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PREFACE
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out a fully meaningful training program.

COURSE OVERVIEW: To introduce the student to the subject of Wave Propagation, Transmission
Lines, and Antennas who needs such a background in accomplishing daily work and/or in preparing for
further study.

THE COURSE: This self-study course is organized into subject matter areas, each containing learning
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(ECMs) and other senior personnel, technical references, instructions, etc., and either the occupational or
naval standards, which are listed in th@anual of Navy Enlisted Manpower Personnel Classifications

and Occupational StandargdslAVPERS 18068.

THE QUESTIONS: The questions that appear in this course are designed to help you understand the
material in the text.
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Sailor's Creed

“l am a United States Sailor.

| will support and defend the
Constitution of the United States of
America and | will obey the orders
of those appointed over me.

| represent the fighting spirit of the
Navy and those who have gone
before me to defend freedom and
democracy around the world.

| proudly serve my country’s Navy
combat team with honor, courage
and commitment.

| am committed to excellence and
the fair treatment of all.”
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NAVY ELECTRICITY AND ELECTRONICS TRAINING
SERIES

The Navy Electricity and Electronics Training Series (NEETS) was developed for use by personnel in
many electrical- and electronic-related Navy ratings. Written by, and with the advice of, senior
technicians in these ratings, this series provides beginners with fundamental electrical and electronic
concepts through self-study. The presentation of this series is not oriented to any specific rating structure,
but is divided into modules containing related information organized into traditional paths of instruction.

The series is designed to give small amounts of information that can be easily digested before advancing
further into the more complex material. For a student just becoming acquainted with electricity or
electronics, it is highly recommended that the modules be studied in their suggested sequence. While
there is a listing of NEETS by module title, the following brief descriptions give a quick overview of how
the individual modules flow together.

Module 1, Introduction to Matter, Energy, and Direct Currernbtroduces the course with a short history

of electricity and electronics and proceeds into the characteristics of matter, energy, and direct current
(dc). It also describes some of the general safety precautions and first-aid procedures that should be
common knowledge for a person working in the field of electricity. Related safety hints are located
throughout the rest of the series, as well.

Module 2, Introduction to Alternating Current and Transformers,an introduction to alternating current
(ac) and transformers, including basic ac theory and fundamentals of electromagnetism, inductance,
capacitance, impedance, and transformers.

Module 3, Introduction to Circuit Protection, Control, and Measuremegncompasses circuit breakers,
fuses, and current limiters used in circuit protection, as well as the theory and use of meters as electrical
measuring devices.

Module 4, Introduction to Electrical Conductors, Wiring Technigues, and Schematic Reagiregents
conductor usage, insulation used as wire covering, splicing, termination of wiring, soldering, and reading
electrical wiring diagrams.

Module 5, Introduction to Generators and Motor$s an introduction to generators and motors, and
covers the uses of ac and dc generators and motors in the conversion of electrical and mechanical
energies.

Module 6, Introduction to Electronic Emission, Tubes, and Power Suppties,the first five modules
together in an introduction to vacuum tubes and vacuum-tube power supplies.

Module 7, Introduction to Solid-State Devices and Power Supplesimilar to module 6, but it is in
reference to solid-state devices.

Module 8, Introduction to Amplifierscovers amplifiers.

Module 9, Introduction to Wave-Generation and Wave-Shaping Circdis;usses wave generation and
wave-shaping circuits.

Module 10, Introduction to Wave Propagation, Transmission Lines, and Antenpessents the
characteristics of wave propagation, transmission lines, and antennas.



Module 11, Microwave Principlesexplains microwave oscillators, amplifiers, and waveguides.
Module 12, Modulation Principlesdiscusses the principles of modulation.

Module 13, Introduction to Number Systems and Logic Circufiggsents the fundamental concepts of
number systems, Boolean algebra, and logic circuits, all of which pertain to digital computers.

Module 14, Introduction to Microelectronicscovers microelectronics technology and miniature and
microminiature circuit repair.

Module 15, Principles of Synchros, Servos, and Gyrgspvides the basic principles, operations,
functions, and applications of synchro, servo, and gyro mechanisms.

Module 16, Introduction to Test Equipmernig an introduction to some of the more commonly used test
equipments and their applications.

Module 17, Radio-Frequency Communications Principlgsiesents the fundamentals of a radio-
frequency communications system.

Module 18, Radar Principlescovers the fundamentals of a radar system.

Module 19, The Technician's Handbools a handy reference of commonly used general information,
such as electrical and electronic formulas, color coding, and naval supply system data.

Module 20, Master Glossaryis the glossary of terms for the series.
Module 21, Test Methods and Practicedgscribes basic test methods and practices.
Module 22, Introduction to Digital Computerss an introduction to digital computers.

Module 23, Magnetic Recordings an introduction to the use and maintenance of magnetic recorders and
the concepts of recording on magnetic tape and disks.

Module 24, Introduction to Fiber Opticsis an introduction to fiber optics.

Embedded questions are inserted throughout each module, except for modules 19 and 20, which are
reference books. If you have any difficulty in answering any of the questions, restudy the applicable
section.

Although an attempt has been made to use simple language, various technical words and phrases have
necessarily been included. Specific terms are defined in Modulslaster Glossary

Considerable emphasis has been placed on illustrations to provide a maximum amount of information. In
some instances, a knowledge of basic algebra may be required.

Assignments are provided for each module, with the exceptions of ModuleTH®, Technician's
Handbook and Module 20,Master Glossary Course descriptions and ordering information are in
NAVEDTRA 12061,Catalog of Nonresident Training Courses



Throughout the text of this course and while using technical manuals associated with the equipment you
will be working on, you will find the below notations at the end of some paragraphs. The notations are
used to emphasize that safety hazards exist and care must be taken or observed.

