELAY LINE

Figure ]
ELECTROMECHAMICAL DELAY LINE APPLICATION

Audio amplifiers may use an electromechanical delay Tine to introduce 2

time delay into voice or music sidnals. The delay signal is recombined ~ith
the non-delayed signal to produce a reverherated sound effect much 1ike

that of an “echo chamber”.
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flectromagnetic delay Tines are devices which function through the action
of charging and discharging capacitances, and expanding and collapsing
induct ive, or magnetic, fields. Coaxial cable, or coax, may be used as an
electromagnetic delay time, However, coaxial cable was desigred as a type
of transmission Tine for electrical power or signals, as between receive:rs/
transmitters and antennas.

Figure 5 identifies the parts in a section of standard coaxial c;ble.

PROTECTIVE
OUTER
COVERING

COPPER BRAID OUTER CONDUGTOR
T POLYETHELYENE

CENTER CONDUCTOR —————>

Figure 5
COAXIAL CABLE

Coax cable is constructed in & manner which produces internal capacitances
and induct2nce. 1In Figure 5, the polyethylene insulator between the center
conductor wnd the copper braid acts like the dielectric in a capacitor.
The center conductor itself acts as an inductor. Therefore, the coax
functions electrically like a series of LC circuits as shown in Figure 6. -
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The quartz crystals have the ability to physically expand and contract when
either a voltage or mechanical force is applied to them. This quality is the

jezoelectric effect, discussed in Lesson 5, Module 32, Figure 4 illustrates
EBG"?Be piezoelectric effect works in a mercury delay line,

CRYSTAL CRVSTAL

INPUT '(,
o[ | | ]z

!
TO

st

PRESSURE PRESSURE - b
WAVES ) WAVES ty = time zero rgfgrgnce
Figure 4

MERCURY DELAY LINE ACTION

In the figure, an electrical signal input is converted to the mechanical
energy of motion which moves through the mercury column. This mechanical
energy is reconverted to electrical energy at the output, producing a
nondistorted, delayed, and attenuated copy of the input signal.

Distortion of the output signal can occur if the temperature of the electro-
mechanical delay line is significantly above its normal operating temperature.
Heat can cause the delay line to expand unevenly and distort the signal.
However, if the delay line is not damaged, it will resume normal operation
when the temperature is lowered.
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The amount of attenuation, like the amount of time delay, is directly
proportional to cable length. Figure 7 illustrates the signal characteristics
of an electromagnetic time delay device such as coaxial cable.

M
i

INPUT =

Figure 7

- ELECTROMAGNETIC TIME DELAY DEVICE SIGNAL CHARACTERISTICS

Notice that the output waveforms for the successive LC circuits have the
same waveform shape and pulse width as the input signal, but are attenuated.
You can see that the total amount of both time delay and signal attenuation
equals the sum of the time delays and attenuations for each LL circuit.
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* CENTER CONDUCTOR
LI Lin)

L= INPUT I ¢t 2 Clh)  OUTPUT: _r—

CF—wi\\\
BRAIDED COPPER SHIELD

Figure 6
AC EQUIVALENT-COAXIAL CABLE

In Figure 6, there are any number of such LC circuits as indicated by
L{n)<C(n). The amount of inductance in each circuit is small (a few
microhenries) as is the amount of capacitance (about 25 picoforads per
foot). Therefore, there is rapid expansion and collapse of the inductive
fields, and rapid charge and discharge of the capacitances.

When the l1eading edge of a signal is applied at the input in Figure 6, L1
opposes a change in current and drops the voltage of the signal across
itself. Then, as the inductor begins to conduct current, capacitor Cl
starts to charge. As Cl charges, L2 opposes any current flow and has a
voltage drop across itself. When L2 begins to conduct current, C2 begins
to charge. This action is repeated down the line of LC circuits with a
slight delay in time occuring between each 1nductor-capaC1tor-1nductor

transfer.

The voltage level of the signal pulse is maintained on the line by the
charge on the capacitors. MNow when the trailing edge of the input signal
pulse returns to zero volts, the capacitors discharge through the inductors.
L1 will oppose Cl's discharge through L1, and delay Cl's voltage drop to
zero volts. This vopacitor-inductor interaction is repeated down the line
for each LC circuit, and keeps pace with the time delay at the leading edge
of the signal. Therefore, the signal traveling through the cable has the
same pulse width and waveform shape as the input signal. The total time
delay for the coax is the sum of the time delays for each LC circuit.
Therefore, time delay is directly proportional to cable length. .

The output signal is attenuated in electromagnetic delay lines because the
capacitor in each equivalent LC circuit discharges before it becomes fully
charged. Also, there is some normal resistance which causes energy loss.
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For relatively long time delays, where the size of components must be kert
to 2 minimum, the lumped constant delay line may be used 25 shown in Figure 9,

& IIEEEE o

[

NETWORK PULSE DELAY
$9i5-00-575-0352
ESC CORP. NO. 11-96B
PALISADES PARK, N.J.

1096-7502C

Figure 9

LUMPED CONSTANT DELAY LINE

This type of delay line consists of actual inductors and Capacitors,
enclosed in @ metal shield and can produce 2 30 millisecond delay in a
packaye as smal) as 2.54 cm (1 inch) square and 1.27 ¢m (1/2 inch} thick.
This same time delay replaces about 214 meters of spiral-wound coax. The

lumped constant delay line Can be manufactured to provide exact time
delays.

-~

The coax and lumped constant delay lines do not function properly when the
input signal frequenCy is above about 1000 MHz. (109 HZ}, which is the lower
limit of microwave frequencies. Figure 10 shows where the microwave
frequency range is in the frequenCy spectrum.

. FREQUENCY IN HZ
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Figure 10

FREQUENCY SPECTRUM CHART
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Since standard coaxial cable has a very short delay time of about .010
microseconds per meter, long lengths of cable are required for delay times
in the microsecond range. The cable may be coiled to save space. However,
a better method to reduce cable Tength is to use cable with a sp!ral-wuund
center conductor as shown in Figure 8, .

BRAIDED COPPER SHIELD
SPIRAL WOUKD

CENTER CONDUCTOR / /RUBBER OUTER INSULATOR

POLYETHYLENE INSULATOR

Figure 8
SPIRAL COAX DELAY LINE

The Tength of the center conductor is greatly increased by ‘spiraling, which
increases the number of equivalent inductors and capacitors per unit

length. The delay time for spiral-wound coax is about 14 times greater
than that of standard coax. The amount of signal attenuation is proportion-
ately increased. Spiral-wound cable is the more commonly used of the two
types of coax.
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To make a waveguide into a delay 1line, the waveguide is formed into a loop
or circle as shown in Figure 12.

Figure 12
WAVEGUIDE DELAY LINE

. A signal at the input will split and travel in both directions around the
circlie. The signal going to outout 2 has farther to travel than the signal
going to output 1, causing output 2 to occur later in time. Both outputs
are detayed with reference to the input.
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Harrat ive

The reason for tne problem at microwave frequencies is related to the
capacitance in the LC circuits of electromagnetic delay lines. As the

input signal frequency increases, the capacitive reactance (Xc) decreases.
This relationship is expressed in the formula Xc = .159:FC, At microwave
frequencies, Xc becomes so small tha® the signal in coax and lumped constant

delay Vines shorts across the line.

At microwave frequencies, a transmission line called a waveguide is used to
conduct and delay signals. Since signals move more slowly through a waveguide

than through either free space or a wire, the waveguide can be used as a
delay Yine for small time delays. Examples of waveguides are Shown in

Figure 11.

—

CYLINDRICAL RECTANGULAR
WAVEGUIDE WAYEGUIDE .

Figure 11

WAVEGUIDES
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As a rule of thumb, maximum energy transfer occurs through delay lines if
the input source and output load impedances are matched to the delay Jine.
An example of impedance matching is shown in Figure 14,

bi DELAY ZUUT
v LN .sp0n I} Zs00n

- Figure 14
DELAY LINE IMPEDANCE MATCHING

In the figure, the source impedance {Z,) is impedance matched to the

delay line input. The output Toad (Zp) is impedance matched to the delay
Tine output (Zg,t)- '

AT THIS POINT YQU MAY TAKE THE LESSON PROGRESS CHECK. IF YOU ANSWER ALL
SELF-TEST ITEMS CORRECTLY, PROCEED TO THE LESSON TEST. IF YOU INCORRECTLY
ANSHER OHLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE
WILL REFER YOU TO THE APPRNPRIATE PAGES, PARAGRAPHS, QR FRAMES SO THAT YOQU
CAW RESTUDY THE PARTS OF THIS LESSON YOQU ARE HAVING DIFFICULTY WITH. IF YOU
FEEL THAT YOU HAVE FAILED TO UNDERSTAND ALL, OR MOST, OF THE LESSON, SELECT.
AND USE ANOTHER WRITTEN MEDIUM OF INSTRUCTION, AUDIO/VISUSL MATERIALS (IF
APPLICASLE), OR CONSULTATION WITH THE LEARNING CENTER INSTRUGTOR, UNTIL

YOU CAN ANSWER ALL SELF-TEST ITEMS ON THE PROGRESS CHECE}EPRﬂECTLY.
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Figure 13 shows the signal characteristics for a waveguide delay line.

INPUT

T RTBWTB® 7B M

I

D BT 1718 1810
~»! e DELAY

|

QUTPUT |

ouTPUT 2 :‘__ DELAY-——-*'.I—l m

T T2 BWTS T 17181 T0

Figure 13
WAVEGUIDE DELAY TIMES

i)
As you can see, waveguides have similar signal characterictics to coax and
lTumped constant delay lines. The output signals are attenuated, and have
the same pulse width and waveform shape as the input signals. -

%3 ’ )
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OVERVIEW
LESSON 2

Dummy Loads

In this lesson you will learn how electrical dummy load devices can be used to
simulate real loads on equipments such as power supplies and transmitters. You
will become familiar with some basic design features of these dummy loads and
some important requirements for, and limftations on, their use. You also will
become familiar with some basic uses for mechanical dummy loads.

The learning objectives of this lesson are as follows:
TERMINAL OBJECTIVE(S):

33.2.62  ‘When the student completes this lesson {s)he will be able to
IDENTIFY the purpose, function, and operating characteristics of
dummy loads by selecting Statements from a choice of four. 100%
accuracy is required.

ENABLING OBJECTIVES:
When the student completes this lesson (s)he will be able to:

33.2.62.1 [IDENTIFY the purpose of electrical dummy loads by selecting the
correct statement from a choice of four. 100% accuracy is required.

33.2.62.2 IDENTIFY the operating characteri’gtics and applications of resist-
ive dummy loads by selectiag the correct statement from a choice of
four. 100% accuracy is required.

33.2.62.3 CALCULATE the resistance and power requirements of dummy loads used
on power supplies, given the voltage and current of the actual load,
by selecting the correct value from a choice of four. 1D0% accuracy
is required.

33.2.62.4 IDENTIFY the operating characteristics and lications of coaxial
. and waveguide dummy loads by selecting the cor —statement from
a choice of four. 100% accuracy is required. :

33.2.62.5 CALCULATE the power requirements of dummy loads used on transmitters,
given transmitter outputs, by selecting the correct value from a
choice of four. 100% accuracy is required.

33.2.%2.6 IDENTIFY the purpose of, and examples of, mechanical dummy loads by
selecting the correct statement from a choice of four. 100%
accuracy is required.

BEFORE YOU START THIS LESSON, READ THE LESSON LEARNING OBJECTIVES AND PREVIEW
* THE LIST OF-STUDY RESOURCES ON THE NEXT PAGE.
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SUMMARY
LESSON 2 -

Dummy Loads

>

Many times you will find it necessary to test electronic equipments, such ‘
as power supplies and transmitters, without connecting them to their normal
load devices. In these situations, dummy loads are used. A dunmy load is a

device that appears to any equipment under operation to be the normal
load. N

Figure 1 shows two common examples where electrical dumuy loads can be
used.

ANTENNA
3

M COAXIAL
}g}’ ",/’GABLE

RADIO

i
o 3
$| DUMKY
TRANSMITTER |, {l?g:ﬁ .Dc }, LOAD
- DUMMY ol
(@ L !
p ) Figure 1 ki;

DUMMY LOAD APPLICATIDNS

When using dummy loads, the normal loads are isolated electrically from
the circuits. The dummy loads allow you to operate and troubleshoot
the radio transmitter and power supply without the prohlews related to
using the normal loads. Duninty 1oads can replace the normal ioads of
circuits as well as of complete equipnents.

A resistive dummy load converts the output energy from an operating

equipment into heat. Two requirements for using all resistive dummy
Toads are:-

1. The dummy load resistance wmust be as close as possible to the
. actual value of Toad resistance (RL).

2. The dummy load power ratiny must be high enough to dissipate ..
the power produced by the equipment or circuit, o
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Study Resources . Thirty Three- 2

LISTOF STUDY RESDURCES
LESSON 2

Dummy Loads

To Jearn the material in this lesson, you have the option of choosing,
according to your experience and preferences, any or all of the following
study resources:

Written Lessop presentation in:
Module Booklet:

Summary
Programmed Instruction
Narrative

Student 's Guide:

Summary %
Prggmss Check

Additional Material{s}):

Lnrichment Material(s):

£lectronics Installation and Maintenance Book (EIMB)}, (Test Methods and
Practices) NAVSKIPS 0967-000-0130

Principles of Radar, 3rd edition, Frances T. Reitzes and Godfred T.
Coate, McGraw-Hilt Book Co. Inc., New York 1952,

IS

YOU MAY USE ANY, OR ALL, RESOURCES LISTEQ ABOVE, AND ALSO THE LEARNING
CENTER INSTRUCTOR. HOWEVER, ALL MATERIALS LISTED ARE NOT NECESSARILY
REQUIRED TO ACHIEVE LESSON OBJECTIVES. THE PROGRESS CHECK MAY BE TAKEN AT
ANY TIME.
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Figure 3 illustrates a waveguide dumﬁy load.
FLANGES

WAVEGUI pg 2\

L

=

\ COOL.ING FiNS

~—

. Flange used to bolt wavequide
dummy load to wavequide. -

. Vaveguide extends th?buah
cooling fins.

. Cooling fins.

Figure 3
WAVEGUIDE DUMMY LOAD

In both coaxial and waveguide dummy loads, sgme RF energy is not dissipated

as heat and 1eaks into the surrounding space. When radio silence is required,
the Commanding Of ficer nust give permission to transwit evea into 3 dummy
Toad. ~

The previous discussion has dealt with electrical duniny 1oads. Dne other
category of dummy load is the mechanical duwamy 1oad which is a device that

simulates mechanical loads,

AT THIS POINT, YOU MAY TAKE THE LESSOMN PROCRESS CHECK. [IF YOU ANSHER ALL

. SELF-TEST ITEMS CORRECTLY, PROCEED TO THE LESSON TEST, IF YOU INCORRECTLY
ANSWER ONLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE
WILL REFER YOU TO THE APPRDPRIATE PAGES, PARAGRAPHS, OR FRAMES SC THAT yOU
CAN RESTUDY THE PARTS OF THIS LESSON YOU ARE HAVING DIFFICULTY WITH, IF YOU
FEEL THAT YOU HAVE FAILED TO UNDERSTAND ALL, OR MOST, OF THE LESSON; SELECT

AND USE ANOTHER WRITTEN MEDIUM OF INSTRUCTION, AUDIC/VISUAL MATERIALS (IF
APPLICABLE), OR 'CONSULTATION WITH THE LEARNING CENTER INSTRUCTOR, UNTIL YOU CAN

ANSWER ALL SELF-TEST ITEMS ON THE PRODGRESS CHECK CDRPECTLY.
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A resistive dummy load can be a fixed resistor or a rheostat., Fixed
resistors of proper values and Power ratings are commonly used as dummy
1oads for AC or DC power supplies over a wide range of power outputs.

A resistive dummy load which replaces the antenna of a radio transmitter
must be capable of dissipating a larce zmount of heat caused by the RF
energy., Two types of dummy load used for this purpose are coaxial and
waveguide dummy loads. In both types, the resistive element is made

of a special mixture containing powdered graphite with an adhesive compound.
This mixture is formed into a tapered cone, and placed into a heat sink to
dissipate the heat into the air, \
Coaxial dummy loads are used at frequencies in the RF comnunications

range, A coaxial cdable transmission line connects the radio transmitter

to the dummy load. In this case the fixer output impedance of the transmitter
{usuaily 50 ohms resistive} is matched by a 5U ohm coax cable and 50 ohm
dunny Toad, Figure 2 showus an exterior view of a coaxial dummy load.

. Resistive element
RF input connector

. Metal cooling fins

. Resistive element
extending down through
coolino fins

Figure 2
CDAXIAL DUMMY LOAD (EXTERIOR VIEW)

Waveguide dummy loads normally are used at microwave (radar} frequencies.
A waveguide transmission line conpects the radio transmitter to the dummy
load. The resistive element is contained within a piece of waveguide.
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P.I. . Thirty Three-2

frequency energy would radiate from the antenna and cause interference to
normal communications on the channel. You may have encountered this

interference problem on your television or citizen's band radio.

It Figure i(b}, a power supply is shown connected to one of its normal
Toads which js a radio transmitter. In oéder to test the power supply, you
need to operate it. However, the transmitter has fragile semiconductor
devices"uhich may be damaged while you are troubleshooting the power
supply. You can see from both examples that there is a need Loth to test
equipments under load conditi?ns and to isolate them from their normal

1oads.

When troubleshooting a piece of electronic equipment, you will sometir.2s

need to isolate it from its normal output .

A A e e S S A A o e e S e o o e e e e e e o T o W -

1oad

@ A durmy Toad is a device that will appear to any equipment under

operation to be the normal Toad. Dummy Toads can replace normal lo0ads so

that you may troubleshoot equipment and avoid the problers caused by using

the normal Toad.
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PROGRAMMED INSTRUCT IO
LESSON &

Dusmy Loads

TEST FRAMES ARE & AND 14, PROCEED TO TEST FRAME © FIRST AND SEE IF YOU CAN
ANSWER THE QUESTIONS. FOLLOW DIRECTIONS GIVEN AFTER THE TEST FRAME.

(::) Many times in your electronics career you will have to test a piece of
equipment without having it connected to its normal load device. Figure ]

shows two common Situations in which this happens. )

ANTENNA \,
/
o COAXIAL
"~ CABLE f}
RADIO o-—-1f-J RADIO
TRansMiTTER |57 EONR | o] B TRANSMITTER
(0 | - (b
T;Figure 1

 TEST SITUATIONS

In Figure 1(a), a radio transmitter is shown connected to its rormal load
which is an antenna. In order to test the transmitter, you would need to

"key" it (make it transmit). However, when you key the transmitter, radio

61
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In both examples, the dumny loads appeared as units which are externisl to
the equipments. You will find that dummy loads also can substitut. for

circuits within a piece of electronic equipment.

Tic type of special device used to replace the normal loads on ele.tronic

equipments or circuitry is called a

A A D A A e A O

dummy loaa

@ You have learned that a dummy load i used wherever it 15 not desirable
or possible to hook up electronic equipments to their normal toads during -
testing or adjusting. Dummy loads allow you to remove the normal load from
the circuit. Now, what is a duﬁmy load? Bascially, a Gummy load is a
conversion device. ‘It commonly converts the gnergf'produced‘by the equipnent

- under test into heat. To do th%s, many dummy 1oads are made of a piece of
resistive mafgpial and funétion as rgsiéggrs. These are called resistive’
dymm& loads. You are familiar with resistors ﬁsed as normal loads (R} )

in the circuit$ of-amplifiers :and power supplies. Therefore, ordinary

resistors often are used as dummy 1oads.

