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Preface to the Sixth Edition

y introduction to antennas came with the old black and white

television set that my siblings and | used to watch Happy

Days, The Muppet Show, and Saturday morning cartoons. The
antenna was a few feet of twin-lead antenna wire. | had a bit of a
knack for moving the wire into just the right configuration to clear
up the snow on the screen and get a watchable image. That, along
with taking apart old radios and electronic equipment, got me off to
an early start in the field of wireless communication.

My task with this new edition was to preserve the hands-on feel
of the book and its endless old-school charm while adding a modern
touch. Fortunately, my skills are almost entirely complementary to
those of the original author—which is a polite way of saying that I'm
an academic researcher with limited experience when it comes to
many aspects of everyday radio communications. The goal was to
retain the practical focus of the book while allowing the reader some
measure of confidence that the book incorporates recent advances in
antenna theory, design, and practice.

Changes include moving foundational chapters like impedance
matching and the Smith chart earlier in the book and updating the
notation and treatment of transmission line theory and antenna
analysis. New topics have been added or given increased emphasis.
References to older sources and appendices with out of date or
easily searchable information have been removed.

Karl F. Warnick
Provo, Utah



Preface to the Fifth Edition

y paternal grandfather was born and raised in Newfoundland,

on the outskirts of St. John's, its capital city. As a young man,

he came to the United States in 1903 to find work. To his
dying day he understood very little about radio or television beyond
the simple mechanics of adjusting the volume control or changing
the station. Yet he became directly responsible for my nearly lifelong
love affair with “wireless” communications when he gave me an AM
broadcast band clock radio for my 13th birthday. It was my very first
radio receiver, and, although my grandfather thought I would prize
the alarm on it, the “magical” feature | came to love instead was the
Sleep knob. Now I could climb into bed and fall asleep to the sounds
of faraway stations, my parents and | secure in the knowledge that
the radio would turn itself off.

As | gained familiarity with my newfound window on the world, |
marveled at the distant stations | could hear on certain nights, and
soon | was keeping a paper diary, or log, of broadcast station call
letters | was able to pluck from the cacophony of late-night radio
waves. Without knowing the name of my obsession, | had become a
broadcast band DXer! (“DX” is radio shorthand for “long distance.”)

At about the same time, my next-door neighbor obtained his
amateur radio license, and soon | was spending occasional evenings
in his basement, sitting silently by his side while he made two-way
contacts with like-minded hobbyists around the world. The seed was
sown, and with the help of the local radio club | obtained my own
“ham radio” license before | turned 14. | had plunged headlong into
a passionate love affair with a technology that has shaped my life
ever since, from my choice of college major to my choice of career
and even my choice of where to live on this planet.

But it wasn't until I was in the midst of preparing new material for
this fifth edition of the Practical Antenna Handbook that | realized



my grandfather had another, albeit indirect, connection with the
world of radio | had so quickly taken to.

Picture the world in the fall of 1901: The only way to travel
between North America and Europe is by giant steamship; the
Wright brothers haven’t yet made their first flight on the sands of
the North Carolina Outer Banks; there is no such thing as radio or
TV broadcasting; it will be more than a half century before the first
artificial satellite beams its telemetry data down to Earth; and it will
take three-quarters of a century for the Internet to be born. In 1901,
the only way to communicate across the sea is by sending mail on
the oceangoing steamships or by wire-line telegraphy, using the
relatively new undersea cables that had been laid in the late 1800s.

In Europe, meanwhile, young inventor Guglielmo Marconi is
having scant success convincing governments and corporations of
the value of his recently discovered ability to signal across towns and
villages without wires. Discouraged with his native Italy’s lackluster
response to his experiments, he has come to England, where he has
received encouragement from that government—especially after his
success in communicating across the English Channel.

But something more is needed to capture the public’s attention.
So Marconi boards a ship and, with some of his assistants, heads to
Newfoundland after setting up a transmitting station overlooking the
Atlantic near the westernmost point of England, at Poldhu, Cornwall.
On December 11, 1901, Marconi and his North American team hoist
a wire with a large kite launched from Signal Hill at the entrance to
the bay at St. John’s, and on the following day Marconi reports
hearing the letter “S"—the prearranged code letter being sent by
other assistants back at Poldhu—in the headphones of his receiving
apparatus! As they say, the rest is history.

Did my grandfather ever meet Marconi? Was he aware of the
transatlantic experiments being conducted within a few miles of his
home? Did he visit Signal Hill to see what all the fuss was about? Ill
probably never know. But it's fun to speculate.