WARNING

AN OPERATING PROCEDURE, PRACTICE, OR CONDITION, ETC., WHICH MAY
RESULT IN INJURY OR DEATH IF NOT CAREFULLY OBSERVED OR
FOLLOWED.

CAUTION

AN OPERATING PROCEDURE, PRACTICE, OR CONDITION, ETC., WHICH MAY
RESULT IN DAMAGE TO EQUIPMENT IF NOT CAREFULLY OBSERVED OR
FOLLOWED.

NOTE

An operating procedure, practice, or condition, etc., which is essential to emphasize.

Vi



INSTRUCTIONS FOR TAKING THE COURSE

ASSIGNMENTS

The text pages that you are to study are listed at
the beginning of each assignment. Study these
pages carefully before attempting to answer the
guestions. Pay close attention to tables and
illustrations and read the learning objectives.

The learning objectives state what you should be
able to do after studying the material. Answering

the questions correctly helps you accomplish the
objectives.

SELECTING YOUR ANSWERS

Read each question carefully, then select the
BEST answer. You may refer freely to the text.

The answers must be the result of your own
work and decisions. You are prohibited from

referring to or copying the answers of others and
from giving answers to anyone else taking the
course.

SUBMITTING YOUR ASSIGNMENTS

To have your assignments graded, you must be
enrolled in the course with the Nonresident
Training Course Administration Branch at the

Naval Education and Training Professional
Development and  Technology  Center
(NETPDTC). Following enrollment, there are

two ways of having your assignments graded:
(1) use the Internet to submit your assignments
as you complete them, or (2) send all the
assignments at one time by mail to NETPDTC.

Grading on the Internet:
Internet grading are:

Advantages to

* you may submit your answers as soon as
you complete an assignment, and

e you get your results faster; usually by the
next working day (approximately 24 hours).

In addition to receiving grade results for each

assignment, you will receive course completion
confirmation once you have completed all the

vii

assignments. To submit your
answers via the Internet, go to:

assignment

http://courses.cnet.navy.mil

Grading by Mail: When you submit answer
sheets by mail, send all of your assignments at
one time. Do NOT submit individual answer
sheets for grading. Mail all of your assignments
in an envelope, which you either provide
yourself or obtain from your nearest Educational
Services Officer (ESO). Submit answer sheets
to:

COMMANDING OFFICER
NETPDTC N331

6490 SAUFLEY FIELD ROAD
PENSACOLA FL 32559-5000

Answer Sheets: All courses include one
“scannable” answer sheet for each assignment.
These answer sheets are preprinted with your
SSN, name, assignment number, and course
number. Explanations for completing the answer
sheets are on the answer sheet.

Do not use answer sheet reproductions:Use
only the original answer sheets that we
provide—reproductions will not work with our
scanning equipment and cannot be processed.

Follow the instructions for marking your
answers on the answer sheet. Be sure that blocks
1, 2, and 3 are filled in correctly. This
information is necessary for your course to be
properly processed and for you to receive credit
for your work.

COMPLETION TIME
Courses must be completed within 12 months

from the date of enrollment. This includes time
required to resubmit failed assignments.



PASS/FAIL ASSIGNMENT PROCEDURES

If your overall course score is 3.2 or higher, you
will pass the course and will not be required to
resubmit assignments. Once your assignments
have been graded you will receive course
completion confirmation.

If you receive less than a 3.2 on any assignment
and your overall course score is below 3.2, you
will be given the opportunity to resubmit failed
assignments. You may resubmit failed
assignments only once. Internet students will
receive notification when they have failed an
assignment--they may then resubmit failed
assignments on the web site. Internet students
may view and print results for failed
assignments from the web site. Students who
submit by mail will receive a failing result letter
and a new answer sheet for resubmission of each
failed assignment.

COMPLETION CONFIRMATION

After successfully completing this course, you
will receive a letter of completion.

ERRATA

Errata are used to correct minor errors or delete
obsolete information in a course. Errata may
also be used to provide instructions to the

student. If a course has an errata, it will be

included as the first page(s) after the front cover.
Errata for all courses can be accessed and
viewed/downloaded at:

http://www.advancement.cnet.navy.mil

STUDENT FEEDBACK QUESTIONS

We value your suggestions, questions, and
criticisms on our courses. If you would like to
communicate with us regarding this course, we
encourage you, if possible, to use e-mail. If you
write or fax, please use a copy of the Student
Comment form that follows this page.
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For subject matter questions:

E-mail:
Phone:

n315.products@cnet.navy.mil
Comm: (850) 452-1001, ext. 1728
DSN: 922-1001, ext. 1728

FAX: (850) 452-1370

(Do not fax answer sheets.)
COMMANDING OFFICER
NETPDTC N315

6490 SAUFLEY FIELD ROAD
PENSACOLA FL 32509-5237

Address:

For enrollment, shipping,
completion letter questions

grading, or

E-mail:
Phone:

fleetservices@cnet.navy.mil

Toll Free: 877-264-8583
Comm: (850) 452-1511/1181/1859
DSN: 922-1511/1181/1859
FAX: (850) 452-1370
(Do not fax answer sheets.)
COMMANDING OFFICER
NETPDTC N331
6490 SAUFLEY FIELD ROAD
PENSACOLA FL 32559-5000

Address:

NAVAL RESERVE RETIREMENT CREDIT

If you are a member of the Naval Reserve, you
will receive retirement points if you are
authorized to receive them wunder current
directives governing retirement of Naval
Reserve personnel. For Naval Reserve
retirement, this course is evaluated at 6 points.
(Refer to Administrative Procedures for Naval
Reservists on Inactive DutyBUPERSINST
1001.39, for more information about retirement
points.)
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CHAPTER 1
WAVE PROPAGATION

LEARNING OBJECTIVES

Learning objectives are stated at the beginning of each chapter. These learning objectives serve asa
preview of the information you are expected to learn in the chapter. The comprehensive check questions
are based on the objectives. By successfully completing the NRTC, you indicate that you have met the
objectives and have learned the information. The learning objectives are listed below.