Resistive dummy loads function electrica]]y as , and convert

the energy produced by equipment to which they are connected into

T P i ] o — i —— ] ——— 0 ——

resistors, heat
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Figure 2 shows two examples in which dumny Toads replace normal loads.

CCAXIAL
"\ b
AR

RADIO
TRANSMITTER ;’3.!{&5

DUMMY
(a) LOAD (b)

o=
\,

Fiqure 2

DUMMY LOAD APPLICATIONS

In Figure 2(a), the dumny load replaces the radio transmitting antenna.

Thus, the transmitter may he operated and tested without causing interference
in other rcceivers. This is because the RF energy output is confined to

the shielded duniny 1oad. Since the dummy load_has the same impedance as

does the antenna (usually 50 ohms resistive), the transmitter will operate

1

the sane as if connected to the antenna.

In Figure 2(b), the dumny load replaces a radio transmitter. The power

supply will operate the Saue as iT attached to the radio transmitter.
Therefore, a technician can operate and repair the power Supply without

daiaging the transmitter.
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Let's replace the normal load with a 0 - 250 ohm rheostat i ated at 2
amperes current and 1000 watts merimum power, Figure 3 shows such a

rneostat,

Figure 3 -

0-250 OHM, 2 AMPERE RHEOSTAT

You have used a similar device in several BL/L job programs. The rheostat
should be set to match the normal load resistance of 100 ohus. . The power
rating of the rheostat at 100 ohus is found by again applying Ohms Law (P =
IZR).IIAt 100 ohms, the rheostat has a power rating of 400 watts {E 2
amperes}2 X 100 ohmé]. Since the normal load requires only 100 watts,

the dupmy load can bé used to renlace the normal load. The dumny load will
dissipate the energy produced by the power supply in the form of heat. This
tyPe of dummy 10ad can be used on AC or DC power supplies of any‘power out-

out, Also, a fixed resistor may be used instead of a rheostat,
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There are two requirements for using a resistive dummy load to replace

a normal ioad. They are:

a. The resistance of the dummy load must be <5 close as possible tg the

actual value of the joad resistance {RL)-

b. The power or wattage rating of the dummy load must be high enough to

dissipate the power produced by the equipment or circuit,

rResistors must have the correct resistance values and power ratings before

they can be used as dummy 1o0ads.

In order to operate proPerly, resistive dummy loads should have resistance

values and ratings of correct size.

B L T o e Ll T BT YO e PR S

B . L T T T T o N I

power {(or wattage)

(::) let's Toock at an example of a resistive dummy load replacing a normal

load. Suppose a power supply for a number of circuits (the normal load)
produces 10C-volts D.C. at 1 ampere. Yuu know that using a dummy load
requires knowledge of the resistance and power rating of the normal load.
You can apply Ohm's Law to find resistance (R = Ex1) and power (P = IE).

In this example, resistance equals 100 ohms {100 volts/] ampere), and power
=quals 100 watts {1 ampere X 100 volts). Therefore, the dummy load should

have 100 ohms resistance and a power rating of no less than 100 watts,
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The microwave energy travels down.the waveguide somewhat like water travels
through a pipe. The walls of the waveguide may be lined with silver or
other material of high conductivity. This will minimize the energy Toss as

the signal moves through the waveguide.

A waveguide is a {solid/hollow} cylindrical or rectangular pipe.

B Y e e e e e e e e e s e e ] ————

hollow

Since a waveguide has a special shape and no center Conductor, a

waveguide dummy load is designed a little differently than a coaxial dummy
load. Both dummy loads yse a resistive element made of powdered 9raphite in
an adhesive compound. Also, both dummy loads use a heat sink with cooling
fins. The differences between the two types of dummy loads are obvious

when you study the illustrationc of a waveguide dummy load shown in Figure 7.

[l
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isolated from
b. heat

250, 100D

YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GD TD TEST FRAME 14.
OTHERWISE, GO BACK TD FRAME 1 AND TAKE THE PROGRAMMED SEQUENCE BEFDRE
- TAKING TEST FRAML © AGAIN,

(::) You have learned how a rheostat or fixed resistor can be used as a

resistive dummy load for a power supply. Now a resistive dummy load which

replaces the antenna of a radio tranSmitter normally is not a common
resistor. The dummy load for a radio transmitter must be able to dissipate
the large amount of heat produced by the RF energy. For low power levels,

a common, non-inductive resistor may do the job. H0§fver, at higher power
levels many dummy loads use a special resistive element. This element has a
center conductor that is a resistive mixture of powdered graphite with an
adhesive compound. The resistive mixture is formed into a tapered cone and
connec ted %0 a piece of coaxial cable tranmission 1ine as shown in Figure

4.

NEOPRENE RUBBER CENTER RESISTIVE

INSUL ATOR MATERIAL
WsuLaTor | CONDUCTOR

RF FROM
TRANSMITTER

BRAIDED COPPER
SHIELD

Figure 4
COAXIAL DUMMY LDAD (CUTAKAY VIEW)

In the figure, the coaxial cable couples the RF signal from the transmitter

to the dummy load. 69

1
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The resistive element is placed iaside a large heat sink made of metal

cooiing fins. Figure 5 shows an external view of a complete coaxial dummy

loac.

. Resistive element
. RF input conpector

. Metal cooting fins

. Resistive element
extending down through
cooling fins

Figure §
COAXIAL DUMMY LOAD (EXTERIOR VIEW)

In the figure, the RF energy applied to the input is converted to heat, and

then dissipated into the air by the cooling fins of the heat sink.

The coaxial dummy 1oad shown in Figure 5 is commonty used to replace the

normal load of a (power supply/radio transmitter)

A A A S e A T

radio transmitter
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(§:> At frequencies in the RF communications range {about 100 kHz to about
500 MHz), coaxial ceble is used to couple the RF signal from the transmitter
to the dummy load. However, as frequency increases into the microwavé
frequency range, coaxial cable nomally is not used. In the pre#ious
lesson on delay lines, you learned about the problems associated with
coaxial cable as @ transmission line for microw;ve frequencies, such as are used
by radar. Recall that the cable center conductor, insulator, and braided
copper shield {which is grounded) function as a capacitor in parallel with
the sigﬁal { about 25 picofarads per foot.) .Af microwave frequencies, the
capacitor's reactance {Xc) becomes so small that the signal will shunt to
ground.' The solution to this problem is the same for dummy loads as it was

for delay lines: use « waveguide instead of coax.

The transmission Tine between transmitter and dummy load which is used

below microwave frequencies is a length of

while at microwave frequencies it is a

coaxial cable, waveguide

(Ez) A waveguide is constructed as a hollow metal cylinder (pipe) or rectangular

tube as shown in Figure 6.

Figure 6
CYLINDRICAL AND RETANGULAR WAVEGUIDES
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In the uppér right-hand part of the figure, you can see that the resistive
element is contained within a piece of waveguide. In the bottom half of
the figure, you can see the specially designed flange used to0 conneci the

waveguide dummy Toad to the waveguide transmission Tine. The waveguide
dumaty load converts the microwave frequency eneryy 'to heat which 1s dissipated

"by the cooling fins,

The resistive element in a waveguide dummy load is contained within a

waveguide

(::) Both the coaxial and waveyuide dunmy Toads ysed in place of antennas
are resistive in nature. You have lcarned that resistive dummy loads wwst
meet two requirements. These requirements, as applied to antenna dummy

woas, are:

a. The resistance of the dummy Jload must equal the output load impedance

of the transmitter,

b. Tae power handling ability of the dummy 1oad must be h.gh encugh to

dissipate the total outpui power of the transmitter.

In order to be used in place of an antenna, a coaxial or NaveguiQe dummy
Yoad must have the same value and at least the same

as the transmitter cutput.
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\ COOLING FINS

WAVEGUIDE DUMMY LOAD

CROSS — SECTIONAL VIEW
THROUGH B-B

. Flange used to bolt wave-
guide duwmy load to wave-
guide.

. Waveguide extends through
cooling fins.

» Cooling fins s

Figure 7
WAVEGUIDE DUMMY LOAD
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THIS IS A TEST FRAME. COMPLETE THE TEST QUESTIONS AND THEN COMPARE |
YOUR ANSWERS WITH THE CORRECT ANSWMERS GIVEN AT THE TOP.OF THE PAGE FOLLOWING
THE QUESTIONS.

1. A dumny load made of a mixture of powdered graphite with an adhesive

compound would be used in place of the normal Toad on 2 {power supply/radio

transmitter).

2. What type of dummy Yoad would be used in piace of an antenna at frequen-
cies in the RF communicationslrange?

2. Waveguide

b. Mechanical

c. Wire wound resistor

d. Coaxial

3. What type of dummy.load normally would be used in place of a radar
antenna?

Reaéiive

Haveguide

Coaxial

d. Mechanical

4. The resistance of the dumily Toad used in place of an antenna must be

{(Jess than/equal to/greater than)} the transmitter's normal output load

impedance, -




P.I. Thirty Three-2

(::) Coaxial and waveguide dummy Joads used in place of antennas are not

perfect energy “sponges”. Some of the RF energy generated by the radio
transmitter will leak into space. This stray RF energy may be rgceived by
sensitive direction-finding equipment which could pinpoint the transmitter's
location. Now under certain conditions, radio silence may need to be
maintained. At this time, no one is authorized to transmit into a dummy

1oad unless the Commanding Officer gives permission to transmit.

Dummy 1oads used in place of antennas absorb {2ll/most) of the RF energy.

e A e e g e e G e e e S e e e e e e A Ay W

most

(::) So far you have lea:ned about electrical type dummy 1oads. There is
oné ot her category of dummy loads, the mechanical dummy l1oad. Mechanical
duniy loads are devices which simulate mechanical loads. As an example,
suppose you wish to test if a crane has a 10,000 kilogram lifting capacity.
Obviously, you wouldn't pick up a2 10,000 kilogram boat valued at $100,000 to
make the test. You would use 2 mechanical dummy load such as a block of
lead weighing 10,000 kiTograms. Otherwise, you might destroy the boat if
the c¢rane didn't work properly! Like electrical dummy loads, mechanical

dummy loads muﬁgﬂsimu]ate as closely as Possible the actual load conditions
-

for"fhe—equiﬁﬁent under test.

Two ma)or categories of dummy 1oads are anc

A e S sk e g e S e A Y e e Ll e S SR

electrical, mechanical
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5. MWhai type of dummy load would be used to test the 1ifting capability of

r

.a crane?
a. Mechanical
b. Resistive
Electrical

Coaxjal
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1. radio transmitter
2. d. coaxial.

3. b, waveguidé

4. equal to

5. a. mechanical -

IF YOUR ANSWERS MATCH THE CORRECT ANSWERS YOU HAVE COMPLETED THE PROGRAMMED
INSTRUCTION FOR LESSON 2, MODULE THIRTY THREE. OTHERWISE GO BACK TO FPRAME 7
AND TAKE THE PROGRAMMED SEQUENCE BEEPRE TAKING TEST FRAME 14 AGAIN.

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK. IF YOU ANSWER ALL
SELF-TEST ITEMS CORRECTLY, PROCEED TO THE LESSON TEST. IF YOU INCORRECTLY
ANSWER ONLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE
WILL REFER YOU TO THE APPROPRIATE PAGES, PARAGRAPHS, OR FRAMES SO THAT YOU
CAN RESTUDY THE PARTS OF THIS LESSON YOU ARE HAVING DIFFICULTY WITH. IF
YOU FEEL -THAT YOU HAVE FAILED TO UNDERSTAND ALL, OR MOST, OF THIS LESSON,
SELECT AND USE AWOTHER WRITTEN MEDIUM OF INSTRUCTIOR, AUDIQ/VISUAL MATERIALS
(IF APPLICABLE), OR CONSULTATION WITH THE LEARNING CENTER INSTRUCTOR, UNTIL
YOU CAN ANSHWER ALL SELF-TEST ITEMS ON THE PROGRESS CHECK CORRECTLY,




If you don’t know what it does don’t fool with it!




Narrative

Thirty Three-2

A dummy load is a device that appears to any equipuent under operation to be

the normal load.

For example, duminy joads can be attached to a radio

transpitter or power supply in place of the normal lTpads as shown in

Figure 2.

T -RADIO
TRANSMITTER

{a)

DUMMY LOAD APPLICATIONS

COAXIAL .

/CABLE

Ficure

DUMMY
LOAD

2

POWER
SUPPLY

{b)

a-lgoc:—cm—mm:al)

DUMMY

LOAD
L

In the Tigure, the normal loads are electrically isolated from the circuits.

The transmitter or power supply can be operated and tested without the
problems related to using normal locads.

Dummy loads can be used to replace

individual circuits within equipments as well as tv replace complete equip-

nents.

A resistive dummy load functionS by converting the output enerqy from an

operating equipment into heat.

Therefore, many electrical cummy 1oads are

made of resistive material. OUrdinary resistors often are used as dummy

1oads.
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NARRATIVE
LESSON 2

Qummy Loads

Many times in your electronics career you will find it necessary to test a
piece of equipment without having it connected to its normal load device.
Two Common Situations are shown in Tigure 1.

ANTENNA

«COAXIAL
CABLE

- RADIO POWER RADIO

TRANSMITTER SUPALY TRANSHITTER |

(a)

Figure 1

TEST SITUATIONS

In Figure 1{a}, a radio transmitter is connected to its normal load, -an
antenna. If you key the transmitter to test it, RF energy would radiate
from the antenna and cause interference to normal communication on the

channel. :

In Figure I{b), a power supply is connected to one of its ncrmal loads, a
radio transmitter. In order to troubleshoot the power supply, you need to
operate it, This could cause damage to the transmitter’s fragile semi- ~
conductors. In these examples, you can see a need both to test equipments

" under load conditions and to isolate them from their normal Joads.

-
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At 100 ghams the power rating is 400 watts. Since the normal load for the
power supoly requires only 100 wé-iS, the rheostat can be used as a dummy
toad. In other examples, fixed or varieahble resistors can be ysed as dummy
loads for AC or DC power supplies of any power output.

Hormally, the type of resistive dummy Joad used to replace the antenna of a high
nower radio transmitter is rnot a common resistor. Because of the lar@e amount
0of heat produced by the RF energy, a sbecial resistive element is used. This
element has a center conductor that s a resistive mixture of powdered

g-aghite with an adhesive compound. The resistive mixture is formed into a
tepered cone and connected to a piece of Coaxia cgble transmission line as
shown in Figure 4.

NEOPRENE RUBBER CENTER RESISTIVE

INSULATOR c MATERIAL
N INSULATOR CONDUCTOR

BRAIDED COPPER
SHIELD

Figure 4

COAXTAL DuMMY LOAD (CUTAWAY VILW)

To accomplish maximum energy transfer, both the coax caple and the duqnw
load must be impedance :natched to the radio tranSmittgr. The output impedance
of radio transmitters is usually fixed at 50 ohms resistive.

The Fesistive element is placed inside a large reat sink made of metal
c00ling fins. Figure 5 srows the exterior view of a coaxial dummy load.
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There are two requirements for using a resistive dumy load to replace a
normal equipment or ¢ircuit load. They are: .

1. The resistance of the dummy load must be as ciose as possible to
the actual value of Toad resistance (RL).

2. The pc.er, or voltage, ra ing of the dummy lcad must be ﬁigh enotgh
to dissipate the power produced by the eguipment ar (ircuit.

Let's Took at an example of a resistive dummy load replacing a normal

Toad. Suppose a power supply to a number of circuits requires 100 volts and
draws 1 ampere. By applying Ohm's Law (R=E:I and P=IE), the load resistance
is 100 ohms and the load power rating 1s 100 watts. Therefore, the dummy
load must have a resistance of 100 obms, and a power rating of at least

100 watts.

Figure 3 shows a 0-250 ohm rheostat rated at 2 amperes and 1000 watts
maximum power which can be used as the dummy load.

o Il'[lr.‘.n,f‘ r'.-:_l

0-250 OHM, 2 AMPERE RHEOSTAT

- The power rating of the rheostat, when set at 100 ohms with 2 amperes
current through it, is found by again applying Chm's Law (P=12R}.
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A waveguide dummy load basically functions the same as a toaxial duamy load,
although there are sone design differences. Figure 7 shows various illustrea-
tions of a waveguide dummy Jopad. '

FLANGES
WAVEGUIDE 7\

?

COOLING —~——0y

\ COOLING FINS

YWAVEGUIDE DUMMY LOAD

CROSS - SECTIONAL VIEW CROSS - SECTIONAL VIEW
THROUGH A-A THROUGH B-B

. Flange used to bolt
waveaquide dummy load
to waveQuide.

. Waveauide extends throuch
ceoling fins.

. Cooting fins.

Figure 7
WAVEGUIDE DUKKY LOAD
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o yUosl :
_.-'-.. . Resistive element

. RF dinput conmector

. Metal cooling fins

. Resistive element
extending down through
cooling fins

Figure 5

COAY. 1AL DUMMY LOAD (EXTERIOR VIEW)

In the figure, the RF energy applied to the input is converted to heat, and
then dissipated into the air by the cooling fins.

At frequencies in the RF communications range {ab-  "00 kHz to about 500
MHz), coaxial cable is used to couple the RF si- om the transmitter to
the dummy load. However, coaxial cable normally . not ysed at radar
microwave frequencies, This is because the capacit ve reactance of the
cable at microwave frequencies becomes so small the” ‘he signal loss is
high. The signal "is effectively shunted to ground. “herefore, a waveguide
is used at microwave frequencies. A waveguide is 2 _1low metal cylinder
(pipe) or rectangular tube as shown in Figure 6.

Figure 6

CYLINORICAL AND RECTANGULAR WAVC_UiDCS

85
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As you can conclude frow studying the figure, waveguide dummy loads also use
a resistive el_ment, and use heat sinks with cooling fins to dissipate the
heat. In a wa 2gquide dummy ‘o0ad, {he resistive element is contained within
a piece of waveguide. Also, there are specially designed flanges which
connect the waveguide dummy joad to the waveguide transmission line.

Coaxial and wa' guide dummy loads used in place of antennas must meet the
same requiremen.s as any other resistive dummy load.

These requirenents as applied to antenna dumny loads are:

1. The resistance of the dummy Toad must equal the output load impedance
of the transmitter,

2. The nower handling abitity of the dummy load must be high enpough to
dissipate the total output power of the transmitter.

Condition gne is normally automaticaily met because of the match between
fixed values of RF dummy lgads and companion transmission lines,

A small amount of the RF energy generated by a transmitter which is connected
to a coaxial or waveguide dummy load will 'eak into the surrounding space.
This stray RF energy may be received by sensitive direction firding equipment
and pinpoint the transmitter’'s Tocation. Now under certain conditions,

radio silence may need to be maintained. Therefore, under certain conditions,
the Commanding Of ficer must give permission to transmit even into a dummy
load.

You have learned about electrical dummy Joads. One other category of dummy
“nwad is the mechanical dummy load which is a device that simulates mechanical
0ads, For example, you would use a mechanical dumnty load, such as a block
of lead weight, rather than an expensive boat to test the 117 ~-~a capability
of a crane.

Mechanical dummy ioads, like electrical dummy loads, must simulate as closely
as possible the actual load conditions of the equipment under test.