In distinct contrast to water waves and sound waves, or to the
Internet, which moves information from place to place largely via
optical fibers and other physical media, radio communication takes



place with no supporting medium at all! Electromagnetic waves
launched at the transmitting site travel essentially forever, until
intercepted at a receiving site. The task of efficiently converting
transmitter output power into radio waves capable of traveling into
the infinite reaches of space or of picking up those waves for
amplification and conversion to audible sound waves by my clock
radio falls to a class of devices known as antennas.

It is no exaggeration to say that without antennas, there would be
no radio. Thus, to design radio or television equipment, to be an
amateur radio operator or shortwave listener, or to successfully
install a wireless Internet service for a group of users, a practical
understanding of antenna basics and basic antennas is a necessity—
hence the title of this book.

In the decade since the fourth edition of the Practical Antenna
Handbook first appeared, entirely new classes of specialized
antennas—including medium-frequency (MF) directional receiving
antennas for limited spaces and budgets—have come into existence
and are in daily use by thousands of radio amateurs and shortwave
listeners around the world. For many older antenna designs, theories
of antenna operation originating in crude experiments from as long
as a century ago have been either confirmed or supplanted by new
theories and practices based on modern analytic techniques, coupled
with tests conducted with new generations of test equipment, and
backed up by extensive computer modeling using inexpensive and
readily available software that until just a few years ago was found
only in the laboratories of universities and large corporations.

Scientific and technical information transfer has also been
upended by the Internet. Today, numerous online discussion groups
allow experts to report and critique recent antenna findings in near
real time while hundreds or thousands of other professionals and
rapt hobbyists “listen in.”

In putting together the fifth edition, every chapter of the Practical
Antenna Handbook has been reviewed and revisions made wherever
appropriate. Occasionally, antenna designs or topics that are too
esoteric or arcane for the overview of basic antenna types this book
represents have been winnowed out to make room for new material



of broader or more topical interest. In many chapters, new
explanations of fundamental concepts are the result of developing
and refining effective (i.e., “lightbulb”) answers to the most-asked
guestions during antenna talks | have long given at radio club
meetings and conventions. Similarly, the use of the half-wave dipole
as a conceptual building block for “quick and dirty” analysis of many
other antenna types found throughout this book has been well-
received over the years.

With few exceptions, the use of math in this book is kept at or
below high school level. Perhaps the only “advanced” math concept
in the book is the use of the imaginary number operator j to simplify
and clarify the manipulation and display of complex numbers.

Two structural changes have been made to the Practical Antenna
Handbook:

e The order of presentation of the material has been
revised to collect related topics in groups of chapters and
to help the book as a whole flow logically from the most
basic concepts and antennas to more complicated
configurations and techniques.

e The fourth edition of the Practical Antenna Handbook
included a CD with supplemental information and
spreadsheets on it. Today it is far more practical to
commit this material—and more—to a Web site, where it
can be updated and augmented, as appropriate, over the
lifetime of the book. Go to
www.mhprofessional.com/carr5 for:

o Tables of worldwide geographic coordinates and
antenna dimensions vs frequency

Supplier updates

Author’s blog

Additional photographs and schematics
Links to tutorials and specialized calculators

o

o

o

O



Before | became captivated by radio, my goal had been to be a
journalist. Throughout my adult life I have never lost that love of
writing, and during my career | have occasionally had the good
fortune to be able to marry the two interests in a few brief work
assignments. Ordinarily, writing a book about antennas would
represent nirvana for me, except that I cannot lose sight of the fact
that | have this opportunity only because Joe Carr passed away
shortly after completing the fourth edition. So | hope you will find
this fifth edition a worthy expansion and updating of Joe’s fine work
over the years, and | ask your indulgence as | dedicate it to my
grandfather, Archie Munn Hippisley, who started me on this path
many years ago.

George W. (Bud) Hippisley, W2RU
Old Forge, New York
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CHAPTER 1
Introduction to Radio Communications

seful communication by radio has been with us for the entire

twentieth century. Originally determined to be mathematically

possible by the Scottish inventor James Clerk Maxwell in the
mid-1860s, radio waves remained science fiction until 1887, when
Heinrich Hertz was first to convert Maxwell’s theoretical equations
into laboratory experiments that demonstrated and confirmed their
existence. Guglielmo Marconi picked up the ball and through the
1890s took the first productive steps toward commercializing radio
communication. Nikola Tesla from Serbia, Alexander Fessenden from
Canada, Alexander Popov from Russia, and Lee DeForest from the
United States were early pioneers in advancing the state of the art.
Thus began the international story of radio.

Early wireless was widely seen as a neighborhood or cross-town
endeavor of limited usefulness, but that changed on a fateful
December day in Newfoundland when the Morse letter “S” tickled
Guglielmo Marconi’s ears. When Marconi successfully demonstrated
wireless telegraphy as a commercially viable technology, radio
communications began in earnest. By the turn of the century,
“wireless telegraphy” (as radio was called then) was sparking (pun
intended) the imaginations of countless people across the world. The
“wireless” aspect so radically changed communications that the word
is still used to denote all radio communications.