Upon completion of this chapter, you should be able to:

1
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State what wave motion is, define the terms reflection, refraction, and diffraction, and describe the
Doppler effect.

State what sound waves are and define a propagating medium.

List and define terms as applied to sound waves, such as cycle, frequency, wavelength, and
velocity.

List the three requirements for sound.

Define pitch, intensity, loudness, and quality and their application to sound waves.

State the acoustical effects that echoes, reverberation, resonance, and noise have on sound waves.
Define light waves and list their characteristics.

List the various colors of light and define the terms reflection, refraction, diffusion, and absorption
as applied to light waves.

State the difference between sound waves and light waves.

State the electromagnetic wave theory and list the components of the electromagnetic wave.

INTRODUCTION TO WAVE PROPAGATION

Of the many technical subjects that naval personnel are expected to know, probably the one least
susceptible to change is the theory of wave propagation. The basic principles that enable waves to be
propagated (transmitted) through space are the same today as they were 70 years ago. One would think,
then, that athorough understanding of these principlesis arelatively simple task. For the electrical
engineer or theindividua with a natural curiosity for the unknown, it isindeed a simpletask. Most
technicians, however, tend to view wave propagation as something complex and confusing, and would
just as soon see this chapter completely disappear from training manuals. This attitude undoubtedly stems
from the fact that wave propagation is an invisible force that cannot be detected by the sense of sight or
touch. Understanding wave propagation requires the use of the imagination to visualize the associated
concepts and how they are used in practical application. This manual was developed to help you visuaize
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and understand those concepts. Through ample use of illustrations and a step-by-step transition from the
simple to the complex, we will help you devel op a better understanding of wave propagation. In this
chapter, we will discuss propagation theory on an introductory level, without going into the technical
details that concern the engineer. However, you must still use thought and imagination to understand the
new ideas and concepts as they are presented.

To understand radio wave propagation, you must first learn what wave propagation is and some of
the basic physics or properties that affect propagation. Many of these properties are common everyday
occurrences, with which you are already familiar.

WHAT ISPROPAGATION?

Early man was quick to recognize the need to communicate beyond the range of the human voice. To
satisfy this need, he devel oped alternate methods of communication, such as hand gestures, beating on a
hollow log, and smoke signals. Although these methods were effective, they were till greatly limited in
range. Eventually, the range limitations were overcome by the devel opment of courier and postal systems;
but there was then a problem of speed. For centuries the time required for the delivery of a message
depended on the speed of a horse.

During the latter part of the 19th century, both distance and time limitations were largely overcome.
The invention of the telegraph made possible instantaneous communi cation over long wires. Then a short
time later, man discovered how to transmit messagesin the form of RADIO WAVES.

Asyou will learnin this chapter, radio waves are propagated. PROPAGATION means "movement
through amedium." Thisis most easily illustrated by light rays. When alight isturned on in a darkened
room, light raystravel from the light bulb throughout the room. When a flashlight is turned on, light rays
aso radiate fromits bulb, but are focused into a narrow beam. Y ou can use these examples to picture how
radio waves propagate. Like the light in the room, radio waves may spread out in all directions. They can
a so be focused (concentrated) like the flashlight, depending upon the need. Radio waves are aform of
radiant energy, similar to light and heat. Although they can neither be seen nor felt, their presence can be
detected through the use of sensitive measuring devices. The speed at which both forms of waves travel is
the same; they both travel at the speed of light.

Y ou may wonder why you can see light but not radio waves, which consist of the same form of
energy aslight. The reason is that you can only "see" what your eyes can detect. Y our eyes can detect
radiant energy only within afixed range of frequencies. Since the frequencies of radio waves are below
the frequencies your eyes can detect, you cannot see radio waves.

The theory of wave propagation that we discuss in this modul e appliesto Navy electronic equipment,
such as radar, navigation, detection, and communication equipment. We will not discuss these individual
systems in this module, but we will explain them in future modules.

Q1. What is propagation?

PRINCIPLESOF WAVE MOTION

All things on the earth—on the land, or in the water—are showered continually with waves of
energy. Some of these waves stimulate our senses and can be seen, felt, or heard. For instance, we can see
light, hear sound, and feel heat. However, there are some waves that do not stimulate our senses. For
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example, radio waves, such as those received by our portable radio or television sets, cannot be seen,
heard, or felt. A device must be used to convert radio wavesinto light (TV pictures) and sound (audio) for
us to sense them.

A WAVE can be defined as a DISTURBANCE (sound, light, radio waves) that moves through a
MEDIUM (air, water, vacuum). To help you understand what is meant by "a disturbance which moves
through a medium," picture the following illustration. Y ou are standing in the middle of awheat field. As
the wind blows across the field toward you, you can see the wheat stalks bending and rising as the force
of the wind movesinto and across them. The wheat appearsto be moving toward you, but it isn't. Instead,
the stalks are actually moving back and forth. We can then say that the "medium" in thisillustration is the
wheat and the "disturbance” is the wind moving the stalks of whest.