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK. IF YOU AMSWER ALL
SELF-TEST ITEMS CORRECTLY, PROCEED TO THE LESSON TEST. IF YOU  ORRECTLY
ANSWER ONLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE COPRECT ~HSWER PAGE
WILL REFER YOU TO THE APPROPRIATE PAGES, PARAGRAPHS, OR FRAMES SO THAT YOU
CAN RESTUDY THE PARTS OF THIS LESSON YOU ARE HAVING DIFFICULTY WITH. IF YOU
FEEL THAT YOL HAVE FAILED TO UNDERSTAND ALL, OR MOST, OF THE LESSON, SELECT
AND USE AHO™ "R WRITTEN MEDIUM OF INSTRUCTION, AUDIO/VISUAL MATERIALS (IF
APPLICABLE, . OR CONSULTATION WITH THE LEARNING CENTER INSTRUCTOR, UNTIL YOU
Catl ALSHER ALL SELF~TEST ITEMS ON THE PROGRESS CHECK CORRECTLY.
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33.3.63.7 1DENTIFY the schematic symbol, cperating characteristics, and
applications for the varactor dicde by selecting the, correct state-
ment or schematic symbol from a choice of four. 100% accuracy is

required.

33.3.63.8 1DENTIFY the schematic symbol, operating characteristics, and
applications for the triac by selecting the correct statement or
schematic symbol from a choice of four. 100% accuracy is reguired.

BZFORE -YOU START THIS LESYON, READ THE LESSC « LEARNING OBJECTIVCS AND PREVIEW
THE LIST OF STUDY RESOURCE. ON THE NEXT PAGE.
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OVERVIEW
LESSON 3

Special Solid State Devices

In this lesson you will be introduced to a number of special devices which are
being used tncreasingly in electronic circuits today. You will become familiar
with their operating characteristics and some of the most recent applications
made of them. And you will learn to identify their schematic symbols.

The learning objectives of this lesson are as follows:
TERMINAL OBJECTIVE(S):

33.3.63  When the student compietes this lesson {s)he will be able to
IDENTIFY schematic symbols, operating characteristics and applications
for optoelectronic devices (LED, photodiode, phototransistor, photo-
cell, solar ceil, and optical coupler), the varactor diode, and the
triac, by selecting statements from a choice of four. 100% accuracy
is required.

ENABLING OB ECTIVES:
when the student completes this lesson, (s)he will be able to:

33.3.63.1 IDENTIFY the schematic symbol, operating characteristics, and
applications for the light emitting dinde {LED) by selecting the
correct statement Or schematic symbol from a choice of four. 100%
accuracy is required.

33.3.63.2 IDENTIFY the schematic symbol, operating characteristics, and
applications for the photodiode by selecting the correct statement
or schematic symbol from a choice of four. 100% accuracy is
required.

33.3.63.3 1DENTIFY the schematic symbol, operating chayacteristics, and
applications for two- and three-terminal phototransistors by select-
ing the correct . .atement or schematic symbol from a choice of four.
100% accuracy is required.

33.3.63.4 IDENTIFY the schematic symbol, operating characteristics, and
applications for the photocell by selecting the correct statement
or schematic from a choice of four. 100% accuracy is required.

33.3.63.5 IDENTIFY the schematic symbol, operating characteristics, and
) applications for the photovoltaic cell by selecting the correct
statement or schematic symbol from a choice of four. 1DD¥ accuracy
is required.

33.3.63.6 IDENTIFY the schematic symbol, operating characteristics, and
applications for an optical coupler by seiecting the correct state-
ment or schematic symbol from a choice of four. 100¥ sccuracy is
required.




Thirty Three-3

. SUMMARY
LESSON 3

Special Solid State Devices

The electronic revolution is producing a cuntinuous series of new special
devices. Many of these, although originally created to solve a specific
problem, are finding seemingdly endless applications. Anong the more important
new devices are those in the optoelectronic group (LEDs, photodiodes, etc.},
the varactor diode, and the triac.

P T
Optoelectronic devices either produce or use 1ight in their operation. Their
schematics typically show two arrows pointing either away from the hasic
symbol (if 1ight is produced) or in toward it (if light is used). The first

Figure 1.

/

Figure 1
LEQ

The LED is a diode which, when forward biased produces visible light. Their
extremely small size, low operating voltage and . _ “ife make LEDs ideal
replacenents for incandescent bulbs used as panel indicators and in displays

in pocket calculators and tie Tike. Typically, they are used in seven-segment .
diSplays like that shown in Figure 2.

Fiqure 2
SEVEN $TGMENT LED DISPLAY

92

31




Study Resources Thirty Three-3

LIST OF STUDY RESOURCES
LESSON 3

Special Solid State Devices

To learn the material in this lesson, you have the option of choosing, accord-
ing to your experience an_ preferences, any or all of the following study
resources:

Written Lesson presentation in:
Module Booklet:
Summary
Programmed Instruction

Narrative

Stuaent’s Guide:

Summa ry
Progress Check

Additional Material(s):
None

Enrichment Material(s}):

The Semiconductor Data Book, 4th edition, Motorola Semi-
conductor Prcducts, Inc., 1969.

Tracton, K.; Cisplay Electronics; Blue Ridge Summit, Pa.,
Tab Books, 19/7.

YOU MAY USE ANY, QR ALL, RESOURCES LISTED ABOVE, AND ALSO THE LEARNING
CENTER INSTRUCTOR. HOWEVER, ALL MATERIALS LISTED ARE NOT NECESSARILY REQUIRED
TO ACHIEVE LESSON OBJECTIVES. THE PROGRESS CHECK MAY BE TAKEN AT ANY TIME.

91
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The two-terminal NPN type, as an exawple, consists simply of a photodiode
placed in the base-emitter circuit of a transistor. Light intensity determines
the base current. In the three-terminal type, an additional lead is used to
apply an electrical bias to the base which can alter the effect of light
inte?sity on Lransistor conductivity (compensate for ambient 1ight levels,
etc.).

An older, similar device is the photoconductive cell, or photo cell, shuwn
wilh ~.s schematic in Figure 5,

N

Figure 5
PHOTO CELL

The photo cell is a light-controlled v. _ple resistor with a high Yigh*~to-
dark ratio--typically 1:160D or more. Pnoto cells are used in various iming
and control circuits, such as automatic streetlighl controllers,

- ' AN
\_/

Figure &
SOLA!: L

When exposed to 1ight, the sol~~ cell produces about .45 volts and a current
in proportion to its size. Connected in series or pdardilel Tike hatteries,
solar cells can produce higher volteges and carrenise Thay are s sl widaiy in
communications sate:lites and solar-powered homes.
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This display uses seven LED sedgments (or bars) which can be 1it in different
conbinations to form any nurber from "0" through "9". Each segment draws
about 10 mA of currenl when 1it. ODisplays are of the common-anode type, as
shown, or the common-cathode type. ften saveral displays are packaged
together in a stack, as for 7- or 9-digit calculators.

A second optoelectronic device, one that yses rather than produces light, is
the photodiode, shown with schematic in Figure 3.

N,

Figure 3
PHOTON10ODE

fhe photodiode is a light-controlled variable resistor., A transparent "window"
placed over the semi-conductor chip allows light to reach the diode. When
reverse blased, the diode conducts current in direct propartion to the
intensity of the 1ight source. Photodivdes are used in computer card readers,
photographic light meters, and sowe types of optical scanning equipment.

Another light-using optuelzctronic device, the phototransistor, is even more
sensitive to light and capable of higher output cirrent than the photodiode.
Four types of ph~*otrans’stors are Shown, with schematics, in Figure 4.

%@%'

"PNP N PN

Z-TERMINAL

3-TERMINAL \\:-@
Z NP N
Figure 4

2-TERMINAL ANO 3-TERMINAL PHOTOTRANSISTOR

93
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The varacteor, or varicap, is a dicde made to function likc a variable capacitor.
This is possible due tu the effect of reverse biasing on the size of the
depletion r2gion surrounding a diode’'s PN Jjunction, which is illustrated in
Figure 9.

DEPLETIOR AEGION

++
+4+
-+

~t
$ +

JUNCTION

Fiqure 9
PH JUNCTiON VS, CAPACITANCE

Increasing the reverse bias voltage causes *t:ue depletion reygiun to wf@en into

an insulating gap comparable to the dielectric in a capacitor. Applying the

formula C = A K (where A = plate area, K = a constant value, and d = distance
- .

between plate:z), it is found that the varactor's capacitance (C) is inverse1x
oroportional o applied reverse hias.

Varactors, have replaced variab .2 capacitors in many circuit applications,
especially sihisticated tuning circuits. One advantage of the varactor is
that it allow: a DC voltage to be used to tune a circuit auvtomatically as
snuvn 1n Figure 10,

v

L .
' —c, TO OSCILLATOR, AMPLIFIER, etc.

-

e

Figure .0

VARACTUR TUNED Tk
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The optical coupler, shown in Figure 7, combines two optoelectronic devices to
achieve total electrical isolation of circuits.

vigere 7

GPTICAL COUPLER

The coupler consists of a forward-biased LED and & reverse-hiased photodiode
encapsulated so that chanyes in the input signals are transmitted by light to

Lhe output. Couplers like this are suitable for frequencies in the low

megahertz ranye. Where more output is required, rouplers combining a photo- /
transistor with an SCR can be used. Optical scanners are replacing transf..mers

in low voltage and current applications, such as digital control cirenits.

Pt TE— —

shown with 1ts schematic in Figure 3,

S
figure 8
VARACTOR DIODE - PICTORIAL AND SCHLMATIC !
)]
95

s,




Summary Thivty Three-3

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK. IF YOU ANSWER ALL
SELF-TEST ITEMS CORRECTLY, YOU MAY TAKE THE LESSOM TLST. [IF YOU INCORRECFLY
ANSWER ONLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE
WILL REFER YOU T THE APPROPRIATE PAGES, PARAGRAPHS, OR FRAMES SO THAT YOU CAN
RESTUDOY THE PARTS OF THIS LESSON YOU ARE HAVING DIFFICULTY WITH. IF YOU FELL
THAT YOU HAVE FAILED TO UNDERSTAMO ALL, OR MOST, OF THE LESSON, SELECT AND USE
ANOTHER WRITTEN MEDIUM OF INSTRUCTION, AUDIO/VISUAL MATERIALS (IF APPLIC*BLL),
OR CONSULATION WITH THE LEARNING CENTER INSTRUCTOR, UNTIL YOU CAll ANSHER ALL
SELF-TEST JTEMS ON THE PROGRESS CHECK CORRECTLY.
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The variable DC voltage felt at Rl acts to reverse bias varactor diode (3.
Because C3 is in series with C2 and the equivalent capacitance of C2 and C3 is
in paraltel with tank circuit L1-Cl, any variation in the DC voltage at Rl
will vary both the capacitance of C3 and the resonant fregquency of the tank
circuil,

— d—

Thz2 triac, the last special device to be covered, is a three-terMinal device
similar to an SCR, as Figure 11 shows.

GATE
ANODEC|7<CATHODE

-SCR

Figure 11
TRIAC VS StR SCHEMATIC SYMBOLS

* The triac i5 essentially two SCRs back to back, sharing a common gate. It
controls current flow during both alternations o7 an AC cycle, instead of only
one as the SCR does, and conducts in both directions. The triag is widely
used in circuits which-control 1ight intensity and motor Speed. A comparison
of the waveforms seen at the input, gate, and output of the SCR and the triac
15 shown in Figure 12, :

o /\ Input

Gate !
Trigger !
LeveI:

C

Voltage 9

Figure 12

SCR VS TRIAC WAVEFORMS
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amber depending upon the material used to make the diode. LEDs are very
small devices. The actual diameter of the semi-conductor "chip" may be only
about one-half. a millimeter. The chip is contained in a larger plastic

package 3 mm to 6 mm in diameter.

e

An illustration of a LED along with its schematic symbol is shown in

-

/7

Figure 1.

/.
K‘I

Figurell

LED

As you can see, the LED is designated by a standard diode symbol with two

arrows pointing away from the cathode. The arrows indicate light leaving thé )
diode. You will find that the schematic symbols for optoelectronic devices

all have arrows pointing towards ‘them (if they use light) or away from them

{if they produce Yight).

A diode which produces red, green, or amber light when forward biased is

called a(n)} : .

A T A W ke T B i T L R A W W T oy Woap o A my A o by

LED (or Light Emitting Diode)

100
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PROGRAMMED INSTRUCTION
LESSON 2

Special Solid State Devices

TEST FRAMES ARE 6, 12, 17, 26, AND 29. PROCEED TO TEST FRAME 6 FIRST AND SEE
IF yOU CAN ANSWER THE QUESTIONS. FOLLOW DIRECTIONS GIVEN AFTER THE TEST

FRAME.

(::) The electronic revolution is continuing at a rapid pace. Electronic

circuits are required to do more specialized functions with fewer and smaller
parts. For example, the needs of the space exploration program have led to
tﬁg development of new devices, or the re-designing of old devices. In this
lesson. you will learn about some special solid state devices that are

becoming increasingly important as a result of our modern electronics technology.

The first six of the special solid state devices you wi}l learn about fall into
the coelectronic category. Optoelectronic devices either produce light or

use light in their operation,

Special solid state devices which either produce Tight or use Tight fall into

the general group called ) .

T e e i e T M T T . e i W g W PP A e W -——-—----——-—_—-_---7——— -

1

optoelectronic

(:) The first type of optoelectronic device you Will learn about was developed
to replace the fragile power-consuming, short-1ife incandescent Tight bulbs

used as status indicators on control panels, among other uses. This device is

a Light Emitting Diode {LED). A LED is & PN junction diode which, when
forward biased, produces a visible light., The light may be red, green or

99
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(::) LEDs are Yow power devices. The normal operating voltage is small, about
1.6V forward bias, and the c¢urrent drain is generally about 10 mA. The
power requirement for LEDs is much lower than for incandescent (filanent}
lamps. Also, the life:expectancy of a LED is very long (over 100,000 ﬁours
of operation)}. Because of their low Power consumption and Yong life, LEDs
commonly are used as "power on" ingicators and as alpha-numeric¢ displays for

pocket calculators, digital voltmeters, and frequency counters.

When compared to incandescent lamps, LEDs have a much {higher/lower) power

consumption and a much {shorter/longer) 1ife expectancy.

i ke e e e e e e  we

1ower, longer

A LED may be used alone. However, a very common application for the

device is the segmented LED display such as is found on pocket calculators. A

typical LED numerical display uses seven LED segments (or bars) uhi;EPcan be

1it in different combinations to form any number from 0" through "9~
Figure 2 shows a schematic diagram and illustration of a typical seveq;segment

LED display.

Figure 2

SEVEN SEGMENT LED DISPLAY
101 |

101
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Figure 2(a) is the diagram for a common-anode seven-segment display. This
means that all the anodes are connected internally to cach other and externally
to the same potential. When a negative vo]iage is applied to the proper
tathodes, a'number is formed. In Figure 2(b), LEDs A, B, C, D, F, and G w:11

‘1ightcand produce the number "9" when a negative voltage is applied to their

cathodes.. Likewise a negative voltage applied t0 the cathodes of LED's A, C, D,

E, F, and G produces the number "6". The display of numbers "9 and "6" are

shown in Figure 3.

Figqre 3

DISPLAY EXAMPLES

Of course, common-cathode seven-segmeni displays are alsp available. In

these displays, all the cathodes are connected to the same potential. When
you are replacing LED diSpléys, you must make sure that the replacement is of
the same. type as the faulty display. Since both LED types may look alike,

you should check the manufacturer's type number carefully,

v

“In a common-anode seven-segment LED display, an individual LED will tight if

a negative voltage is applied to its {anode/cathode).
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(::) Each LED in a seven-segment display is very small, In fact, the actual
size of a display number may be no larger than a standard typewritten number.
Several seven-segment displays may be put together into a compact package
containing any number of displays per package. Figure 4 shows a package

containing seven of these seven-segment displays.

A\ NTXNTACAN Y
TVTAT S TL Y

Figure 4
STACKED SEVEN-SEGMENT DISPLAY DF "4328571"

The package in the figure could be ysed for the numbers on a pocket calculator,

The current drain for each number display in Figure 4 varies with the digit
displayed. For example, the number fl" requires two LED’'s to be 1lit, and draws
about 20 mA of current (10 mA per segment}. The number "8" requires about

70 mA of current.

In Figure 4, the number "5" draws about mA of current.

- - W
’

50
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THIS IS A TEST FRAME. COMPLETE THE TEST QUESTIONS AND THEN COMPARE YOUR
ANSWERS WITH THE CORRZCT ANSWERS GIVEN AT THE TOP OF TrE PAGE FOLLDWING THE

QUESTIDNS.

1. A solid state device is called "optoelectronic” if it

a.
b.

c.

d.

produces light'but does nct use light.
uses 1vght but does not produce light.

either produces or uses light.
DIAGRAM BELDW TD ANSWER QUESTIDNS 2 AND 3,

4
P

Figure 5

diagram is the schematic symbol for what device?

arrows indicate that,the device is designed to

conduct current when light is applied.

. produce visible light.

conduct current when heat is applied.

produce heat energy. ‘ *

4. In a common-anode seven-segment display, all {cathodes/anodes) are at the

same voltage potential,

5. A pocket calculator contains several common-anode Seven-segment digital

displays. The display of the digit "1" draws {less current than/the sane

current as) the display of the-digit "8".

B i1 S

ina
»

T
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Figure 6 shows @ photodiode and its Schematic symbol.

Figure 6
PHOTODIODE

Notice that the svimbol for a photodiode has arrows pointing toward the
standard diode symhol. This indicates that light. is reqiired for operation

of the device.

The arrows in Figure 6 indicate that a photodiode (produces/uses) 1ight while

operating as a variable (light source/resistor).

uses, resistor

Photodiodes are packaged so that a transparcent "window” is placed over
the semiconductor chip. The light source is ihen aimnd through the window.
By switching the light source on and off, you can switch the conduction level
of the photodiode. By varying the light intensi£y, you can control the
amount of conduction. Photodiodes have a fast response to light changes,
which is a distinct advantage in digital applications. Photodiodes are used
iﬁ computer card readers, paper tape readers, and photographic light meters.

They also are used in some types of optical scanning equipment.
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If you vary the amount of 1light reaching a photodiode, the amount of conduction

o

in the device (remains constant/varies).

varies

t

Another optoelectronic device which uses light is the phototransistor. A
phototransiSEOr, Tike a photodiode, conducts current when exposed to light.
The differgﬁce between them is that a photoiransistor is much more sensitive
to light, And produces more Output current for a given intensity of light

-~

than does a photodiode.

A phaototransistor is made by combsining a photodiode with a transistor s

shown in Figure 7.

Figure 7
PHOTOTRANSISTOR

You can see in the figure that a phototransistor is simply a transistor with

a photodiode placed in the base-emitter circuit, light falling on the
photodiode will change the baSe current of the transistor. This causes the

transistor to produce an amplified output collector current.

Lo,
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A phototransistor is mede by combining a photodiode with a

ard has (more/less) output current Capebility than a photodiode.

A R e e ey A e R o e

transistor, more

(10) Phototransistors haye 2 transparent window over the photodiode's 1ight

sensitive material. The intensity of the light source on this window deter-

. mines how much current the transistor will conduct.

A phototransistor mey be either of the PNP or NPN type. An illustration of a
two-terminal {no base lead} phototransistor, and the schematic symbols for
PHP and NPN types, ave Shown im Figure B,

Light Window

PN P
Figure 8
2-TERMINAL PHDTOTRANSISTOR

-

You can see that the symbol for a phototransistor is similar to the standard

transistor symbol with the addition of twc arrows pointing toward it.