WAVE MOTION can be defined as a recurring disturbance advancing through space with or without
the use of a physical medium. Wave motion, therefore, is a means of moving or transferring energy from
one point to another point. For example, when sound waves strike a microphone, sound energy is
converted into electrical energy. When light waves strike a phototransistor or radio waves strike an
antenna, they are likewise converted into electrical energy. Therefore, sound, light, and radio waves are
all forms of energy that are moved by wave motion. We will discuss sound waves, light waves, and radio
waves later.

Q2. How isawave defined asit applies to wave propagation?
Q3. What iswave motion?
Q4. What are some examples of wave motion?

WAVE MOTION IN WATER

A type of wave motion familiar to almost everyone is the movement of wavesin water. We will
explain these waves first to help you understand wave motion and the terms used to describeiit.

Basic wave motion can be shown by dropping a stone into a pool of water (see figure 1-1). Asthe
stone enters the water, a surface disturbance is created, resulting in an expanding series of circular waves.
Figure 1-2 isadiagram of this action. View A shows the falling stone just an instant before it strikes the
water. View B shows the action taking place at the instant the stone strikes the surface, pushing the water
that isaround it upward and outward. In view C, the stone has sunk deeper into the water, which has
closed violently over it causing some spray, while the leading wave has moved outward. An instant later,
the stone has sunk out of sight, leaving the water disturbed as shownin view D. Here the leading wave
has continued to move outward and is followed by a series of waves gradually diminishing in amplitude.
Meanwhile, the disturbance at the original point of contact has gradually subsided.
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Figure 1-1.—Formation of waves in water.

A SLRFACE OF WaTER

LEADIMNG WANVE FORMS A%
STONE ETRIKES WATER

Figure 1-2.—How a falling stone creates wave motion to the surface of water.

In this example, the water is not actually being moved outward by the motion of the waves, but up
and down as the waves move outward. The up and down motion istransverse, or at right angles, to the

outward motion of the waves. Thistype of wave motion is called TRANSVYERSE WAVE MOTION.

Q5. What type of wave motion is represented by the motion of water?
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TRANSVERSE WAVES

To explain transverse waves, we will again use our example of water waves. Figure 1-3 isacross
section diagram of waves viewed from the side. Natice that the waves are a succession of crests and
troughs. The wavelength (one 360 degree cycle) is the distance from the crest of one wave to the crest of
the next, or between any two similar points on adjacent waves. The amplitude of atransverse wave is half
the distance measured vertically from the crest to the trough. Water waves are known as transverse waves
because the motion of the water is up and down, or at right angles to the direction in which the waves are
traveling. Y ou can see this by observing a cork bobbing up and down on water as the waves pass by; the
cork moves very little in asideways direction. In figure 1-4, the small arrows show the up-and-down
direction the cork moves as the transverse wave is set in motion. The direction the wave travels is shown
by the large arrow. Radio waves, light waves, and heat waves are examples of transverse waves.

Figure 1-3.—Elements of a wave.

DIRECTION OF m WAVE TRAVEL

Figure 1-4.—Transverse wave.
LONGITUDINAL WAVES

In the previous discussion, we listed radio waves, light waves, and heat waves as exampl es of
transverse waves, but we did not mention sound waves. Why? Simply because sound waves are
LONGITUDINAL WAVES. Unlike transverse waves, which travel at right angles to the direction of
propagation, sound waves travel back and forth in the same direction as the wave motion. Therefore,
longitudina waves are waves in which the disturbance takes place in the direction of propagation.
Longitudinal waves are sometimes called COMPRESSION WAVES.

Waves that make up sound, such as those set up in the air by a vibrating tuning fork, are longitudinal
waves. In figure 1-5, the tuning fork, when struck, sets up vibrations. As the tine movesin an outward
direction, the air immediately in front of it is compressed (made more dense) so that its momentary
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pressure israised above that at other pointsin the surrounding medium (air). Because air is elastic, the
disturbanceistransmitted in an outward direction as a COMPRESSION WAVE. When the tine returns
and moves in the inward direction, the air in front of the tineis rarefied (made less dense or expanded) so
that its pressure is lowered below that of the other pointsin the surrounding air. The rarefied waveis
propagated from the tuning fork and follows the compressed wave through the medium (air).

COMPRESSED
‘:\ "}’
Q\ \ . il ] IRy L
FAREFIELD
TUMIMEG

FORK

Figure 1-5.—Sound propagation by a tuning fork.
Q6. What are some examples of transver se waves?
Q7. What example of a longitudinal wave was given in the text?
MEDIUM

We have used the term medium in describing the motion of waves. Since mediumisatermthat is
used frequently in discussing propagation, it needs to be defined so you will understand what amedium is
and its application to propagation.

A MEDIUM isthe vehicle through which the wave travels from one point to the next. The vehicle
that carries awave can be just about anything. An example of a medium, already mentioned, isair. Air, as
defined by the dictionary, is the mixture of invisible, odorless, tastel ess gases that surrounds the earth (the
atmosphere). Air is made up of molecules of various gases (and impurities). We will call these molecules
of air particles of air or smply particles.

Figure 1-6 will help you to understand how waves travel through air. The object producing the waves
is called the SOURCE—a bell in this illustration. The object responding to the waves is called a
DETECTOR or RECEIVER—in this case, the human ear. The medium is air, which is the means of
conveying the waves from the source to the detector. The source, detector, and medium are all necessary
for wave motion and wave propagation (except for electromagnetic waves which require no medium).
The waves shown in figure 1-6 are sound waves. As the bell is rung, the particles of air around the bell
are compressed and then expanded. This compression and expansion of particles of air set up a wave
motion in the air. As the waves are produced, they carry energy from particle to particle through the
medium (air) to the detector (ear).
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Figure 1-6.—The three elements of sound.
Q8. What are the three requirements for a wave to be propagated?
TERMSUSED IN WAVE MOTION

There are a number of special terms concerning waves that you should know. Many of the terms,
such as CYCLE, WAVELENGTH, AMPLITUDE, and FREQUENCY were introduced in previous
NEETS modules. We will now discuss these terms in detail as they pertain to wave propagation. Before
we begin our discussion, however, note that in the figure, wave 1 and wave 2 have equal frequency and
wavelength but different amplitudes. The REFERENCE LINE (also known as REST POSITION or
POINT OF ZERO DISPLACEMENT) isthe position that a particle of matter would have if it were not
disturbed by wave motion. For example, in the case of the water wave, the reference line is the level of
the water when no wave motion is present. With thisin mind, let’s go on to our discussion of the four
terms, as shown in figure 1-7.
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Figure 1-7.—Comparison of waves with different amplitudes.
Cycle

Refer to wave 1 in figure 1-7. Notice how similar it is to the sine wave you have aready studied. All
transverse waves appear as sine waves when viewed from the side. In figure 1-7, wave 1 has four
complete cycles. Points ABCDE comprise one complete cycle having a maximum value above and a
maximum value below the reference line. The portion above the reference line (between points A and C)
iscaled aPOSITIVE ALTERNATION and the portion below the reference line (between points C and
E) isknown asaNEGATIVE ALTERNATION. The combination of one compl ete positive and one
complete negative alternation represents one cycle of the wave. At point E, the wave begins to repeat
itself with a second cycle completed at point I, athird at point M, etc. The peak of the positive aternation
(maximum value above the line) is sometimes referred to as the TOP or CREST, and the peak of the
negative alternation (maximum value below theline) is sometimes called the BOTTOM or TROUGH, as
depicted in the figure. Therefore, one cycle has one crest and one trough.

Wavelength

A WAVELENGTH isthe distance in space occupied by one cycle of aradio wave a any given
instant. If the wave could be frozen in place and measured, the wavelength would be the distance from the
leading edge of one cycle to the corresponding point on the next cycle. Wavelengths vary from afew
hundredths of an inch at extremely high frequencies to many miles at extremely low frequencies;
however, common practice is to express wavelengths in meters. Therefore, in figure 1-7 (wave 1), the
distance between A and E, or B and F, etc., is one wavelength. The Greek letter lambda (%) is used to
signify wavelength. Why lambda and not "1" or "L"? Thisis because "L" is used conventionally asthe
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symbol for inductance, and "1" is used for dimensional length; therefore, %; is used to indicate the length
of waves.

Amplitude

Two waves may have the same wavel ength, but the crest of one may rise higher above the reference
line than the crest of the other. Compare wave 1 and wave 2 of figure 1-7 again. The height of awave
crest above thereference lineis called the AMPLITUDE of the wave. The amplitude of awave gives a
relative indication of the amount of energy the wave transmits. A continuous series of waves, such as A
through Q, having the same amplitude and wavelength, is called atrain of waves or WAVE TRAIN.

Frequency and Time

Timeis an important factor in wave studies. When awave train passes through a medium, a certain
number of individua waves pass a given point in a specific unit of time. For example, if acork on awater
wave rises and falls once every second, the wave makes one compl ete up-and-down vibration every
second. The number of vibrations, or cycles, of awave train in aunit of timeis called the FREQUENCY
of the wave train and is measured in HERTZ. If 5 waves pass a point in one second, the frequency of the
wavetrainis5 cycles per second. In figure 1-7, the frequency of both wave 1 and wave 2 isfour cycles
per second (cycles per second is abbreviated as cps).

In 1967, in honor of the German physicist Heinrich Hertz, the term HERTZ was designated for use
in lieu of the term "cycle per second" when referring to the frequency of radio waves. It may seem
confusing that in one place the term "cycle" is used to designate the positive and negative alternations of a
wave, but in another instance the term "hertz" is used to designate what appearsto be the same thing. The
key isthe time factor. The term cycle refersto any sequence of events, such as the positive and negative
aternations, comprising one cycle of electrical current. The term hertz refers to the number of
occurrences that take place in one second.

09. What is a cycle?
010. What is wavelength (4)?
CHARACTERISTICSOF WAVE MOTION

The two types of wave motion, transverse and longitudinal, have many of the same characteristics,
such as frequency, amplitude, and wavelength. Another important characteristic that these two types of
wave motion shareis VELOCITY. Velocity of propagation is the rate at which the disturbance travels
through the medium, or the velocity with which the crest of the wave moves along. The velocity of the
wave depends both on the type of wave (light, sound, or radio) and type of medium (air, water, or metal).
If longitudinal waves are plotted as a graph, they appear as transverse waves. Thisfact isillustrated in
figure 1-8.
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Figure 1-8.—Longitudinal wave represented graphically by a transverse wave.
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The frequency of alongitudinal wave, like that of atransverse wave, isthe number of complete
cycles the wave makes during a specific unit of time. The higher the frequency, the greater is the number
of compressions and expansions per unit of time.

In the two types of wave mation described in the preceding discussion, the following quantities are
of interest:

a. The PERIOD, which isthetime (T) in which one complete vibratory cycle of events occurs,

b. The FREQUENCY OF VIBRATION (f), which is the number of cycles taking placein one
second, and

¢c. The WAVELENGTH, which isthe distance the disturbance travel s during one period of
vibration.