A phototransistor's conduction varies with the intensity of

the transparent window.

W T e L N N S R AT A e A R AR R T
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(:) Some phototransistors H;ve an external base lead. One funttion of the
base lead is to allow an electrical bias to be applied to the base which may
compensate for ambient (normal room) light. This bias allows the transistor
to operate at the optimum point with normal room light intensity. The two-and
three-terminal phototransistors operate thesame when a separate 1igh: source

Rt

is switcthed on.

An 11lustration of a three-terminal {with base lead} phototransistor, and the

schematic symbols for PNP and NPN types, are shown in Figure G,

AN N

NP N
Figure 9

3-TERMINAL PHOTOTRANSISTOR

In the figure, notice that the schematic symbols for three-terminal photo-

transistors are very similar to the schematic symbois for two-terminal

phototransistors,

ik function of the Tead on a three-terminal phototransistor is to

proﬁide a2 way to control phototransistor conductipn under ambient Tight.
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QE) THIS 1S A TEST FRAME. COMPLETE THE TEST QUESTIONS AND THcN COMPARE YOUR
ANSWERS WITH THE C(ORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE FOLLOWING THE
QUESTIONS.

1. In order to conduct current, photodiodes must be (forward/reverse )

biased.

2. As the intensity of an external light source increases, the conduction

level of a photodiode (déEreases/remains the same/increases).

3. A(n) replaces a photodiode in order to

provide increased conduction for a given light intensity.
4. An electrical bias can be placed on a (two/three)-terminal phototransistor

in order to compensate for ambient light.

USE THE SCHEMATIC SYMBOLS BELOW TO ANSWER QUESTIONS S5 THROUGH 7.

N

Figure 10
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b

The schematic Symbol for a photodiode is
a
b
o
d
schematic symboi for a two-terminal phototransistor is
a
b
o

d

schematic Symbol for a three-terminal phototransistor is

a

b
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reverse
increased
phototransistor
three
b
d

7. ¢

IF YOUR ANSWERS MATCH THE CORRECT ANSWERS YOU MAY GO TO TEST FRAME 17.
OTHERWISE, GO BACK 7O FRAME 7 AND TAKE THE PROGRAMMED SEQUENCE BEFQRE TAKING

TEST FRAME 12 AGAIN.

(::) A device which uses light and is similar in operation to the photodiode

is the photoconductive cell, or photocell. Photocells -have been around for a
: {

much longer time than have photodiodas. Like the photoﬁiode, the photocell

is a light-controlled variable resistor. A typical light-to-dark resistance

ratio for a photocell is 1:10D0. This means that the resistance of the

device could range from 1000 ohms in bright light to 1000 kilohms in the

dark, or from 2000 ohms in the light to 2000 kilohms in the dark, and s0 on,

Of course, other ratios also are available.
AN
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Figure 11 shows an illustration and schematic symbol for a photccell.

Figure 11
PHOTOCELL

Photocells are used in various types of control and timing circuits as, for

example, the automatic street light controllers in many cities.

A photocell is & device that is most similar in operation to a(n)
a. LED
photodiode

phototransistor

_photodiode
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A device which converts 1ight energy into electrical energy is called a

photovolaic cell. More popular names you have heard afe "solar cell” and
"solar battery".: A solar cell is a device that acts Tike a battery with
1ight providing the energy source. An example of a solar cell and the

schematic symbol are shown in Figure 12,

Figure 12

SOLAR CELL
~

e -

Ip the figure, notice that the schematic symbol is similar to that of a
Sattery. This device will produce a voltage of about .45 volts across its
terminals, with a current capacity determined by it$ size. Higher voltages
and currents are produced by series and/or parallel connections of the

solar cells, just as in batteries. The device is findinyg widespread use in

communications satellite énd solar-powered home an]ications.

il

The ope}ation of a solar cell most closely resembles the operation of a
LED.
photodiode.
phqtoce]].

battery.

battery
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(:) Often in electronics it is desirable to separate the voltage in oné
ejectrical circuit from another, yet couple the signal between the circui£s.
Although the coupling capacitor in an RC coupled amplifier-does block DC
between amplifier stages, the voltage isolation is not complete. Figure 13
shows a circuit diagram of a tygica] coupling capacitor between two amplifiers,

and the charging'current through the capacitor which prevents total isolation.

L -1 L=
+b 1 ‘——\—_\
COUPLING

CAPACITOR

Figure 13
DC BLOCKING WITH COUPLING CAPACITOR

- . . .
The coming of both the LED and the photodiode have made it possible to get
complete electrical isolation, and yet transfer signals between two circuits.

In thf; set-up, light becomes the coupling agent. The device which uses

th}z principle of transfer is called an optical coupler. The diagram for

an optical coupler is shown in Figure 14,

Figure 14

OPTICAL COUPLER
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In the figure, the arrows indicate the transfer of 1ight from a LED to a

photodiode.

In an optical coupler, the coupling agent is (electricity/light).

e e o e e e e e e T e T e e T AW e

1ight

The basic optical coupler is composed of a LED and photodiode in an
encapsulated housing, The LED operates with forward bias, while the photo-
diode uses reverse bias as shown by the polarity signs on the input/output

leads in Figure 15, /

Figure 15

OPTICAL COUPLLR

]

When the input signal causes current through the LED to increase, the light
produced by the LED also increases. This more intense light passes through
a light-conducting medium and falls on the photodiode PN junction, Thus,

more current flows through the photodiode external circuit, The level of

current through the photodiode varies in relation to the level of LED

current. However, both are electrically isolated.

The optical coupler is suitzble for frequencies in the Tow megahertz range,

Also, the photodiode can handle only small currents. However,{bhototransistor

*

and SCR devices can be used in optical couplers where more output current is

required.

115
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Ontical couplers are replacing transformers in low voltage and current
applications. Sensitive digital circuits can use this device to control
largé currents and voltages with low voltage logic levels. In fact, your

CMI tests are graded by an optical coupler Scanning device,

A basic optical coupler is composed of a {LED/solar battery) and a

{photocell/photodiode}.

LED, Photodiode

q:) THIS IS TEST A FRAME. COMPLETE THE TEST QUESTIONS AND THEN COMPARE
YOUR ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE FOLLOWING
THE QUESTIONS.

ANDZN

Two devices which act as variable resistors when exposed to light ;re
a. photocells and solar cells.

b. LEDs anq photocells,

c¢. photodiodes and photocells.

d. solar batteries and optical couplers.

.» A device which produces a voltage when exposed to a light source i5 a
a. photodiode;
b. photovoltaic cell.
¢. photoconductive cellf'“*~

phototransistor,
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3. A device which uses light to transfer a signal between a LED and a
photodiode located in two Separate circuits is called a(n)

a. solar cell. ’

b. optical coupler,

¢. solar battery,

d. phototransistor,

USE THE SCHEMATIC SYMBOLS BELOW TO ANSWER QUESTIONS 4 THROUGH 6.

PN P

.. Figure 16

4. The schematic symbol fol an optical coupler is

d. a
b. b
cC. €
d. d 117
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5. The schematic symbol for a solar battery is

f
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c. photodiodes and photocells,
. photovoltaic cell.

. optical coupler,

d.

IF YOUR ANSWERS MATCH THE CORRECT ANSWERS YOU MAY GO TO TEST FRAME 26.
DTHERWISE, GO BACK TD FRAME 13 AND TAKE THE PROGRAMMED SEQUENCE BEFORE
TAKING TEST FRAME 17 AGAIN.

This lesson has covered optoelectronic devices. You now will learn

about some other types of special devices th;t are becoriing more important
as a result of modern solid-state technology. The first’one to be covered
is the varactor Qiode. A varactor, also called a varicap, i; a diode that
behaves electrically 1ike a variable capacitor. A varactor uses the property

of the PN junction of a diode to replace the dielectric 2f a common capacitor.

A varactor is a diode that behaves electrically 1ike a variable

i —— o o o e o e e e e e e e e . il e

capacitor

Th(i/s}‘ discussion now Will cover some basic principles on how varactors
operate. You need to becowe familiar with these principles so that you car.

\ . .
understand the operation of varactors and also field-effect transistors

(FETs) covered in the next lesson.
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As you know, a diode consists of two types of material: one is P-type and
the cther is N-type, P-type material has an excess of positively-charged
particles, N-type material has an excess of negativgly-charged particles,
callad electrons, which carry current. (In some -textbooks, these P and N

current carriers are referred to as "majority carriers"}.

Now when a semiconductor device is built with P and N materials, a PN

junction is formed as shown in Figure 17,

DEPLETION REGION

JUNCTION
Figure 17

PN JUNCTION

In the figure, you can See a parrow internal region near the junction in
which the P and N materials are void of current carriers. This srea is

called the deﬁ]etiOn region.

In a PN junction, the depletion region

carries an excess 0f positively-charged particles.

carries an excess of -electrons.

is void of current carriers. -

i e e Tk ke kA kb v ok ko b e ke ke e b

is void of current carriers.
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The size of the depletion region in a PN junction is related to the
bias and strength of an applied voltage. Recall the rule "like charges
repel, unlike charges attract". Therefore, a positive voltage applied to
the P-type material will repel the positive particles in the material toward
~the PN junction. In a similar manner, a negative voltage applied to the
N-type material will repel the negative particles in the material toward the

PN junction., This forward bias voltage makes the depleiion region smaller

in size. If the applied voltage is large enough {about .5 volts for
silicon material), the negative particles will cross the PN junction and

join with the positive particles. Figure 18 shows this condition.

+++444 44

| LR R R |
fl41) 0

FORWARD BIASED PN JUNCTION

In the figure, the forward Hias on the PN junction has causec the depletion

region to disappear.. This produces 2 low resistance at the PN junction, and

2 large current flow across jt, This condition is all right for rectification,

but not for the varactor diode. The conditions that cause current flow

through a PN.junction are the same as those that occur in any fcrward biased

diode.

121




When a silicon PN junction has abnut a .5 volt forward bias voltage applied,

the depletion region {increases/decreases), causing current to (fiow/stop

flowing) across the PN junction.

----- e P P e R e s T A A T o A T

de.,eases, flow

(::) A varactor diode must be operated with reverse bias. In a varactor, a

negative voltage applied to the terminal of the P-type material will attract
the positive particles. This causes them to move away from the PN junction.
In a similar manner, a positive voltage applied to the terminal of the
N-type material will attract the negative particles, causing them to move
away from the PN junction. This reverse bias voltage increases the sjze of

the depletion region. Figure 19 shows this condition.

~—— GAP

-
W///////// =

Figure 19

REVERSE BIASED PN JUNCTION

In the figure, the reverse bias on the varactor has caused the depletion
region to form a (e1at1ve1y large gap. This produces a high resistance

between the terminals, and Tittle current flow {only in the uA range).

A reverse bias voltage applied to the terminals of a varactor causes the

dep1etidn region to become {smaller/larder).
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(:} A reverse bias voltage applied to a varactor causes an insulation gap
to form between the charged particles in the P and N materials. The gap has
a reduced number of current carrying particles. Therefore, the gap can be

compared to the dielectric of a capacitor as shown in Figure 20.

— GAP

- . A
////, =

Figure 20

PN JUNCTION vS. CAPACITARCE

The same factcrs influence capacitance in a common capacitor and in a
varactor. These factors include plate area and distance betweer plates.
Recall the formula for capacitance: C equals AK divided by d, where A
equals plate area, d equals distance between plates, and K equals constant

for measurement system.

As you can see, increasing the gap between a capacitor’s plates wjj] decrease
its‘capacitance. (Increasing "d" in the formula makes fpﬂﬂsma11é;.) Since

a varactor is a diode that behaves electrically .Tike a capacitor, the same
fonnu]a-applies. By varying the reyerse bias on the diode, you can vary the
width of the “gap". An increase in reverse bias increases the width of the
gap which reduces the rapacitance of the PN junction. Therefore, the

diode's capacitance is inversely proportional to the applied reverse bias.

Since the gap only occurs under the reverse bias condition, varactors are

always reversed biased for proper operation.

L]

L 126 1 JJ "
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As reverse bias increases in a varaétor, the size of the insulation 9ap

{increases/decreases} and the capacitance (increases/decreases).

------ v e P T N e R s R e B B T e B

increases, decreases

@ In a varactor diode, the ratio of capacitance change to reverse bias

voltage change may be as high as 10 to 1. An example of capacitance change

to voltage change ratios is shown in Figure 21.

Figure 21
VARACTOR-CAPACITANCE vS BIAS VOLTAGE

In Figure 21(a), the reverse bias is 3 volts which produces a capacitance of
20 pF. If the reverse bias is increased to 6 volts, the change in reverse
bias is 3 volts. 1In Figure 21(b}, you can see that at 6 volts the capacitance
has dropped to 5 pF, which is a change of 15 pF. Therefore, this example
shows a I5 pF capacitance change to a 3 volt reverse bias change. Simple
division shows that thi change ratio is 15 divided by 3, or 5 to I. You
should notice that the increase in reverse bias voltage causes a decrease in
varactor capaéitance. 1f the reverse bias voltage wcre decreased, the
capacitance would increase. Al1so notice that the value of varactor capaci-

tance is very small (picofarad, 10-12 range).

127
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A varactor diode has a 10 volt reverse bias voltage applied to it, If this
reverse bias voltage were dropped to 5 volts, the capacitance of the varactor °

would (decrease/remain the same/increase).

increase

An i1lustration and schematic symbol of a varactor are shown in Figure 22,

—=D—

Figure 22
VARACTOR DIODE - PICTORIAL AND SCHEMATIC

Note that the symbol for a varactor diode contains the symbols for both a

diode and a capacitor.

Varactors are generally used in the tuning circuits of more sophisticated
communications equipment. They replace the old style variable capacitor
tuning. . They also may be used in other circuits where a small variable
capacitance 1s required. One advantage of this device is that & DC voltage
can be uséd to tune a circuit for simple remote control and.automatic tuning

functions.

The schematic symbol for a varactor contains the symbols for a

diode, capacitor




P.I. ' Thirty Three-3

) (::) Let's place 2 varactor diode into a circuit to see how it functions. A
common application for the varactor is to function as 2 variable tuning
capacitor in the tank circuits of receivers and transmitters. An example is

" shown in Figure 23.

TO OSCILLATOR, AMPLIFIER, etc.

Figure 23
VARACTOR TUNED TANL

In the figure, a DC voltage is felt at the wiper of potentiometer R1, and
may be adjusteg between +V and -V. This DC voltage is passed through the
low resistance of L2, 2 radio frequency choke, to varactor diode C3. This
OC voltage acts to reverse bias the diode. MNow the capacitance of €3 is in
series with C2. Also, the equivalent capacitance of £2 and €3 is in parallel
with tank circuit L1-Cl. Thus any variation in the OC voltage at the wiper

of Rl varies both the capacitance of £3 and the tank circuit resonant

frequency. The radio frequency choke provides a hﬁ inductive reactance at

the tank frequency to prevent tank loading by B¥," €2 acts to block DC from
the tank, and fixes the tuning range of €3. You may use an ohmmeter tﬁ check
the resistance of a varactor diode in a circuit Just as you would to check

any other diode. You would expect to find a high reverse bias resistance,

and a Jow forward bias resistance. A 10 to 1 ratio of reverse bias resistance

to forward bias resistance would be considered pormal.

129
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A varactor diode is in parallel to the input of a tuned tank in a radio
receiver. If the reverse bias voltage on the varactor is Changed, the

frequency of the tank circuit (remains the same/¢changes).

i dy - —_

changes

(::) THIS IS A TEST FRAME. COMPLETE THE TEST QUESTIONS ANO THEN COMPARE

YOUR ANSWERS WITH THE CORRECT ANSKERS GIVEN AT THE TOP OF THE PAGE FOLLOWING
THE QUESTIONS.

1. A varactor diode behaves electrically like a variable

2. The size of the depletion regidn gap in the varactor diode illustration

below indicates which bias condition applied to the varactor?

— GAP—]

Figure 24

forward bias
reverse bias

zero {0) bias
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Avaractor diode is in parallel to the input of 2 tuned tank in 2 radio

Qﬁgeiver. If the reverse bias voltage on the varactor is changed, the

frequengy of the .tank circuit (remains the same/changes).

changes

THIS 1S A TEST FRAME. COMPLETE THE TEST QUESTIONS AND THEN COMPARE
YOUR ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE FOLLOWING

THE QUESTIONS.

1. A varactor diode behaves electrically 1ike a variable

2. The size of the depletion region gap in the varactor diode illustration

below indicates which bias condition applied to the varactor?

l— GAP

&
////A////::

Figure 24

forward bias
reverse bias

zero {0) bias
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[

\-,/-“ - .
3. As the.size of the depletion region around the PN junction in a varactor

increases, the across the PN junction decreases.

Capacitance
frequency
resistance

inductance

4. Which of the following figures is the schematic symbol for a varactor?

Figure 25

d.

9. If you were using an ohmmeter to measure the resistance of a properly

functioning varactor in a circuit, you would expect to find a (low/high)

forward bias resistance and a {low/h1gh}/reverse bias resistance.
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capacitor

A

b. reverse bias

L
+

a. capacitance
4. b.

5. low, high

IF ALL YOUR ANSWERS MATCH, GO ON 7O TEST FRAME 29. OTHERWISE, GO BACK TO
FRAME 18 AND TAKE THE PROGRAMMED SEQUENCE BEFORE TAKING TEST FRAME 26

AGAIN.

(::) The last special device covered in this lesson is the triac. A triac
is similar to an SCR (silicon-controlled rectifier). The difference between
them is that a triac controls current flow during both alternations of an AC
cycle instead of only one alternation, as in the SCRO .In other words, the

triac is an AC device that conducts in both dire€tioms.

In operation, the triac is essentially two SCRS with a common gate. Figure

26 shows the labeled schematic symbols for both an SCR and a triac.
GATE

MAIN
TERMINA

SCR TRIAC

Figure 26
TIAC VS SCR SCHEMATIC SYMBOLS

SRy
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In the figure, the triac is shown to t.oerate like two back-to~back SCRs.
Notice the differences between them in labeled leads. In the triac, the
lead on the same side as the gate is cafled "main terminal 1", The leed
opposite the gate is called "main terminal 2", Since the triac is an AC

device, either terminal may be the input.

A triac is -an AC device that operates like two back-to-back

SCRs (or silicon-contrciled rectifiers)

A triac may be formed by connecting two SCRs as shown in Figure 27,

SCR 1

[
|
10¢

Q

t

i

t
O_

Figure 27
BACK-TO-BACK SCRs

Of course, this connection forms a three terminal device. The anode-cathode

connections form two terminals, and the common gates form the third.
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Now Tet's connect the triac into a circuit to show how it can control

‘current through a load. Look at Figure 28,

(b}

Figure 28 '
SCR VS TRIAC CIRCUITS

In circuit (a), the SCR is connected in the familiar half-wave arrangment.
Current will flow through the load resistor (RL) for one alternation of each

input cycle, Diode CRl is necessary to ensure a positive trigger voltage.

In circuit (b}, the triac is inserted in place of the SCR. Current will
flow through the load resistor during each alternation of the input cycle.
This current will be in reverse directions for each half of the input

cycle. .

3¢ . 7
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This can best be seen by comparing the waveforms for each ¢ircuit shown in

Figure 29. =

o /\ Input

)
T
|

Voitage
Gate 1
Trigger !