Now, consider the following concept. If avibrating object makes a certain number of vibrations per
second, then 1 second divided by the number of vibrationsis equal to the period of time of 1 vibration. In
other words, the period, or time, of 1 vibration is the reciprocal of the frequency; thus,

time (T) of one vibration =

1
frequency (f)

or

—]
I
] =

If you know the velocity of awave, you can determine the wavel ength by dividing the velocity by
the frequency. As an eguation:
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A =wavelength
v = velocity of propagation
f =frequency of vibration

When you use the above equation, be careful to express velocity and wavelength in the proper units
of length. For example, in the English system, if the velocity (expressed in feet per second) is divided by
the frequency (expressed in cycles per second, or Hz), the wavelength is given in feet per cycle. If the
metric system is used and the vel ocity (expressed in meters per second) is divided by the frequency
(expressed in cycles per second), the wavelength is given in meters per cycle. Be sure to express both the
wavel ength and the frequency in the same units. (Feet per cycle and meters per cycle are normally
abbreviated as feet or meters because one wavelength indicates one cycle.) Because this equation holds
true for both transverse and longitudinal waves, it is used in the study of both el ectromagnetic waves and
sound waves.

Consider the following example. Two cycles of awave pass a fixed point every second, and the
velocity of the wavetrain is 4 feet per second. What is the wavelength? The formula for determining
wavelength is asfollows:

n=t
f
Where:
A =wavelength in feet
v =velocity in feet per second
f =frequency in Hz
Given:
v =4 feet persecond
f =2Hz
Solution:
A =2
f
A - 4 feet per second
2 Hz
A =2 feet

NOTE: In problems of thiskind, be sure NOT to confuse wave velocity with frequency.
FREQUENCY isthe number of cycles per unit of time (Hz). WAVE VELOCITY isthe speed with which
awave train passes afixed point.
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Hereis another problem. If awave has a velocity of 1,100 feet per second and a wavelength of 30
feet, what is the frequency of the wave?

By transposing the genera equation:
By transposing the general equation:

v

f=
A

“We have the equation:

no=t
f
Glven:
v = 1100 feet per second
A =30 feet
Solution:

F o 1100 feet per second
30 feet

f=3p.67Hz

To find the velocity, rewrite the equation as:
v=2af
Let’swork one more problem, thistime using the metric system.

Suppose the wavelength is 0.4 meters and the frequency is 12 kHz. What is the vel ocity?

Use the formula:

velocity = wavelength = frequency (v = Af)

Cven:

wavelength (&) = 0.4 meters
frequency (f) = 12kHz

Solution:

v=hx{
v = 0.4meters x 12,000Hz
v = 4,800 meters per second
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Other important characteristics of wave motion are reflection, refraction, diffraction, and the Doppler
effect. Big words, but the concept of each is easy to see. For ease of understanding, we will explain the
first two characteristics using light waves, and the last two characteristics using sound waves. Y ou should
keep in mind that all waves react in asimilar manner.

Within mediums, such as air, solids, or gases, awave travelsin astraight line. When the wave leaves
the boundary of one medium and enters the boundary of a different medium, the wave changes direction.
For our purposes in this module, a boundary is an imaginary line that separates one medium from another.

When a wave passes through one medium and encounters a medium having different characteristics,
three things can occur to the wave: (1) Some of the energy can be reflected back into the initiad medium,;
(2) some of the energy can be transmitted into the second medium where it may continue at a different
velocity; or (3) some of the energy can be absorbed by the medium. In some cases, all three processes
(reflection, transmission, and absorption) may occur to some degree.

Reflection

REFLECTION WAVES are simply waves that are neither transmitted nor absorbed, but are reflected
from the surface of the medium they encounter. If awave is directed against a reflecting surface, such asa
mirror, it will reflect or "bounce' from the mirror. Refer to figure 1-9. A wave directed toward the surface
of the mirror is caled the INCIDENT wave. When the wave bounces off of the mirror, it becomes known
asthe REFLECTED wave. An imaginary line perpendicular to the mirror at the point at which the
incident wave strikes the mirror’s surface is called the NORMAL, or perpendicular. The angle between
the incident wave and the normal is called the ANGLE OF INCIDENCE. The angle between the reflected
wave and the normal is called the ANGLE OF REFLECTION.

FEFLECTING
SURFACE

IMNCIDENT
WAWE

AMGLE / OF INCIDEMCE

MORMAL OR PERFPEMDICULAR
AMGLE VOF REFLECTION

REFLECTED
WAVE

EYE

Figure 1-9.—Reflection of a wave.
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If the reflecting surface is smooth and polished, the angle between the incident ray and the normal
will be the same as the angle between the reflected ray and the normal. This conforms to the law of
reflection which states: The angle of incidenceis equal to the angle of reflection.

The amount of incident wave energy reflected from a given surface depends on the nature of the
surface and the angle at which the wave strikes the surface. Asthe angle of incidence increases, the
amount of wave energy reflected increases. The reflected energy is the greatest when the wave is nearly
parallel to the reflecting surface. When the incident wave is perpendicular to the surface, more of the
energy istransmitted into the substance and lessis reflected. At any incident angle, amirror reflects
amost al of the wave energy, while adull, black surface reflects very little.

Q11. What isthe law of reflection?

Q12. When awaveisreflected from a surface, energy is transferred. When is the transfer of energy
greatest?

Q13. Whenisthetransfer of energy minimum?
Refraction

When awave passes from one medium into another medium that has a different velocity of
propagation, a change in the direction of the wave will occur. This changing of direction as the wave
enters the second medium is called REFRACTION. Asin the discussion of reflection, the wave striking
the boundary (surface) is called the INCIDENT WAVE, and the imaginary line perpendicular to the
boundary is called the NORMAL. The angle between the incident wave and the normal is caled the
ANGLE OF INCIDENCE. Asthe wave passes through the boundary, it is bent either toward or away
from the normal. The angle between the normal and the path of the wave through the second mediumis
the ANGLE OF REFRACTION.

A light wave passing through a block of glassis shown in figure 1-10. The wave moves from point A
to B at a constant speed. Thisisthe incident wave. As the wave penetrates the glass boundary at point B,
the velocity of the wave is slowed down. This causes the wave to bend toward the normal. The wave then
takes the path from point B to C through the glass and becomes BOTH the refracted wave from the top
surface and the incident wave to the lower surface. As the wave passes from the glass to the air (the
second boundary), it is again refracted, this time away from the normal and takes the path from point C to
D. Asthe wave passes through the last boundary, its velocity increases to the origina velocity. Asfigure
1-10 shows, refracted waves can bend toward or away from the normal. This bending depends on the
velocity of the wave through each medium. The broken line between points B and E is the path that the
wave would travel if the two mediums (air and glass) had the same density.
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Figure 1-10.—Refraction of a wave.

To summarize what figure 1-10 shows:

1. If the wave passes from aless dense medium to a more dense medium, it is bent toward the
normal, and the angle of refraction (r) is less than the angle of incidence (i).

2. If the wave passes from a more dense to aless dense medium, it is bent away from the normal,
and the angle of refraction (ry) is greater than the angle of incidence (iy).

Y ou can more easily understand refraction by looking at figure 1-11. Thereisaplowed field in the
middle of aparade ground. Think of the incident wave as a company of recruits marching four abreast at
an angle across the parade ground to the plowed field, then crossing the plowed field and coming out on
the other side onto the parade ground again. As the recruits march diagonally across the parade ground
and begin to cross the boundary onto the plowed field, the front line is slowed down. Because the recruits
arrive at the boundary at different times, they will begin to Slow down at different times (number 1 slows
down first and number 4 slows down last in each line). The net effect is a bending action. When the
recruits leave the plowed field and reenter the parade ground, the reverse action takes place.
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Figure 1-11.—Analogy of refraction.

Q14. Arefracted wave occurs when a wave passes from one mediuminto another medium. What
determines the angle of refraction?

Diffraction

DIFFRACTION isthe bending of the wave path when the waves meet an obstruction. The amount of
diffraction depends on the wavelength of the wave. Higher frequency waves are rarely diffracted in the
normal world that surrounds us. Since light waves are high frequency waves, you will rarely seelight
diffracted. Y ou can, however, observe diffraction in sound waves by listening to music. Suppose you are
outdoors listening to a band. If you step behind a solid obstruction, such as a brick wall, you will hear
mostly low notes. Thisis because the higher notes, having short wave lengths, undergo little or no
diffraction and pass by or over the wall without wrapping around the wall and reaching your ears. The
low notes, having longer wavelengths, wrap around the wall and reach your ears. Thisleadsto the genera
statement that lower frequency waves tend to diffract more than higher frequency waves. Broadcast band
(AM band) radio waves (lower frequency waves) often travel over a mountain to the opposite side from
their source because of diffraction, while higher frequency TV and FM signals from the same source tend
to be stopped by the mountain.

Doppler Effect

Thelast, but equally important, characteristic of a wave that we will discussisthe Doppler effect.
The DOPPLER EFFECT isthe apparent change in frequency or pitch when a sound source moves either
toward or away from the listener, or when the listener moves either toward or away from the sound
source. This principle, discovered by the Austrian physicist Christian Doppler, appliesto all wave motion.

The apparent change in frequency between the source of awave and the receiver of the waveis
because of relative maotion between the source and the receiver. To understand the Doppler effect, first
assume that the frequency of a sound from a source is held constant. The wavelength of the sound will
also remain constant. If both the source and the receiver of the sound remain stationary, the receiver will
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hear the same frequency sound produced by the source. Thisis because the receiver is receiving the same
number of waves per second that the source is producing. Now, if either the source or the receiver or both
move toward the other, the receiver will perceive a higher frequency sound. This is because the receiver
will receive a greater number of sound waves per second and interpret the greater number of waves asa
higher frequency sound. Conversely, if the source and the receiver are moving apart, the receiver will
receive a smaller number of sound waves per second and will perceive alower frequency sound. In both
cases, the frequency of the sound produced by the source will have remained constant.

For example, the frequency of the whistle on a fast-moving train soundsincreasingly higher in pitch
asthetrain is approaching than when the train is departing. Although the whistle is generating sound
waves of a constant frequency, and though they travel through the air at the same velocity in al
directions, the distance between the approaching train and the listener is decreasing. As aresult, each
wave has less distance to travel to reach the observer than the wave preceding it. Thus, the waves arrive
with decreasing intervals of time between them.

These apparent changes in frequency, called the Doppler effect, affect the operation of equipment
used to detect and measure wave energy. In dealing with electromagnetic wave propagation, the Doppler
principle is used in equipment such as radar, target detection, weapons control, navigation, and sonar.

Q15. The apparent changein frequency or pitch because of motion is explained by what effect?

SOUND WAVES

The study of sound is important because of the role sound plays in the depth finding equipment
(fathometer) and underwater detection equipment (sonar) used by the Navy.