Level:

Voitage 9

\ Figure 29

L)

\ .
SCA.TRIAC CURRENT WAVEFORMS

N\ .
As you can see, the SCR produces ah output waveform Over a portion of one
alternation of the input cycle. The triac,produces an output waveform over
a portion of both input ctycle alternations. The triac is finding widespread

use in motor, light, temperature, and other contro) devices.

A device which conducts during a portion of both half-cycles of an input AC

voltage is the (diode/SCR/triac}.

T S A B Y S kT

triac
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THIS 1S A TEST FRAME. COMPLETE THE TEST.QUESTIONS AND THEN COMPARE

YOUR ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE FOLLOWING
THE QUESTIONS.

A triac operates like two back-to-back SCRs with a common

A triac conducts over a portion of the

a. positive afternation of the input ¢ycle only.

b. negative alternation of the input c¢ycle only.

¢. positive and negative alternations of the input cycCle.

which of the following figures is the schematic symbol for a triac?

Figure 30
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1. gate

2. c. positive and negative alternations of the input eycle,

3. d.

IF YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU HAVE COMPLETED LESSON 3,
MOOULE 33 -~ CONGRATULATIONS! IF YQUR ANSWERS DO NOT MATCH, GO BACK TO
FRAME 27 AND TAKE THE PROGRAMMED SEQUENCE BEFORE TAKING TEST FRAME 29
AGAIN.,

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK. IF YOU ANSWER ALL
SELF-TEST ITEMS CORRECTLY, PROCEED TO THE LESSON TEST. IF YOU INCORRECTLY
ANSWER ONLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE
WILL REFER YOU TO THE APPROPRIATE PAGES, PARAGRAPHS, OR FRAMES SO THAT YOU
CAN RESTUDY THE PARTS OF THIS LESSON YOU ARE HAVING DIFFICULTY WITH. IF YOU
FEEL THAT YOU HAVE FAILED TO UNDERSTAND ALL, OR MOST, OF THE LESSON, SELECT
AND USE ANOTHER WRITTEN MEDIUM OF INSTRUCTION, AUDIO/VISUAL MATERIALS (IF -
APPLICABLE}, OR CONSULTATION WITH THE LEARNING CENTER INSTRUCTOR, UNTIL YOU
CAN ANSWER ALL SELF-TEST ITEMS ON THE PROGRESS CHECK CORRECTLY.
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NARRATIVE
LESSON 3

Special Solid State Devices

The electronic revolution is continuing at a rapid pace. As new needs -
arise, electronic circuits are required to perform more and more specialized
functions with fewer and smaller parts. For example, the needs of the space
exploration program have led to the development of many new devices and the
re-designing of old ones. Among the specialized devices resulting from

recent technological advances are those in the optoelectronic group--the Light
Emitting Diode (LED}, photodiode, etc.--the varactor diode, and the triac.

Optoelectronic devices eithzr produce 1ight or use light in their operation.
The first of these, the Light tmitting Diode (LED), was developed to replace
the fragile, short life incandescent 1ight bulbs used to indicate on/off
conditions on panels. A light emitting diode is a diode which, when forward
biased, produces visible light. The light may be red, green or amber )
depending upon the material yse to make the diode.  LEDs are very small,
consisting of a semi-conductor “chip” only 2 few tenths of a millimeter in
diameter contained in a larger plastic package 3 mm to 6 mm in diameter.

Figure 1 shows 2 LED and. its schematic symbol.

5

Figure 1
LED

The LED is designated by a standard diode symbol with two arrows pointing
away from the cathode. The arrows indicate iight leaving the diode. The
circuit symbols for all optoelectronic devices have arrows pointing either
towards them (if they use 1ight) or away from them (if they produce Vight).

Becausé their operating voltage is small (about 1.6 V forward bias, and
current generally about 10 mA} and their life expectancy is very leng (over
100,000 hours of operation), LEDs are used widely as "power on" indicators
and displays for pocket calculators, digital voltmeters, and frequency
counters. . :
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NARRATIVE
LESSON 3

Special Solid State Devices

The electronic revolution is continuing at 3 rapid pace. As new needs

arise, electronic circuits are required to perform more and more specialized
functions with fewer and smaller parts. For example, the needs of the space
exploration program have led to the development of many new devices and the
re-designing of old ones. Among the specialized devices resulting from

recent technological advances are those in the optoelectidnic group-~the Light
Emitting Diode (LED), photodiode, etc.--the varactor diode, and the triac.

Optoelectronic devices ejther produce light or use 1ight in their operation.
The first of these, the Light Emitting Diode (LED), was developed to replace
the fragile, short l1ife incandescent 1ight bulbs used to indicate on/off
conditions on panels. A light emitting diode is a diode which, when forward
biased, produces visible light. ,The light may be red, green or amber
depending upon the material use to make the diode. LEDs are very small,
consisting of & semi-conductor "chip” only a few tenths of a millimeter in
diameter contained in a larger plastic package 3 mn to 6 mm in diameter.

Figure 1 shows 2 LED and its schematic symbol.

4

3

Figure 1

LED

The LED is designated by a standard diode symbol with two arrows pointing
away from the cathode. The arrows indicate 1ight leaving the diode. The
circuit symbols for all optoelectronic devices have arrows pointing either
towards them (if they use light) or away from them (if they produce light).

Because their operating vo]ta?e is small (about 1.6 V forward bias, and

current generally about 10 mA) and their life expectancy is very 1ong (over
100,000 hours of operation), LEDs are used widely as “power on" indicators
and displays for pocket calculators, digital voltmeters, and frequency
counters,
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For use in calculators and the Tike, LEDs are typically placed together in
seven-segment displays, as shown in Figure 2.

Figure 2
SEVEN SEGMENT LED DISPLAY

This display uses seven LED segments (or bars) which can be 1it in different
combinations to form any number from "0" through "9". The schematic, Figure
2{a), shows a common-anode display. A1l anodes in a display are internally
connected. When & negative voltage is applied to the proper cathodes, a
number is formed. For example, if negative voltage is applied to all
cathodes except that of LED "E", the number "9" is'produced. Applying a
negative voltage to LED "£" and removing it from LED "B" changes the "38" to
a "6", as Figure 3 shows.

Figure 3
DISPLAY EXAMPLES

140

135




Narrative Thirty Three-3

Seven segment displays are also available in common-cathode form, in which
all cathodes are at the same potential. When replacing LED displays, care
must be taken to insure the replacement display is of the same type as the
faulty display. Since both types look alike, it is a good 1dea always to
check the .anufacturer's number,

LED seven segment displays range from the very small, often not much 1arger
than standard typewritten numbers, to about an jnch, Several displays may
be combined in a package such as that shown in Figure 4,

N N AT A TN Y

;€§S§{:;__:>;\\____;iicz:::} . \\\ ‘\\ -

Figure 4

STACKED SEVEN SEGMENT DISPLAY OF “4328571"

Current drain for any single display varies depending on which number is
being shown. For example, the number "1" in Figure 4 requires two LEDS to
be 1it and draws about 20 mA of current (approx1mate]y 10mA per segment).
The number 8, which uses all seven seyments, requires about 70 mA.

Another special optoelectronic device in common use today is the photodiode,
Unlike the LED, which produces light, the photodiode uses light to accomplish
special circuit functions. Basically, the photodiode is a light-controlled
variable resistor. In tcial darkness, it has a relatively high resistance
and therefore conducts little current, However, when the PN junction is
exposed to an external light source, internal resistance decreases and
current flows, The photodiode is operated with reverse-bias, and conducts
current in direct proportion to the intensity of the lignt source,

=

Figure 5

PHOTO DICDL

141
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Figure 5 shows a photodiode with its schematic. The arrows pointing toward
the symbol indicate that 1ight is required for operation of the device.
transparent "window" placed over the semi-conductor chip allows a light
source to be aimed at it. By switching the 1ight source on or off the
conduction level of the photodiode is changed. By varying the light intensity, .
the amount of conduction can be controlled. Because photodiodes respond
quickly to changes in light intensity, they are extremely useful in digital
applications such as computer card readers, paper tape readers, and photo-
graphic light meters. They are also used in some types of optical scanning
equipment.

A second optoelectronic device which conducts current when exposed to tight
is the phototransistor. A phototransistor, however, 1s much more sensitive
to 1ight and produces more output current for a given light intensity than
does a photodiode.

c

AN ~.

N

Figure 6

PHOTOTRANSISTOR

Figure 6 shows one type of phototransistor, made by placing a photo-diode in
the base~emitter circuit of an NPN transistor. Light falling on the photodiode
changes the base current of the transistor, causing the collector current to
be amp]ifjgd. Phototransistors may also be of the PNP type, with the

* photodiode placed in the base-collector circuit.

Phototransistors may be of the two-terminal type as shown above, where the
light intensity on the photodiode alone determines how much current will be
conducted. There are also, however, three-terminal types. These have an
added base lead which allows an electrical bias to be applied to the base.
The bias allows an optimum transistor conduction levei, and thus compensates
for ambient {normal room) light intensity.
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Figure 7 shows illustrations and schematic symbols for the various types of
phototransistors.

2-TERMINAL AND 3-TERMINAL PHOTOTRANSISTORS

An older device which uses light in a way similiar to the photodiode is the
photoconductive cell, or photocell, shown with its schematic symbol in

Figure 8.

PHOTOCELL

Like the photodiode, the photocell is a light-controlled varijable resistor.
However, a typical light to dark resistance ratio for a photocell is 1:1000.
This means that its resistance could range from 1000 ohms in the 1ight to 1000K
ohms in the dark, or from 2000 ohms in the Tight to 2000K ohms in the dark,

and so forth. Of course, other ratios are also available. Photocells are

used in various types of control and timing circuits as, for example, the
automatic street 1ight controllers in most cities.
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The photovoltaic cell, or solar cell, is a device which converts light
enerdy into electrical energy. An example of a solar cell and the schematic
symbol are shown in Figure 9,

AR
U

Figure 9
SOLAR CELL

The symbol is similar to that of a battery, and the device itself acts much
like a battery when exposed to light, producing about .45 volts acrcss its
terminals, with a current capacity determined by its size., As with batteries,
solar cells may be connected in series or parallel to produce higher voltages
and currents. The device is finding widespread application in comMmunications
satellites and solar-powered homes.

When it fs necessary to block the voltage between one etectronic circuit and
another, while at the same time transfering the signal, an amplifier coupling
capacitor is often used as shown in Figure 10,

%

11
by

COUPLIRG H

CAPACITOR

Figure 10
DC BLOCKING WITH COUPLING CAPACITOR

112
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Although this method of coupling does block DC between the circuits, voltage
isolation is not complete. A newer method, making use of optoelectronic -
devices to achieve electrical isolation, is the optical coupler, shown in
Figure 11. :

Figure 11
OPTICAL COUPLER

1

The coupler is composed of a LED and a photodiode encapsulated in a light
conducting medium. As the polarity signs in Figure 11 show, the LED is
forward-biased, while the photodiode is reverse-biased. When the input
signal causes current through the LED to increasc, the light.produced by the
LED increases. This increased light intensity causes current flow through
the photodiode to increase. In this way, changes in input current produce
proportional changes in the output, even though the two circuits are 2lectri-
cally isolated.

The optional coupier is suitable for frequencies in the 1ow megahertZ range.
The photodiode type shown above ¢an handle only small currents; however,
other types of couplers, combining phototransistors with SCRs (silicon
controlled rectifiers), can be used where more output is required. Dptical
couplers are replacing transformers in low voltage and current applications.
Sensitive digital circuits can utilize the coupler to control large current
and voltages with low-voltage 1o0gic levels. The scanning device used.to
grade CMI tests in this course is, in fact, one example of a device which
uses an optical coupler.

This discussion of special so'id state devices will conclude with the
varactor diode and the triac. Neither of these is an optoelectronic device,
but both represent important breakthroughs in recent solid-state technology.
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Figure 12 shows a varactor diode with its schematic.

Figure 12

VARACTOR DIODE - PICTORIAL ARD SCHEMATIC

The varactor, or varicap, as the schematic suggests, is a diode that behaves
like a variable capacitor, with the PN junction functioning like the dielectric
and plates of a common Capacitor. Understanding how the varactor operates js

an important prerequisite to understanding field-effect transistors, coverec
in the next lesson. B

EPLETION REQION

o/

JUNCTION

Figure 13
PN JUNCTION

Figure 13 shows a PN junction. Surrounding the junction of the P and N

materials is a narrow region void of both positively and negatively charged
current carriers. This area 15 called the depletion region.




Karrative Thirty Three-3

The size of the depletion region in a varactor diode is directly related to the
vias and strength of applied voltage. Forward biasing makes the region

smaller by repelling the current carriers toward the PN junction. If the
applied voltage is large cnough {ahout .5 volts for silicon material) the
negative particles will cross the junction and join with the positive particles,
as shown in Figure 14.

-

P b bt

Figure 14
FORWARD BIASED PH JUMNCTION

This forward biasiny caused the depletiun region to decrease, producing a
Tow resistance at the PIi junction and a_]arge current flow across it, This
is the condition for a forward biased diode, but not the varactor.

On the other hand, if reverse hias voltage is applied to the PN junction the

size of its depletion region increases as the charged particles on hoth sides
move away from the junction., This condition, shown in Figure 15, produces a

high resistance between the terminals and allows little current flow {only in
the va range}. This is the operating condition for the varactor diode, which
is nothing more than a special PN junction, ’ ~

-—— GAP

Figure 15

RCVERSE CIASED PN JUNCTION VS, CAPACITANCE

‘as the figure shows, the insulation yap formed by reverse hiasing of the

varactor is comparable to the layer of dielectric material hetween the plates
of a common capacitor, :
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Furthermore, the formuTa used to calculate capacitance: C = A K (where

d
A= plate area, K = a constant value, and d = distance between plates) can be
applied to the varactor in the same way that it can to a capacitor. In
this case, the size of the varactor’'s insulation gap, or depletion region,
is substituted for the distance between the capacitor's plates. By varying
the reverse bias voltage applied to the varactor, the width of the “"gap" may
be varied. An increase in reverse bias increases the width of the gap {(d)
which reduces the capacitance (C} of the PN junction. Therefore, the
varactor's capacitance is inversely proportional to the applied reverse
bias.

The ratio of varactor capacitance to reverse bias voltage change may be as
high as 10 to 1. Figure 16 shows one example.

(2} Figure 16 : {b)
VARACTOR - CAPACITANCE VS BIAS VOLTAGE

Figure 16(a) shows that a reverse bias of 3 volts produces a capacitance of
20 pf in the varactor. If the reverse bias is increased to 6 volts, as shown
in Figure 16(b), the depletion region widens and capacitance drops to 5 pf.
Each 1 volt increase in bias voltage causes a 5 pf decrease in the varactor's
capacitance; the ratio of change is therefore 5 to 1, Of course any decrease
in applied bias voltage would cause a proportionate increase in capacitance,
as the depletion region narrows. MNotice the value of the capacitance is

small, in the picofarad range.
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Varactors are in general use in tuning circuits of more sophisticated communi-
cations equipment, replacing the old style variable capacitor tuning, and in
other Ccircuits where variable capacitance s required. One advantage of the
varactor is that it allows a DC voltage to be used to tune a circuit for
simple remote control or automatic tuning functions. One such application of
the varactor is as a variable tuning capacitor in a receiver or transmitter
tank circuit 1ike that shown in Figure 17,

T

+Vv

c 2-L
A 1 RPC Vo L c
Lo 1 TO OSCILLATOR, AMPLIFIER, etc.

C

Figure 17
VARACTOR TUNED TANK

Figure 17 shows a DC voltage felt at the wiper of potentiometer Rl which can
be adjusted betweeen +V and -V, This DC voltage, passed through the low
resistance of radio frequency choke L2, acts to reverse bias varactor diode
C3. The capacitance of C3 #s in series with C2, and the equivalent capaci-
tance of €2 and C3 is in parallel with tank circuit L1-Cl. Therefore, any
variation in the DC voltage at Rl will vary both the capacitance of C3

and the resonant frequency of the tank circuit, The radio frequency choke
provides high inductive reactance at the tanmk frequency to prevent tank
loading by R1. C2 acts to block DC from the tank as well as to fix the
tuning range of C3,

A varactor diode in a circuit can be checked in the same way as would any
diode, using an ohmmei.r. A high reverse bias resistance and a low forward
bias resistance woulc be expected, and a 10 to 1 ratio in reverse to forward
bias resistance would be considered normal.

The triac, the last special device to be covered, is a three-terminal device
simiTar 1n construction and operation to an SCR fsilicon controlled rectifier).
The difference between them is that the triac controls current flow during
both alternations of an AC cycle, instead of only one as the SCR does, and
conducts current in both directions.
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The schematic symbols for the SCR and the triac are compared in Fiqure 18.

GATE GATE
( ; ; MAIN
ANODE > CATHODE TERMINAL

SCR  TRIAC
Figure 18

SCR ¥S TRIAC SCHEMATIC SYMBOLS

Although both the SCR and the triac have a gate lead, in the triac the lead
on the same side as the gate is called "mair terminal 1" and the Tead opposite
the gate is called "main terminal 2". This change in lead labeling is
necessary because the triac is essentially two SCRs back to back, with a
common gate and common terminals. Each terminal is, in effect, the anode of
one SCR and.the cathode of another, and either terminal can receive an input.

In fact, the functions of a triac can be duplicated by connecting two actual
SCRs as shown in Figure 19,

SCR 1 .
/14
XN/

ol

4?("

SCR 2

Figure 19

Q--;-—f)
(5_-0_"$
~

BACK-TO-BACK SCRs

The result is a three-terminal device identical to the triac. The common -
anode-cathode connections form main terminals 1 and 2, and the common gate
(3) forms the third.
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&

i
The difference in current control between the SCR and the triac can be seen
by comparing their operation in the basic circuit from Module 30, Lesson 3
shown in Figure 20, .

TRIAC
8CR 1

Figure 20
SCR VS TRIAC CIRCUITS

In circuit (a), the SCR is connected in the familiar half-wave arrangement.
Current will flow through the load resistor {R_) for one alternation of
each input cycle. ODiode CR1 is necessary to enSure a positive trigger
voltage. :

In circuit (b), with the triac inserted in place of the SCR, current flows
through the load resistor during both alternations of the input cycle.
Because either alternation will trigger the gate of the triac, CRl is not
required in the circuit. Current flowing through the 1oad will reverse
direction for half of each input cycle.

To clarify this difference, a compériSOn of the waveforms seen at the input,
gate, and output points of the two devices iS shown in Figure 21,

045

t

Gate |
Trigger |
Level:

+
Output 3

Voltage =

Figure 21
SCR VS TRIAC WAVEFORMS

14y
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AT THIS PDINT, YOU MAY TAKE THE LESSON PROGRESS CHECK. IF YOU ANSWER ALL
SELF-TEST ITEMS CORRECTLY, PROCEED TO THE LESSON TEST. IF YOU INCORRECTLY
ANSWER DNLY A FEW DF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE
WILL -REFER YOU TO THE APPROPRIATE PAGES, PARAGRAPHS, OF FRAMES SO THAT yOU CAN
RESTUDY THE PARTS OF THIS LESSON YOU ARE HAVING DIFFICULTY WITH. TF YOU FEEL
THAT YOU HAVE FAILED TO UNDERSTAND ALL, OR MOST, DF THE LESSON, SELECT AND

USE ANOTHER WRITTEN MEDIUM OF INSTRUCTION, AUDIO/VISUAL MATERIALS (IF APPLIC-
ABLE},’ OR CONSULTATION WITH THE LEARNING CENTER INSTRUCTOR, UNTIL YOU CAR
ANSWER ALL SELF-TEST ITEMS DN THE PROGRESS CHECK CORRECTLY.
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OVERVIEW
LESSON 4

Field Effect Transistors

In this lesson you will learn the operating characteristics of two types of
field effect transistors, JFETS and MOSFETS. You will understand how these
devices are constructed, how they use voltage to control conduction, and how
they achieve higher input impedance than the bipolar transistor. You will
learn the special handling precautions necessary for MOSFETS and the proper
methrds and equipment for troubleshooting both FET devices.

The Tearning objectives of this lesson are as follows:
TERMINAL OBJECTIVE(S):

33.4.64 yhen the student completes this lesson, {s)he will be able to
IDENTIFY the schematic symbols, construction, operating
characteristics and methods for handling and testing field-
effect transistor devices, by selecting statements from a
choice of four. 100% accuracy is required,

ENABLING OBJECTIVE(S):

When the student completes this lesson, {s)he will he able to:

33.4.64.1 IDENTIFY the schematic symbol, construction, and operating
characteristics of N-channel and P-channel JFET devices by
selecting the correct statement or schematic symbol from a
choice of four. 100% accuracy is required,

33.4.64.2 DEFINC "pinch-off" voltage as it applies to JFET operation
by selecting the correct statement from a choice of four.
100% accuracy is required.

33.4.64.3 IDENTIFY the schematic symbol, construction, and oPerating
characteristics of single-gate and dual-gate MOSFET devices by
by selecting the correct statement or schematic symbol from
a choice of four. 100% accuracy is required.

33.4.64.4 IDENTIFY the proper methods and equipment to use when handling
and troublesheooting FET devices by selecting the correct
statement from a choice of four. 100% accuracy is reGuired.

BEFORE YOU START THIS LESSOk, READ THE LESSON LEARNING OBJECTIVES AND
PREVIEW THE LIST OF STUDY RESOURCIS 0% THE NEXT PAGE.
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LIST OF STUDY RESOURCES
LESSON 4

Field Effect Transistors

To learn the material in this lesson, you have the option of choosing,
according to your experience and preferences, apy or all of the following
study resources:

Written Lesson presentation in: -
Module Booklet:
Summary

Programmed Instruction
Narrative

Student's Guide:

Summary
Progress Check

Additional Material(s):

------- Audio/Visual Program: "Field Effect Transistors” (Video Tape)

&

Enrichment Material(s):

The Semiconductor Data Book, 4th Edition, Motorola Semi-
conductor Products, ind., 1969,

RCA Transistor, Thyristor, and Diode Manual, RCA Corpora-
tion, 1971,

T

YOU MAY USE ANY, OR ALL, RESOURCES LISTED ABOVE, ARD ALSO THE LEARNING
CENTER INSTRUCTOR. HOWEVER, ALL MATERIALS LISTED ARE NOT NECESSARILY REQUIRED
TO ACHIEVE LESSON OBJECTIVES. THE PROGRESS CHECK MAY BE TAKEN AT ANY

TIME,

I55
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SUMMARY
LESSON 4

Field Effect Transistors

Impedance matching problems, resulting from the bipolar tranststor's iow
input impedance, have for years lead scientists to search for a solid state
device that retains the high input impedance of the vacuum tube. The result
is the field-effect transistor, or FET. Whereas the bipolar transistor
uses bias current to control conductivity, the FET is voltage-controlled,
much 1ike a vacuum tube.

Figure 1 shows how one type of FET, the junction type, or JFET, is constructed.

N-TYPE
SILICON BAR

OIFFUSEQ
P=-TYPE
MATERIAL

CNANNEL ASOURCE

Figure 1

JFET
The three elements of the JFET operate 1ike the familiar transistor and
vacuum tube elements, "gate” Tike base and grid, and “source" and “drain”
Tike emitter/collector and cathode/plate, respectively. The main body of
this type of JFET is a bar of N-type material, connecting source and drain
elements. Deposits of P-type material on either side are connected to form
the gate element and create & narrow "channel” in the bar.

The key to FET operation is the effective cross-sectional area of the chanrel,
which can be controlled by variations in the voltage applied to the gate.
This is demonstrated in the figures that follow.

154
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Figure 2 shows how the JFET operates in a Zero gdte bias condition.

+Vpp =58V

Q Ip =10ms
P DRAIN
yn

’ 7
GATE !

e

Figure 2
JFET UPERATION-ZERDO GATE BIAS
With the ga%e terminal tied to ground {0 volts), & drain supply (Vpp) of 5

volts gives a drain current {Ip)} reading of 10 mA. In this condition, the
bar represents a resistance of about 500 ohms.

LS

Figure 3

JFET OPERATION - REVERSE BIAS
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Dne negative volt (Vgg) applied to the gate causes a reverse bias condition
at the PN junction of the JFET. The resulting "depletion region" reduces

the effective cross-sectional area of the channel, thus increasing source-to-
drain resistance {to about 1 K Ohms) and decreasing current flow as Shown.

The high gate input impedance of the JFET under reverse gate bias conditions
can be seen by connecting a microammeter in series with VYgg as shown in
Figure 4,

(+3

VoL ('3 SOURCE

Ao
—
—

Figue 4

3

- JFET INPUT IMPEDANCE

The very small amour® of current flpw .5 microamps) results in a gate input
impedance of about Z megohms. By contrzst, a bipolar transistor with a
forward biased base-emitter junction, would provide in the vicinity of 1000
ohms or less,
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JFETS can be either N-channel type, as shown in the above example, or
P-channel type. Operatio®, bias voltages, and schematic symbols for the two
types are compared in Figure 5. Note the bias voltage potentials are
reversed for the two JFET types, just as for bipolar transistors.

(+) {#}
DRAIN DRAIN

N, ’f
1,14

GATE ’{;
O P fE
f

f

r ¥

{=)

J

, 6 SOURCE SOURCE

N-CHANNEL JFET

-)

SOURCE
(+)

{+) lSOURCE

P-CHANNEL JFET
Figure 5
SYMBOLS AND PICTORAL WITH BIAS VOLTAGE-JFETS
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Figure 6 demonstrates the operation of an N-channel JFET in a basic COMmoOn-
source amplifier circuit.

Fiqure 6
FET COMMON SDURCE AMPLIFIER

Circ..* characteristics include high input impedance and a voltage gain of

abou 2D (20 db.). The function of components and the 180° phase shift are
simi = to those in common-cathode V7 and common-emitter transistor circuits.
The son for the phase shift here is the effect of the input signal on the
JFET gate bias. On the positive alternatien, reverse bias is decredsed. .
This -creases the channel’s effective cross-section, decreases source-to-drain
resisi.nce, and increases crrent. The result is an increase in the voltage
drop across R3 and a decrease in drain voltage. On the negative al:ternation,
reverse gate bias is increased, and circuit action is reversed.

An FET with even higher input impedance than the JFET is the "metal oxide
semiconductor field-effect transistor” or MDSFET. Its extremely high input
impedance, 10 to 100 million megohms (10!3-10!4 ohms), will not load

down preceeding circuits and makes the MOSFET an extremely efficient input
device.
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Figure 7 shows how one type of MDSFET, the N-channel type, is made.

ORAIN

OXIDE(Si03)

SUBSTRATE
INSULATOR

GATE

wern | ,l W

Figure 7

N-CHANNEL MOSFET CONSTRUCTIODN

The MOSFET is ¢ four-element device. Source and drain elements are connected
by a “channel” of N-type material just as in an N-channel JFET. The channel
material forms a PN junction with the "substrate” material. Although

biasing the substrate element permits control of the MOSFET's gain character-
istics, often the substrate terminal is connected directly to the source
terminal, and the biasing capability is not used.

. The oate element is made of metal and is 2lectrikally insulated from the

source-drain channel by a layer of silicon oxide ) {SiD2). This total
insulation results in the MDSFET's extremely high input impedance and gives
rise to another common name for the device: "ifisulated gate field effect
transistor,” or IGFET.

161

159
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HOSFETS can be N-channel or P-channel, and single-gate or dual-gate.
Schematic symbols for dual-gate MOSFETs (only} are show in Figure 8.

H CHANNEL

SOURCE LW CATHOOE

MULTI=-GRID VT
DRAIN

SOURCE

Figure 8
DUAL~GATE MOSFETS

As the figure shows, the gates are comparable to the grids in a multigrid
VT. Either gate can control conduction independently, making the dualegate

MOSFET ideal for applications involving two separate signals (for example,
AFC-controlled amplifiers).

To avoid accidental damage from static electricity, replacement MOSFETs come
packaged with their leads shorted together with a shorting spring. This
spring must not be removed until after the MOSFET is installed. A complete
11st of handling precautions for MOSFET devices is shown in Figure 9.

Ii";f}
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NOTICE
SPECIAL HANDLING OF MOS DEVICES

The MOS metal oxide semiconductor devices have a fairly high input resistance
. making them subject to damage from charges of static electricity through

inproper handling. The thin layer of oxide can be damaged from discharges

of static elettricity or improper handling in or out of circuit. The damage

may be apparent immediately or may show up only after a short operating

time. To avoid possible damage, the following procedures shouid be followed

‘when handling or testing these devices.

1. The use of synthetic clothing such as nylon should be avoided as this
will generate static charges. Dry weather (relative humidity less than
30%)} also tends to increase‘static buildup.

Keep the leads of the device in contact with a conducting material or
shorted, except when testing, inserting or reMoving from the circuit.

A wrist strip with a 1 megohm resistor in series to common 9round should
be worn by the technician when inserting, removing or testin% MOS devices.

Do not remove or insert an MOS device with the power to the circuit or
test instrument “ON“. ' -

Do not apply or inject test signals into the circuit when an MOS device
is used with the circuit power "OFF",

Do not turn the circuit power "ON" with an MOS device removed from the
circuit. Charges can build up causing possible damage when the device is
replaced in the circuit.

Soldering iron tips, metal bench tops, test eqﬁ1pment and tools should

be grounded to a common ground aiong with the chassis of the set being -

serviced. e o .
\

Soldering guns should not ba used in MOS circuits, AC.line leakage from

the gun tip could cause damage to an MOS aev:ce

0o not apply heat for longer than 10 seconds or closer than 1/16 of an
inch to any MOS device when soldering. Use of a heat sink is recommended
to prevent damag=2 to the device. . ' :

Figure 9

MOSFET PRECAUTIONS
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Some MOSFETs have protection diodes built in, back to back, designed *o
limit transient voltage without causing distortion. Even so, it is
best to observe all the above precautions when working with any typ:

of MOSFET equipment.

Some common FET base diagrams are shown ir Tfgure 10,

72
il
il

SOURCE . | GATE NO 1 GATE N0 2 _ GATEND. 1

DRAMN ﬁ .
DRAIN - L7,
- CASE AND @—c.ﬁi. SOURCE

SUBSTRATE AND SUBSTRATE

SINGLE-GATE MOSFET DUAL-GATE MOSFET

Figure 10
FET BASE DIAGRAMS

Pin arrangements for FETs are not standardized. For accurate identification
of leads, a data book should be used. , Signal tracing or signal injection
methods Gan be used to locate faulty FET stages. Voltage measurements using
a high impedance voltmeter are recommended. An ohmmeter should not be used,
Since chmmeter battery voltages vary widely and may easily exceed maximums
permitted between FET elementsi _
[ i i —

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS GiECK. IF YOU ANSWER ALL
SELF-TEST ITEMS CORRECTLY, YOU-MAY TAKE THE LISSON TFST. [IF YOU INCORRECTLY
ANSWER ONLY A FEW'OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE
WILL REFER YOU TO THE APPROPRIATE PAGES, PARAGRAPHS, OR FRAMES SO THAT YOU CAN
RESTUDY THE PARTS OF THIS LESSON YOU ARE HAVING DIFFICULTY WITH., IF YOU FEEL
THAT YOU HAVE FAILED TO UNDERSTAND ALL, OR MOST, OF THE LESSON, SELECT AND USE
ANOTHER WRITTEN MEDIUM OF INSTRUCTION, AUDIO/VISUAL MATERIALS fIF APPLICABLE),
OR CONSULTATION WITH THE LEARNING CENTER INSTRUCTOR, UNTIL YOU CAN ANSWER -
ALL SELF-TEST ITEMS ON THE PROGRESS CHECK CORRECTLY.-

1 6
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PROGRAMMED INSTRUCTION
LESSON 4

“ield cffect Transistors

g A !
e R

TEST FRAMLS ARE 5, 14, AND 24, PROCEED TO TEST FRAME 5 FIRST AND SEE IF

YOU CAN ANSWER THE QUESTIONS  FOLLOW DIﬁECT!ONS GIVEN AFTER THE TEST FRAME.

(::) The two=junctisu, or bivolar, transistor has brought about a revolution in
electronic egu}pment design. However, as you would expect, there are some
characteristics of the transistor which are not desirable, One important
drawback is the Tow input impedance cf the base-emitter junction. This
Tow input impedance can cause impedance matching design problems between

interstage amplifiers.

"—‘-‘

Dufing the vacuum tube era;-ﬁﬁgh input impedances were available. As the
transistor became more prominent in electronics, scientists searched for a
way to develop a solid state transistor-type device which also would have
high input impedance. The result of this research is the Field Effect
Transistor, or FET. The FET in all of its variations produces a high input

impedance.

The most important feature of the FET is its input impedance.
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(::) Field effect transistors are available in two wajior types:
1. JFET (junction FET)
2. MOSFET (metal-oxide semiconductor FEV)
Both types are similar to bipolar transistors, with one difference.
Bipolar transistors use a bias current between the base and eﬁitter in
order to operate. FETS operat- b} using a voltage to control an electro-
static field within the transistor. Since FETs are solid state devices
which are voltage antrolled, they are sometimes called "solid state

vacuum tubes”.

Two major types of FETs are the FET and the

J {or junction), MOS {or metal-oxide semiconductor)

(::) You are familiar with the three major elements in & bipolar transistor.

namely “"base", "emitter"”, and "collector". As you knOw, the three similar
elements in a vacuum tube are called "grid", "cathode", and "plate". F[Ts
also have their three major elements called by different names which are
”gate”. "source", and “drain"., The names of related elements in . vacuum tubes,

bipolar trahsistors, and FETs are shown in Figure 1.
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VACU!'S TUBE BIPOLAR TRANSISTOR FET

orid Base Gate

Cathode Emitter Source

Plate Collector Drain
Figure 1
COMPARISON OF ELEMENTS IN AMPLIFIER DEYICES

“he three major 2lements in a JFLT or MOSFET are callad

gate, source, drain {in any order)

First you will Jearn about JFETS. The Schematic symbol for a type of
junction FET, or JFET, is compared to the symbois for a two-junction (bipolar)

transistor and a vacuum tube in Figure 2.

COLLECTOR DRAIN

ZMITTER SOURCE

BIPOLAR FET VACUUM TUBE

Figure 2

SYMBL.L, - JUNCTION FET VS TRANSISTOR/VACUUM TUBE
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In the figure, you can compare the elements between the three devices. For
example, the gate of the JFET compares very closely in operation with the grid
of the vacuum tube and the base of the transistor. The other elements of the
JFET, source and drain, coﬁpare with the emitter/collector and cethode/plate.
As you would expect, there are important operational differences between

similar elements of the three devices.

The base of a transistor serves a function similar to the

(::) THIS IS A TEST FRAME. COMPLETE THE TEST QUESTIONS AND THEN COMPARE YOUR

ANSWERS WITH THE CORRECT AMSWERS GIVEN AT THE TOP OF THE PAGE FOLLOWING THE
QUESTIONS.
1. FETs operate by using a

bias current between the base and emitter,

voltage to control an electrostatic field.

static charge to control a magnetic field.
types of amplifier devices which have a high input impedance are
FET and the bipolar transistor,

vacuum tube and the bipolar transistor.

vacuum tube and the FET.
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three major elements of an FET are the
gate, source, and drain.

base, emitter, and drain.

grid, anode, and cathode.

grid, source, and plate.

4. Which of the following diagrams is the schematic symbol for a JFET?

bo

Figure 3
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b. voltage control an electrostatic field,
€. vacuum tube and the FET.
d. ogate, source, and drain,

C.

IF YOUR A.NSNERS MATCH THE CORRECT AWSWERS, YOU MAY GO ON 7O TEST FRAME 14.
OTHERWISE GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED SEQUENCE BEFCRE

TAKING TEST FRAME 5 AGAIN.
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(E:) Just as there are two types of bipolar transistors (NPN and PNP), there
are two types of JFETs (N-channel and P-channel). The labeled schematic

diagrams for both types of transistors and FETs are shown in Figure 4. .~

¢
&) ()

B
5 (-) (=) (+)
E : E

NPN TRANSISTOR PNP TRANSISTOR

)

or

(+}
SDURCE 1(-) SOURCEI+)

N-CHANNEL JFEY P-CHANNEL JFEY

Figure 4
COMPARISON OF TRANSISTOR AND JFET
SCHEMATIC SYMBDLS AND BIAS VOLTAGES
The pictorial diagram in Figure % will help you understahd how the types of
JFETS get their names. A clue to the identity of the type is the fact that
the arrow always points toward the “N" type material. [f the arrow points

away from the material, the material is “P" type.

171
16y
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SILICON BAR

DIFFUSED
P-TYPE
MATERIAL

CHANNEL |SOURCE

Figure 5
PICTORIAL DIAGRAM DF N-CHANNEL JFET

In a FET, a solid bar of either N-type or P-type material forms the main body

of the device. Diffused into the sides of the bar are two materials of the

opposite fype which form the "gate" element. Figure 5 shows a bar made of

N-type material, and a gate made of P-type material. The N-type material

b ' the gate is of smaller cross-section than the rest of the bar, and
forms a "channel" befween the source and drain. Hence the name N-channel
JFET. A P-channel JFET would have the bar and gate materials of the opposite

type from-an N-channel JFET,

In an N-channel JFET, the source and drain are made of a solid bar of

-type material and the gate is made of -type material.
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(::) The effective.cross-sectional area of the channel is the key to FET

operation. Now let's apply a voltage across the bar of an N-channel JFET, as

shown in Figure 6, to see what happens.

+Vpp =8V

4
’r
L4
’!

Figure 6
N-CHANNEL JFET OPERATION - ZERO GATE BIAS

In the figure, 5 volts are applied across the JFET. Note that the gate
terminal has been tied to ground, or zero (0} volts. This is a zero gate bias
condition. Current will flow through the bar from source to drain as indicated
by the arrow. A milliammeter is connected in series with the drain Jead and DC
power to indicate the amount of current f1ow. Now, a typical bar of material
has about 500 ohms resiﬁtance with zero gate bias. Thersfore for a drain
supply of 5 volts (Vpp), the milliammeter should read a drain current (Ip)

of 10 mA. Notice that the voltage and current subscript letters for FETs (for
example Vgp and Ip) correspond to the elements of the device, just as in

transistors.
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Current flow through an "N" channel JFET is from

source, drain

You have Tearned that there is a small current flow through a JFET with

zero gate bias, Let's apply a small negative voltage to the gate of the JFET

shown in Figure 7, and See what happens.

o>~ DEPLETION REGION

Figure 7
N-CHANNEL JFET OPERATION - REVERSE GATE BIAS

In the figure, 1 volt (Vgg) is applied between the gate and source. The
negative voltage on the P-type gate material causes the junction region

between the P-and N-type materials to become reverse biasec.