As you know, sound travels through a medium by wave motion. Although sound waves and the
€l ectromagnetic waves used in the propagation of radio and radar differ, both types of waves have many
of the same characteristics. Studying the principles of sound-wave motion will help you understand the
actions of both sound waves and the more complex radio and radar electromagnetic waves. The major
differences among sound waves, heat waves, and light waves are (1) their frequencies; (2) their types; the
mediums through which they travel; and the velocities at which they travel.

SOUND—WHAT IS IT?

The word SOUND isused in everyday speech to signify avariety of things. One definition of sound
isthe sensation of hearing. Another definition refersto a stimulus that is capable of producing the
sensation of hearing. A third definition limits sound to what is actually heard by the human ear.

In the study of physics, sound is defined as a range of compression-wave frequencies to which the
human ear is sensitive. For the purpose of this chapter, however, we need to broaden the definition of
sound to include compression waves that are not always audible to the human ear. To distinguish
frequencies in the audible range from those outside that range, the words SONIC, ULTRASONIC, and
INFRASONIC are used. Sounds capable of being heard by the human ear are called SONICS. The normal
hearing range extends from about 20 to 20,000 hertz. However, to establish a standard sonic range, the
Navy has set an arbitrary upper limit for sonics at 10,000 hertz and alower limit at 15 hertz. Even though
the average person can hear sounds above 10,000 hertz, it is standard practice to refer to sounds above
that frequency as ultrasonic. Sounds between 15 hertz and 10,000 hertz are called sonic, while sounds
below 15 hertz are known as infrasonic (formerly referred to as subsonic) sounds.
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Q16. What term describes sounds capable of being heard by the human ear?
Q17. Areall sounds audible to the human ear? Why?
REQUIREMENTS FOR SOUND

Recall that sound waves are compression waves. The existence of compression waves depends on
the transfer of energy. To produce vibrations that become sounds, a mechanical device (the source) must
first receive an input of energy. Next, the device must be in contact with a medium that will receive the
sound energy and carry it to areceiver. If the deviceis not in contact with a medium, the energy will not
be transferred to areceiver, and there will be no sound.

Thus, three basic elements for transmission and reception of sound must be present before a sound
can be produced. They are (1) the source (or transmitter), (2) amedium for carrying the sound (air, water,
metal, etc.), and (3) the detector (or receiver).

A simple experiment provides convincing evidence that a medium must be present if sound isto be
transferred. In figure 1-12, an electric bell is suspended by rubber bandsin abell jar from which the air
can be removed. An external switch is connected from a battery to the bell so the bell may be rung
intermittently. Asthe air is pumped out, the sound from the bell becomes weaker and weaker. If a perfect
vacuum could be obtained, and if no sound were conducted out of the jar by the rubber bands, the sound
from the bell would be completely inaudible. In other words, sound cannot be transmitted through a
vacuum. When the air is admitted again, the sound is asloud asit was at the beginning. This experiment
shows that when air isin contact with the vibrating bell, it carries energy to the walls of the jar, which in
turn are set in vibration. Thus, the energy passesinto the air outside of the jar and then on to the ear of the
observer. This experiment illustrates that sound cannot exist in empty space (or a vacuum).

RUBBER BANDS

Figure 1-12—No air, no sound.

Any object that moves rapidly back and forth, or vibrates, and thus disturbs the medium around it
may be considered a source for sound. Bells, speakers, and stringed instruments are familiar sound
Sources.
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The material through which sound wavestravel is called the medium. The density of the medium
determines the ease, distance, and speed of sound transmission. The higher the density of the medium, the
slower sound travels through it.

The detector acts as the receiver of the sound wave. Because it does not surround the source of the
sound wave, the detector absorbs only part of the energy from the wave and sometimes requires an
amplifier to boost the weak signal.

Asanillustration of what happens if one of these three e ementsis not present, let’s refer to our
experiment in which abell was placed in ajar containing a vacuum. Y ou could see the bell being struck,
but you could hear no sound because there was no medium to transmit sound from the bell to you. Now
let'slook at another example in which the third element, the detector, is missing. Y ou see a source (such
as an explosion) apparently producing a sound, and you know the medium (air) is present, but you are too
far away to hear the noise. Thus, asfar as you are concerned, there is no detector and, therefore, no sound.
We must assume, then, that sound can exist only when a source transmits sound through a medium, which
passes it to a detector. Therefore, in the absence of any one of the basic elements (source, medium,
detector) there can be NO sound.

Q18. Sound waves transmitted from a sour ce are sometimes weak when they reach the detector. What
instrument is needed to boost the weak signal ?

TERMSUSED IN SOUND WAVES

Sound waves vary in length according to their frequency. A sound having along wavelength is heard
at alow pitch (low frequency); one with a short wavelength is heard at a high pitch (high frequency). A
complete wavelength is called a cycle. The distance from one point on awave to the corresponding point
on the next wave is a wavelength. The number of cycles per second (hertz) is the frequency of the sound.
The frequency of a sound wave is aso the number of vibrations per second produced by the sound source.

Q19. What are the three basic requirements for sound?
CHARACTERISTICS OF SOUND

Sound waves travel at great distancesin avery short time, but as the distance increases the waves
tend to spread out. As the sound waves spread out, their energy simultaneously spreads through an
increasingly larger area. Thus, the wave energy becomes weaker as the distance from the sourceis
increased.

Sounds may be broadly classified into two general groups. One group is NOISE, which includes
sounds such as the pounding of a hammer or the slamming of a door. The other group is musical sounds,
or TONES. The distinction between noise and tone is based on the regularity of the vibrations, the degree
of damping, and the ahility of the ear to recognize components having a musical sequence. Y ou can best
understand the physical diffe