/.
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)

Recall from your study of varactor diodes that a reverse ﬁiés condition
causes a depletion region around the PN juﬁction. The same thing happens in
JFETs. In Figure 7, you can see a depletion region in the channel which is
void of current carriers. The depletion region has the same effect a$ reducing
the cross-sectional area of the bar material. This reduced area increases

the JFET sourcé-to-drain resistance.

Applying a reverse bias voltage to the gate of a JFET causes the'soufce-to-

ﬁrain resistance of the JFET to (increase/decrease).

inCrease

(E) Figure B again shows what happens to the current flow in a JFET under

reverse bias conditions.

=~ DEPLETION REGION

Figure 8

N-CHANNEL JFET OPERATION - REVERSE GATE BIAS
175




In the figure, the milliameter shows a 5 mA drain current flow through the
JFET with a 1 volt reverse bias voltage applied to the gate. Recall that at
zero gate bias, the current flow was 10 mA and the resistance was 500 chms.
Therefore, a 1 volt gate bias has caused the drain current to drop to 5 mA.
If you calculated the resistance of the bar for this condition you would find

that the resistance has doubled to 1000 ohms.

It is possible to make the depletion region large enouyh to stop conduction
through the bar material. The gate voltage required to reduce the drain
current to zero is called the "pinch-off" voltage. This is comparable to the

cut-of f voltage in a vacuum tube.

iy

"The current flow through an FIT at zero gate bias wili drop if a (fo;ﬁard/

reverse) bias voltage is applied to the gate,

reverse

You have learned that the cperation of a JFET is similar to that of a

bipolar transistor, even though it is constructed differently. So why use
JFETs instead of bipclar transistors? The answer s that JFETS have high input

impedances, whereas bipclar transistors have relatively low input impedances, :
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Figure 9 illustrates the measurement of input impedance in a JFET.

.5ma

Figure 9
N-CHANNEL JFET INPUT IMPEDANCE

In the figure, a microammeter has been connected in series with the gate-source
voltage, Vgg. The microammeter reads .o microamps with 1 volt Vgg.
Applying Ohm's Law, the input impedance is Z megohms (I volt +.5uA). In

contrast, the input impedance of a bipolar transistor would be only about 1000
ohms or jess. The high input impedance of the JFET is due to the reverse

biased gate-channel junction.
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JFETs have (lower/the same/higher) input impedances that bipolar transistors.

(::) You have learned about JETS by studying the operation of the }-Channel

type. P-channel JFETs are identical in principles of operation to N-channel
JFETs. The difference between thein is that the P and N materials in the solid
bar and gate are reversed. Thus Ssource voltage potentials must also be reversed.

Figure 10 shows source voltages and symbols fur both K- and P-channel JFETs.
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SOURCE

(-)

N-CHANNEL JFET

SOVURCE
{+)
{+) OSOURCE

P-CHANNEL JFET

Figure 10

COMPARTSQM OF N AND P-CHANNEL JFETS
symdlPs AND BIAS VOLTAGES

"

179
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In tne figure, notice that the P-channel JFET has & solid bar of P-type
material, and 2 gate of N-type material. The arrows in the bac~ indicate the

direction of current flow through the material, The arrows on the schematic

symbols point toward the N-type materials just as in bipclar transisiors.

In a P-channel JFET, the sd]id bar is made of (P/N)}-type material, and the

gate is made of (P/N}-type material.

Figure 11

JFET COMMON-SOURCE AMPLIFIER

180 17y
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circuit is a basic common-Source amplifier. Operating characteristics
irciude a high input impedance, and a voltage gain of about 10. This voltage

nzin Zooverts to about 20 dB.

‘e fenciion of components 1s very simitar to the components in a tricde

crouuny tebe amplifier it tit. In the figure, Cl and C3 are the input and

suinur coupling capacitors. RI 7s the gate return resistor, and serves a funetion
sirijar S0 thet of the grid return resistor in a vacuum tebe Circuit., This

esistor prevents an unwanted charge build-up on the gate by providing »

w1:charge path for (1.

Fi-{Z nrovide source self-bias for the JFET, which is similar to the cathode

- 1f-bias in & vacuum tube circuit. BRI is the drain l1ocad resistor. In a

cz2cuum tube circLit, R3 would be the collector or plate load resicstor.

11. source seif-bias for the JFET 1s provided by components
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(::) Take a Took at the input and output signals in the JFET amplifier circuit

c3
.005pt1

|
iy

shown ag2in in Figure 12,

c1

y |
A ] !

I
I g3 < 3.3WMN

P
ouT
o  Loospt ' _T_

Figure 17
JFET COMMON-SOURCE AMPLIFIER

Notice the 1B0° phase shi’t between the input and output signals. ThiS same
effect happens in rommon-emitter transistor Circuitry and in common-cathode

vacuum tube circuits.

The reason for the phase shift should be easy to understand n0w’that YOU know
about JFET operation. In the figure, the circuit uses an N-channel JFET. Now,
on the positive alternation of the input signal, the P-type gate material will
decrease the depletion region in the JFET. This decreases the source-drain
resistance of the JFET. “When this resistance decrezses, the current through
the JFET increases, causing the voltage drop across PR3 to increase *hus

causing the d~» » voltage to decrezse.

The negative alternation of the input cycle will reverse the action describesd

above. Therefore, the Output sic-al is an amplified 180° out-of-phase vers-on

of the input signal.
82 .
! 1YY
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In a JFET amplifier circuit, the input and cutput signals are {in-phase/18&0°

out-of-~phase)

180° out-of-phase

THIS IS A TEST FRAME. CO.. CTE THE TEST QUESTIONS AND THEN COMPARE YOUR
AHSWERS WITH THE CORRECT ANSWERS GIVEN AT THE TOP OF THE PAGE FOLLOWING THE
QUESTIONS.

1. Which of the following symbols is the schematic symbel for an N-channel

&

JFET?
b.

d.

®
@
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2. In an N-channel JFLT, the solid bi~ of materia®’ between the source and
drain is made i ___=type material, and the gate is made of

~type materiail.

In an N-channel JFET, the deple®ion region is largest under conditions

forward gate bias.
reverse gate bias.

;ero gate bias.

4, A small negative voltage applied to the gate of an N-channel . _:i causes

the resistance of the device to {increase/decrease}, and current flow through

the device toh(increése}deCrease).

The “pinch off" voltage in a JFET is the gate voltac- .ed to
a, decease the depietion region to its swallesg §iz=,

b. overdrive the output from the JFET,

¢. forward bias the JFET.

d. reduce the drair current to zero.

The input impedance of a bipolar transistor is (larger/smaller) than that

JFET.
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7. The figure below is & common-source amplifier circuit using a JFET.

005yt
) IF

~
_ 1 T our
./ .oo5pt l

o— )|
IN
1

Which statement desc¢ribes the purpose of ¢~ Jnent R17?

Figure 14

g. Source ¢ ‘f-bias resistor
b. Gate return resistor

¢. Drain load .esistor

The input and vutput signals in a basic common-source JFET amplifier

in-phase.
b. 90° outuof-phase;
c. 120° out-of-phase.

d. 180° out-of-phase.
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a,
N, F

b. reverse gate bias,

increase, decrease

d. reduce the drain curren to zero.
smaller |

b. Gate return resistor

d. 180° out-of-phase,

“JR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO TO TEST FRAME 24.
OTHERWISE, GO BACK TO FRAI'T & AND TAKE THZ PROGRAMMED SEQUENCE BEFORE TA' "G

THE TESTFRAME 14 AGAIN.

(::) Earlier in this lesson, you learned that there are two types of FETs--the

JFET and ‘the MOSFET. The MOSFET devices now will be discussed in the rest of

this lesson.

MOSFET stands for "metal oxide semiconductor field-effect transistor”.

MOSFETs have an extremely high input impedance which is on the order of 10 to

100 million megohms (1013 - 1014 ohms). Therefore, MOSFETs will not load

down preceding circuits. Thisldevice also has a high gaiﬁ factor, The i .t
‘ impadance of MOSFETs 1S much higher than that of JFETs. MOSFETS commonly are

used n RF/IF amplifiers and mixers, and in many types of test equipment where

high input imped-nce .s desired.

MOSFETs have a {higher/lower) i~ryt impedance than de JFETs.




P.1. Thirty Three-4

" There are two types of MOSFETs: N-channel and P-channel. The labeled

schematic symbol for each type is shown in Figure 15,

DRAIN DRAIN

SUBSTRATE SUBSTRATE

) )
SOURCE EQURCE

P CHANNEL N CHANNEL

Figure 15
METAL OXIDE SEMICONDUCTOR FETs (MOSFET)
SCHEMATIC SYMBOLS AND BIAS VOLTAGES
In the figure, you can see that the standard MOSFET has four elements, each
tied to a separate {ead. Three of these elements are the same as in ""fTs.
They are the "gate, "source”, and "drain”. The fourth element is the substrate",
and will be discussed in a later frame. The biasing polarities are placed near
the elements of each device to show the type of voltage {positive or negativ:)
needed for operation. As you cail see, the polarities are the same as tﬁey are

for JFETs.

The four elements of a MOSFET are the
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(:) Some of the important design features of MOSFETs now will be discussed.

Figure 16 shows an illustration of the components in a typical N-channel

MOSFET.

ORAIN
OXIDE(SI03) T

INSULATOR N

SUBSTRATE
-

/.

éSDURCE

Figure 16
N-CHANNEL MOSFET CONSTRUCTION
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As you can see, MOSFETs are made a little differently than JFETS. Notice that
in an N-channel MOSFET, there is a solid bar of N-type material between the
source and drain. This is called the channel material. This channel material

is mounted on the substrate material, which is of the P-type in this example,

In an N-channel MOSFET, the channel material is of the {P/N)-type, and the
substrate material is of the (P/N)-t:pe.

T e e T e e e e ke wh w a ar AR  w  we

N,P

F re 17 repeats the illustration of an N-channei MOSFET,

DRAIN
) OXIDE(Si0,)
INSULATOR N - SUBSTRATE
S—

GATE o

/ //z’-"I

METAL //

N] s

’ O SQURCE

Figure 17

N-CHANNEL MOSFET CONSTRUCTION

If you Yook carefully, you can sce there is 5 PN junction in the gate circuit.
A layer of silicon oxide (chemically Si0y) separates the metal gate terminal
from the N-chann aterial, Therevtore, the gate is v electrically

insulated from the channel and substrate materials, Thi: design feature

189
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causes the high irput impedance found in MOSFETs, It also has oroughl about
another common name for the device, which is "insulated gate field-effect

transistor", or IGFET,

In a MOSFET, the gate terminal is electrically (connected to/insulated from)

the channel material.

insulated from

Recall that there are four elements in a MOSFET, and therefore four
device leads. Figure 1€ points out the substrale elements on the schematic

symbols for N-and P-channel MOSFETs.

N

SUBSTRATE

Figure 18

MOSFET {OR IGFET) SUBSTRATE TERMINAL

The substrate element can be used to control the gain characteristics of
MUSFETS.— Current conduction between the substrati ind source or drain occurs
if the substrate is biased .to conduclion. However, the substrate lead often
is simply connected to the source tarminal, either internal or external to the

device
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1f the substrate of a MOSFET is biased into conduction, it can be used to

control the {frequency/gain) of the device.

The MUSFETs you have learned about have only one gate, and are called

v.ngle-gate MOSFETs. Some MOSFETs have an sdditional gate, ¢ | are called
dual-gate MOSFETs. The dual-gate MOSFET operates very much like a multi-grid
vacuum tube, The labeled schematic symbols for N-and P-channel dual-gate

MOSFET's, and a multi-grid vacuum tube, are shown in Figure 19,

SOURCE ) CATHODE

MULTI-GRID ¥T
DRAIN

SOURCE

Figu.2 19

DUAL-GATE MOSFET WLTI-GRID VACUUM TUBE
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In the figure, notice that the substrate leads in the MOSFETs are connected to
the source leads. Therefore, dual-gate MOSFETs have four leads --two for the

~ates, and one each for the source and drain.

The dual-gate MOSFET is a truly versatile device. Both gates independently
control conduction of the device. This dual control capatility lends itself
to applications where two separate signals must control d=vice operation. Some

applications include AGC-contrclled ampiifiers &  mixer-oscillator circuits.

Twn separate signals can independently controi the operation of (single/dual)

gate MUSFETs.

(::) One problem with the design of both single-gate and dual-gate MOSFETs is

that they can be destroye ~ery ezsily by a discharge of static electricity.
As you know, static electricity is the charge that causes you .0 get a shock
when you touch grounded object§ on a low hunidity {dry} day. To combat this
problem, MUSFETs are packaged with their leads all shorted together with 1

shorting spring (wire). This spring must not be removed until the MCSFET is

soldered or plugged into a circuit. One such SPring is showr in Figurs 20,
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EHORTING SPRING

Figure 20
PROTECTING MOSFETS

Remember: Do not forget to remove the spring or wire once the MOSFET is
installed, or you may short out the supply voltages. There are other special

precautions that must be observed when working on equipment using MOSFETs.

Study the special handling information shown in Figure 21.
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NOT.Ch

SPECIAL HANDLING OF MOS OQEVICES

The MOS metal oxide semiconductor devices have a fairly nigh input resistance
making them subject to dimage from charges o/ static electricity through
improper handling. The %ﬁ;;rggzgr of oxide can be damaged from discharges

of static electricity or i er handling in or out of circuit. The Jamage
may be apparent immediately or may show up aniy after a short operating time.
To avcid possible damage, the following prozedures should be followed when
handling or testing these devices.

1. fhe use of synthetic clothing such as nylon should be avoided as this will
generate static charges. Dry weather {relative humidity less than 30%)
also tends to increase static buildup.

2. Keep the leads of the device in contact with a conducting material or
shorted, except when testing, inserting or removing from the circuit.

3. A wrist strap with a I megohm resistor in series to common ground shoulgd
be worn by thg\technician when inserting, removing or testing M.S deviies.

4. Do not remove or insert an MUS device with the power to the circuit or
test instrument "ON".

5. Do .5t apply or inject test signals into the circuit when an MOS device is
used with the circuit power “QFF".

5. Do not turn the circuit power "ON" with an MJS device removed from the
circuit. “Charges can build up causing possible damage when the device is
replaced in the circuit.

7. Soldering iron tips, metal bench tops, test equipment and tools should be
grounded to a common ground aiang with the chassis of tne set beinn
serviced.

8. Soldering guns should not be used in MOS circuits, AC line lcakage :rom
the gun tip could cause damage tc an MOS device.

o

Do not apply heat for longer than 10 s2conds or cioser than 1/16 of an
inch to any MOS device wnen soldering. Use of a neat sink 15 recommended
to prevent damage to the oevice.

Figure 21
MOSFET PRECAUTIONS

{9

[

s




You <hould read this notice carefully to be aware Of the neceSsary measures 1o
4

observe when repairing MOSFET equipment.

The ssfety precautions you must observe when handling MOSFETs help yOu to

avoid damage caused by the build-up and discharge of

static electricity

(::) Some MOSFETs have built-in gate protection circuits to avoid damage due

10 excessive voltages., Figure 22 shows an example of internal diode protection

tircuits placed in the tircuit schematics of dual and single-gate MOSFETs.

PROTECTION
OlO0ES

PROTECTION
OIODES

Figure 22

INTERNAL GATE PROTECTION
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The back-to-back diodes across the gate-to-sou-ce elements are -designed to
Timit transient voltages to a safe operating level and yet allow signals to

be amplified without distortion,

In Figure 22, the internal protection ¢ircuits are made of back-to-back

diodes

(::) Now for some pointers -about testing and repairing FLT circuits. You

already know about the safely precautions, so let's look at pin arrangements

and troubleshooting tehniques:™

The pin arrangements for FETs (both JFETs and MOSFETs) have not been standard-
ized. To determine which leads are gate, source, drain or substrate, ycu must
look up the device by part number in a data book, Examples of typical common~
base arrangements for JFETS, and both single and dual-gate MOSFETS, are shown

in Figure 23.

1]} T

] & — @
b

SOURCE ul‘u\ (GATE NO GATE MO, 2 bt GATE NO 1
DRAIN - - DRAIN
e SO e (o
ouAc! .
~JFET SINGLE-GATE MOSFET DUAL-GATE MOSFET
Fiaure éa

FET BASE DIAGRAMS

L.
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The location of a faulty FET stage would be found by the signal tracing or
signal injection methods used in previous lessons. Once a stage is isclated,
voltage measurements with a high impedance voltmeter will help determine if
the stage is defective. Measurement of resistance betwhen elements with an
ohmmeter is not recommended. Ohmmeter battery voltages have a wide variation,

and could result in damage to the FET.

Voltage measurements in FET circuits should be cone with a {low/high} impedance

.voltmeter,

THIS IS A TEST FRAME. COMPLETE THE TESTQUESTIONS AND THEN COMPARE YOUR

o

ANSWERS WITH THE CORRECT ANSWERS GIVEN AT THE PAGE FOLLOWING THE QUESTIONS.

1.  Which of the follawing devices haé'the highest input impedance?

a. JFET
b, MOSFET

¢. Bipolar transistor
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2. Which MOSFET element 15 iaentified by the arraw in the schematic $ymbol

below?

Figure 24

Substrate
source
Gate

Drain .

-

In an ﬂ-channel MOSFET, the gate is attached to the
PN junctian.
P-t- : material.
N-type material.

silicon oxide layer,




)

+
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4. Vhich of the symbols below is the schematic symbol for an N-channel

*

dual-gate MOSFET?

Figure 25

purpose of the shorting ring in MOSFETs is to
shunt the substrate to either the source or gate during cperation.
\ protect the device from static electricity discharge during replacement.
| shunt the gates of a dual-gate MOSFET to make it operate like a
single-gute MOSFET:
d. change the gain characteristics of the MOSFET,

6. the pin arrangements of FETs are (standardized/unstandarized).

7. Wien troubteshooting a FET, use of a standard ohmmeter is (recommended/

not recohmended).
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MOSFET

Substrate

d. silicon oxide layer.

d.

.- b. protect the device from static electricity discharge during replacement.

undstandardized
»

not recommended

IF YOUR ANSWERS MATCH THE CORRECT ANSWERS YOU HAVE COMPLETED THE PROGRAMMED
INSTRUCTION FOR LESSON 4, MOOULE THIRTY THREE. OTHERWISE GO BACK TO FRAME 15
AND TAKE THE PROGRAMMEOD SEQUENCE BEFORE TAKING TEST FRAME 24 AGAIN.

AT THIS POINT, YOU.NAY TAKE THE LESSON PROGRESS CHECK. IF YOU ANSWER AtL SELF-
~ TEST ITEMS CORRECTLY YOU MAY TAKE THE LESSON TEST. IF YOU INCORRECTLY ANSWER .
ONLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE WILL REFER
YOU 70 THE APPROPRIATE PAGES, PARAGRAPHS, OR FRAMES SO THAT YOU CAN RESTUOY
THE PARTS OF THIS LESSON YOU ARE HAVING OIFFICULTY WITH, IF YOU FEEL TEAT
YOU HAVE FAILEO 76 UNOERSTAMOD ALL, OR MOST, OF THE LESSON, SELECT AND USE
ANOTHER WRITTEN MEDIUM OF INSTRUCTION, AUOIO/VISUAL MATERIALS (IF APPLICABLE),
OR CONSULTATION WITH THE LEARNING CENTER INSTRUCTOR, UNTIL YCU CAN ANSWER ALL
SELF-TEST ITEMS ON THE PROGRESS CHECK CORRECTLY.
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NARRATIVE
LESSON 4

Field Effect Transistors

Elthough it has brought about a revolution in the design of electronic
equipment, the bipolar {PNP/NPN) transistor still has one very undesireable
characteristic, This is the low input impedance associated with its base-
émitter junction. Low input impedance causes problems in matching impedances
between interstage ampiifiers. ' -

,For years, scientists searched for a solution which would combine the high

- input impedance of the vacuum tubewith the many other advantages of the
transistor. The result of this research is the faeld-effect transistor, or
FET. In GQntrast to the bipolar transistor, which uses bias current between
base and emitter to control conductivity, the FET uses vo?tage to control an
electrostatic field within the transistor. Because the 1s voltage-

controlied much Tike @ vacuum tube, it is sometimes called the "soli¢ °
state vacuum tube".

-~

The elements of one type of FET, the Jggction type, or JFET, are compared
with the bipolar transistor and the vgCUum tube in Figure 1.

¥

COLLECTOR DRAIN PLATE

EMITTER SOURCE . CATHODE

3,

b BIPOLAR FET ; VACUUM TUBE_
Figure 1

SYMBOLS - JUNCTION FET VS TRANSISTOR/VACHUM TUBE

-

As the figure shows, the JFET is a three-element device comparable to the
_other two. The JFET's "gate" element corresponds very ciosely in operation
to the base of the transistor and the grid of the vacuum tube.The other

elements of the JFET, "source" and "drain”, correspond to the emitter/collector
and cathode/plate.

1

' 20
L/l 99

]
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The construction of a JFET is snown in Figure 2.

DRAN

N-TYPE
&?3’ ~ SILICON BAR
DIFFUSED
P-TYPE
MATERIAL

CHANNEL ISOURCE

Figure 2

"PICTORIAL DIAGRAM - JFET

A solid bar, made either of N-type or P-type material, forms the main body

of the device. Diffused into each side of this bar are two deposits of
material of the opposite type, which form the "gate". The portion of the
bar between the deposits of gate material is of smaller cross section than
the rest of the bar and forms a "channel® connecting the source and the
drain., Figure 2 shows a bar of N-type material and a gzte of P-type material.
Because the material in the channel is N-type, the device is called an
N=channel JFET, '

In a P-channet JFET, the channel is made of P-type material and the gate of
N-type material, Schematic symbols for the two types of JFET, compared with
- those of the NPN and PNP bipolar transistor, are shown in Figure 3,

c .
{+) gﬂ

Ji) {-) | :
_ : (-} EH
NPN TRANSISTOR PNP TRANS!STOR

DRAIN ((+) DRAIN ()
N GATE

GATE — ] J)
=y ‘ , (+)
SOURCE |(-) / SDURCE I{+)

N-CHANNEL JFET o 03 P-CHANNEL JFET

" SYMBOLS AND BIAS VOLTAGES-TRANSISTORS
AD JFETS

Efii;)

207
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Like the bipolar transistor types, the two types of JFET differ only in the
configuration of bias voltages required and in the direction of the arrow
within the symbol. Just as it does in transistor symbols, the arrow in a
JFEET symbol always points towards the N-type material. Thus the symbol of
the N-channel JFET shows the arrow pointing tr.ards the drain/source channel,
whereas the P-channel symbol shows the arrow pointing away, towards the
gate.

The key to FET operation is the eff ctive.cross sectional area of the
channel, which can be controlled by variations in the voltage applied to the
gate. This is demonstrated in the figures which follow.

Figure 4 shows how the JFET operates in a zero gate hias condition.

1o =1Dmi

Figure 4%

JFET OPERATION - ZERO GATE BIAS

Five volts are apnlied across the JFET So that current flows through the bar
. from source to drain, as indicated by the arrow. The gate terminal is tied
to ground, or zero {0) volts. This™is a zero gate bias condition. In this
‘condition, a typical bar represents a resistance of about 500 ohms. A
m1]]1ammeter connected in series with the drain lead and DC power, indicates
the amount of current flow, which with a drain supply {Vpp) of 5 voits
givesa drain current- (Ip) reading of 10 mA, The voltage and current
subscript letters (Vpp, Ip) used for FETs correspond to the elements of

the device just as they do for transistors.
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In Figure 5, a small reverse bias voltage is applied to the gate of
the JFET.

Vpo =SV

“‘_"'D = Sma

) DRAIN

o>~ DEPLETION REGION

SOURCE

Figure 5
JFET OPERATION -~ REVERSE GATE BIAS

A gate-source voltage (Vge) of 1 negative volt applied to the P-type gate
material causes the junction bhetween the P- and N-type material to become
reverse biased. Just as it did in the varactor diode’, studied in the
previous Tesson, a reverse bias condition causes a “depletion region" to
form around the PN junction of the FJET. Because this region has & reduced
number of current carriers, the effect of reverse biasing is to reduce the
effective cross sectional area of the "channel". This reduction in area
increases the source-to-drain resistance of the device and decreases current
flow.

C

By applying a large enough negative voltage to the gate, it js possible to
make the depletion region so larle that conduction of current through the
bar stops altogether. The voltage required to reduce drain current (Ip)

to zero is called “"pinch-of f" voltage and is comparable to “cut-off" voltage
in a vacoum tube. In Figure 5, the 1 negative volt applied, although not
large enough to completely-stop conduction, has caused the drain current to
decrease markedly (from I0 mA under zero gaté bias conditions, to 5 mA).
Calculation shows that the I volt gate bias has also increased the resistance
of the JFET (from 500 ohms to 1 kilohms). In other words, a one volt change
in gate voltage has doubled the resistence of the device and cut current
fiow in half. :

3{)}11
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These measurements, however, show only that a JFET operates in a manner
similar to a bipolar transistor, even though the two are constructed difa-
ferently. As stated at the beginning of this lesson, the main advantage f
a FET is that its input impedance is significantly higher than that of a
bipolar transistor. The higher input impedance of the JFET under reverse
gate bias conditions can be seen by connecting a microammeter in series with
the gete-source voltage {Vgg), 2s shown in Figure 6.

Figure 6
JFET INPUT IMPEDANCE

With a Vgg of ! volt, the microammeter reads .5 microamps. By applying

Ohm's Law (1 V ¢+ .5 ma), it can be seen that this very small amount of
current flow results in & very high input impedance, about 2 megohms. By
contrast, a bipolar transistor in similar circumstances would require higher
current flow {e.q., .1-1 mA), resulting in a much lower input impedance, only
about 1000 ohms or less. The higher input impedance of the JFET is possible
because of the way reverse bhias gate voltage effects the cross-sectional

area of the channel.
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The preceeding example of JEET operation uses an N-channel JFET. However

P-channel JFETs operate on identical principles. The differences between’the
two types are shown in Figure 7.

SOURCE
N-CHANNEL JFET

$SOURCE
{(+)

{+) OSOURCE
P-CHANNEL JFET
Fiqure ?

SYMBDLS & PICTORIAL WITH BIAS VOLTAGES - JFETS
Because the materials used to make the bar and “he gate are reversed, source
voTtage potentials must also be reversed. The P-channel JFET therefore

requires a positive gate voltage in order to be reverse biased, and ¢current
flows through it from drain to source.

QB{L;
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Figure 8 shows a-basic common=-source amplifier Circuit <ontaining an N:Fhan-
nel JFET.

C1

A/ .oospt
—
IN

R1

Figure 8
FET COMMON SOURCE AMPLIFIER

The characteristics of this circuit include high input impedance and a
voltage gain of about 10 (20 dB). The function of circuit components here
is very similar to those in a triode vacuum tube common-cathode amp11f1er
circuit. Cl and C3 are the input and output coupling capacitors. Rl is the
gate return resistor-and functions much like the grid return resistor in a
vacuum tube circuit. It prevents unwanted charge build-up on the gate by
providing a discharge path for Cl, R2 and C2 provide source self-bias for

the JFET, which operates 1ike cathode seif«bias. R3 is the drain load
resistor, which acts like the plate or collector-lgad resistor,

The phase shift of 180° between input and output signals is the same as that
of common-cathode” vacuum tube circuits (and common-emitter transistor .
circuits). Thé reason for the .phase shift can be seen ea511y by observing
the N- channél JFET's operation. On the positive alternation of the input
signa] the amount of reverse bias on the P-type gate material is reduced,
thus increasing the effective cross~sectional area of the channel and
decre&s1ng source-to-drain resistance. When resistance decreases, current

- flow through the JFET increases, causing the voltage drop across R3 to
increase, which in turn causes the drain voltage to decrease. On the
negative alternation of the cycle, the amount of reverse bias on the gate of
the JFET is increased and the action of the circuit is reversed. The result
is an output signal which is an amplified and 180° out-of-phase version of
the input signal.

-
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A second type of field-effect transistor has been introduced in recent years
which has some advantages over even the JFET. This newest device is the
"metal oxide semiconductor field-effect transistor," or MOSFET. MOSFETS have
even higher input impedances than JFETs, on the order of 10 to 129 million

megohms (1013-1014 ohms). Therefore, they are even.less of a foacd on preceding
circuits, Their extremely high input impedance, combined with a high gan
factor, makes them highly efficient input devices in RF/IF amplifiers

and mixers and in many types of test equipment.

-

Figure 9 shows schematic symbols for the twd types of MOSFETS.

=) opraIN DRAIN

SUBSTRATE SUBSTRATE

(+) {
SOURCE SOURCE

P CHANNEL N CHANNEL
Figure 9

METAL OXIDE SEMICONDUCTOR FET's (MOSFET)

MOSFETs, 1ike JFETs, are of either the P-channel or the N-channel type.

Each type has four elements, "gate," "source" and "drair" Tike the JFiT, and

one addtional element, “substrate," which will be discussed later. The

biasing polarities shown for the elements are the same as those of corresponding
P-channel and N-channel JFETS, .

The construction of am N-channel MOSFET is shown in Figure 10.
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OXIDE(SiO2)
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GATE ——)

METAL

N

lSOURCE

Figure 10

N-CHANNEL MOSFET CONSTRUCTION
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#)SFETs consist of a solid bar of either N-~type or P-type material, called

the channel material, which connects the source and drain termminals. This
channel material is joined to the substrate, a layer of material of the
opposite type. In the N-channel MDSFET shown in Figure 10, the channel
material is N-type and the substrate material is P-type. Just as in transistor
and JFET symbols, in schematic symbols for MOSFETs the arrow paints towards

tne H-type material,

A Pk junction exists between the channel material and the apposite-type
substrate material, and current conduction between the two can occur provided
the substrate is biased into conduction. Biasing the substate element in
this way permits control of the MOSFIT's gain characteristics. Often,
however, the sybstrate terminal is simply connected to the source terminal,
either internally or externally, and the biasing capability is not used.

On the gate side of the MOSFET, no PN Junction if formed. Instead, a layer
of silvcon oxide (Si0p) separates the N-channel material from the metal
gate terminal. This layer totally insulates the gate electrically from the
N-channe! and results in the extremely high input impedance of the MOSFET.
{t also gives rise to another common name for the device: "insulated gate
field-effect transistor," or IGFET,

The MOSFETs discussed up to this point have been single-gate MOSFETs.
Another type of MOSFET, the dual-gate type, is shown in Figure 11,

N CHANNEL

SOURCE < CATHODE

DRAIN MULTI-GRID ¥T

SOURCE
Figure 11

DUAL-GATE MOSFETS
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As the figure shows, the gates in a dual-gate MOSFET can he compared to the
grids in a multi-grid vacuum tube. Because the substrate has been connected
directly to the source terminal, the dual-gate MOSFET still has- only four
leads: one each for source and drain, and two for the gates. Either qate
can control conduction independently, making this type of MOSFET a truly
versatile device. Its dual control capability lends itself to applications
where two separate signals must control device operation, sucn as AGC-centrol-
led amplifiers and mixer-oscillator circuits.

One problem with both single- and dual-gate MOSFETs is that the-oxide layer
- between gate and channel can be destroyed very easily by ordinary static
electricity, like that which causes a shock when gqrounded ohjects are
touched on a dry day. To avoid accidental damage, replacement MOSFETS come
packaged with their leads shorted together by a Special wire 1oop or. spring,
The rule to remember with these shorting springs is that they must not be
rerioved until after the MOSFET has been soldered or plugged 1nto/a circuit,
Une such spring 15 shown in Figure 12.

SHORTING SPRING

Figure 12
PROTECTING MOSFETS
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Once the MOSFET has been installed, it is important to remember to remove

the shorting ring in order to avoid shorting out supply voltages. A complete
1ist of the special precautions that must be taken when handling MOSFETs is
shown in Figure 13.

NOTICE <
SPECIAL HANDLING OF MOS DEVICES .

The MOS metal oxide semiconductor devices have a fairly high input resistance
making them subject to damage from charges of static electricity through improper
hand1ing. The thin layer of oxide can be damaged from discharges of static
electricity or improper handling in or out of circuit, The damage may be apparent
immedi ately or may show up only after a short operating time. To avoid possible
damage, the following procedures should be followed when handling or testing

these devices,

1. The uyse of synthetic clothing such as nylon should be avoided as this
will generate static charges. Dry weather (relative humidity less than 30%)
also tends to increase stati¢ buildup. '

kKeep the leads of the device in contact with a conducting matertal or shorted,
except when testing, inserting or removing from the circuit.

1= e
A wrist strap with a megohm resistor in series to common ground should
be worn by the technician when inserting, removing or -testing MOS devices,

Do not remove or insert an MOS device with the power to the circuit or test
instrument “ON"

Do not apply or inject test signals into the Circuit when an MOS device is
used with the circuit power "OFF".

Do not turn the circuit power "ON" with an MOS device removed from the
circuit, Charges can build up causing,possible damage when the device is
replaced in the circuit. .

Soldering irom tips, meta) bench tops, tesSt equipment and toolS should be
grounded to a common ground along with the chassis of the set being serviced.
1

Soldering guns Should not be used in MOS circuits, AC line leakage from the
gun tip could cause damage to an MOS device.
Do not apply heat for longer than 10 seconds or closer than 1/16 of an inch

to any MOS device when soldering. Use of a heat sink is recomménded to
prevent damige to the advice, . :

Figure 13

MOSFET PRECAUTIONS
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Read this notice carefully and be aware of the necessary meaSures to observe
vhen repairing MOSFET equipment,

Some MDSFETs have built-in devices to protect against excessive voltage.
Figure 14 shows how protective diodes can be placed in dual-and single-gate
MUSFETs.

"

PROTECTION
DIODES

PROTECTION
DIODES

Figure 14

P INTERNAL GATE MROTECTION

K

The back-to-back diodes shown in the figure are designed to Tlimit transien?
voltages to a safe operating level, while still allowing signals to be
amplified without distortion. Although protection diodes work well, it is
.best to abserve the same precautions when working with any type of MOSFET
equipment.

Although handling precautions are very important, there are a couple of other
important points to remember when testing and repairing FET circuits. These
are in the areas of pin arrangements and fault location techniques.
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Once the MOSFET has been installed, it is important to remember to remove

the shorting ring in order to avoid shorting out supply voltages. A complete
1ist of the special precautions that must be taken when handling MOSFETs is
shown in Figure 13,

NOTICE
SPECIAL HANDLING OF MOS DEVICES

The MOS metal oxide semiconductor devices have a fairly high input resistance
making them subject to damage from Charges of static electricity through improper
handling. The thin layer of oxide can be damaged from discharges of static
electricity or improper handling in or out of circuit. -The® damage may be apparent
immediately or may show up only after a short operating time., To avoid possible
damage, the following procedures should be followed when handling or testing
these devices.

1., The use of synthetic clothing such as nylon should be avoided as this
will generate static charges. Dry weather (relative humidity less than 30%)
also tends to increase static buildup.

tee: the leads of the device in contact with a conducting material or shorted,
except when testing, inserting or removing from the circuit.

A wrist strap with a megohm resistor in series to common ground should
be worn by the technician when inserting, removing or testing MOS devices.

Do not remove or insert an MOS device with the power to the cCircuit or test
instrument “ON" ‘

Do not apply or inject test signals into the circuit when an MOS device is
used with the circuit power “OFF",
b

Do not turn the circuit power “ON" with an MOS device removed from the
circuit, Charges can build up causing possible damage when the device is
regiaced in the circuit. '

Soldering iron tips, metal bench tops, test equipment and tools should be
grounded to a common ground along with the chassis of the set being serviced.

Soldering guns should not be used in MOS circuits, AC line leakage from the
gun tip could cause damage to an MOS device.

Do not apply heat for longer than 10 seconds or closer than 1716 of an inch
to any MOS device when soldering. Use of a heat sink is recommended to
prevent damage to the advice.

Figure 13
MOSFET PRECAUTIONS
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Pead this notice carefully and be aware of the necessary measures to observe
vhen repairing MOSFET equipment.

Some MOSFETs have built-in devices to protect against excessive voTtage.

Figure 14 shows how protective diodes can be placed in dual-and single-qgate
MOSFETs.

PROTECTION
DIODES

PROTECTION
DIODES

Figure 14
INTERMAL GATE PROTECTION

The back-to-back diodes shown in the figure are designed to limit transient
voltages to a safe operating. level, while still alliwing signals to he
amolified without distortion. Although protection diodes work well, it i¢
best tp observe the same precautions when working with any-type of MOSFIT
equipment.

A1though handling precautions are very important, there are a‘coupTe of other
important points to remember when testing and repaziring FET Circuits. These
are in the areas of pin arrangements and fault location technigues.
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Pin arrangements for FETs (JFETs and MOSFETs) have not been standardized.
Therefore, to determine which lead is the gate, source, drain, or substrate,
a data book must be referred to. Devices are indexed in the data book
according to part number. Figure I5 show$ what the bases of some common
FETs Took 1ike. N

I H
:
§00

il
(Ll

T SOURCE . _GATE NO 3 GATE ND. 2 GATE NO. 1

-~
DRAIN ORAIN
,@ DRAIN CASE AND @ CASE. SOURCE
GATE

. SUBSTRATE AND SUBSTRATE
SOURCE

JFET SINGLE-GATE MOSFET DUAL-GATE MOSFET

Figure I5 -
FET BASE DIAGRAMS

Faulty FET stages can be located using the signal tracing or signal injection
methods introduced in earlier Tessons. Dnce a stage is isolated, voltage
measurements will help to determine if the stage is defective. A high
impedance voltmeter Should be ysed. Measurement of resistance between FET
elements with anmfohmmeter is not recommended.- This is because chmmeter
battery voltages vary widely and may easily exceed the maximum voltage
permitted between elements of the FET.

AT THIS PDINT, YOU MAY TAKE THE LESSON PROGRESS CHECK. IF YOU ANSWER ALL
SELF-TEST I1TEMS CORRECTLY, YOU MAY TAKE THE LESSOR TEST. IF vOU INCORRECTLY
ANSWER ONLY A FEW OF THE PROGRESS CHECK QUESTIONS, THE CORRECT ANSWER PAGE
WILL REFER YOU TO THE APPROPRIATE PAGES, PARAGRAPHS, OR FRAMES SO THAT YOU
CAN RESTUDY THE PARTS OF THIS LESSON YOU ARE HAVING DIFFICULTY WITH. IF YOU
FEEL THAT YOU HAVE FAILED TO UNDERSTAND ALL, OR MOST, OF THE LESSON, SELECT
AND USE ANOTHER WRITTEN MEDIUM OF INSTRUCTION, AUDIO/VISUAL MATERIALS (IF
APPLLCABLE), OR COWSULTATION WITH THE LEARNING CENTER INSTRUCTOR, UNTIL YOU
CAN ANSWER ALL SELF-TEST ITEMS ON THE PROGRESS CHECK CORRECTLY.'