Wireless telegraphy was immediately pressed into service by
shipping companies because it provided an element of safety that
had been missing in the pre-wireless days. Early shipping companies
advertised that their ships were safer because of the new wireless
installations aboard. Wireless telegraphy proved its usefulness on the
high seas in 1909 when two ships collided in the foggy Atlantic
Ocean and were sinking. Passengers and crew members of both



ships were in imminent danger of death in the icy waters, but radio
operator Jack Binns became the first man in history to send out a
maritime distress call. His call for help in Morse code was received
and relayed by nearby ships, allowing another vessel to come to the
aid of the stricken pair of ships.

Radio communication prior to about 1916 was carried on via
telegraphy (i.e., the on-off keying of a radio signal in the Morse
code). But one night in 1916 there was more magic. Radio operators
and monitors up and down the Atlantic seaboard—from the Midwest
to the coast and out to sea for hundreds of miles—heard something
that must have startled them out of their wits: crackling out of the
“ether,” amid the whining of Alexanderson alternators and the
zzzchht of spark-gap transmitters, came a new sound—a human
voice. Engineers and scientists at the Naval Research Laboratory in
Arlington, Virginia, had transmitted the first practical amplitude-
modulated (AM) radio signals. Earlier attempts had been successful
as scientific experiments but did not employ commercially available
equipment.

Radio activity in the early years was unregulated and chaotic.
Today it is quite structured and heavily regulated. At the
international level, radio is coordinated by the International
Telecommunications Union (ITU) in Geneva, Switzerland, based on
treaties signed at World Administrative Radio Conferences (WARCs)
held every few years. Each sovereign country retains control of its
own internal radio regulations. In the United States, matters
pertaining to radio communications are handled by the Federal
Communications Commission (FCC), headquartered in Washington,
DC.

Along with commercialization of radio communications came a
group of dedicated amateur radio operators. Amateur radio has
grown from a few thousand “hams” prior to World War | to more
than 900,000 today, about one-third of them in the United States.
Amateurs were ordered off the air during World War |, and the
hobby almost did not make a comeback after the war. There were,
by that time, many powerful commercial interests greedily coveting
the frequencies used by amateurs, and they almost succeeded in



keeping postwar amateurs off the air. But the amateurs won the
dispute—at least partially.

In those days, low frequencies with wavelengths longer than 200
m (i.e., 201500 kHz) were considered most valuable for
communications. The cynical attitude attributed to the commercial
interests regarding amateurs was “Put 'em on two hundred meters
and below . . . they’ll never get out of their backyards there!” But
there was a surprise in store for those commercial operators.
Wavelengths shorter than 200 m are in the frequency region we now
call shortwaves. In 1919, it was not suspected by anyone that
shortwaves could be used for anything other than local
communication. Today, shortwaves are well known for their ability to
support communications over transcontinental distances.

One of the authors of this book once heard an anecdote from an
amateur radio operator “who was there.” In the summer of 1921,
this man owned a beautiful, large, wire “flattop” antenna array for
frequencies close to 200 m on his family’s farm in southwestern
Virginia. Using those frequencies, he was accustomed to regularly
communicating several hundred miles into eastern Ohio and down to
the Carolinas. Returning home at Thanksgiving of 1921 during his
first semester at college, he noticed that his younger brother had
replaced the long flattop array with a short dipole antenna.
Confronting his brother over the incredible sacrilege, he was told
that they no longer used 150 to 200 m but were using 40 m instead.
Everyone “knew” that 40 m was useless for communications over
more than a few blocks, so (undoubtedly fuming) the older sibling
took a turn at the key. He sent out a “CQ” (general call) and was
answered by a station with a call sign similar to “8XX.” Thinking that
the other station was in the eighth US call district (at the time
covering West Virginia, Ohio, Michigan, and western New York), he
asked him to relay a message to a college buddy in Cincinnati, Ohio.
The other station replied in the affirmative, but suggested that “. . .
you are in a better position to reach Cincinnati than I, | am French
8XX.” Call signs in 1921 did not yet include any system of national
prefixes, such as we have today. The age of international amateur
communications had arrived! And with it came a new problem:



National identifiers in call signs became necessary, which is why all
US call signs begin with K, W, N, or portions of the A block.

During the 1930s, radio communications and broadcasting spread
rapidly as technology and techniques improved. World War 11
became the first war to be fought with extensive electronics.
Immediately prior to the war, the British developed a new weapon
called radio detection and ranging, or radar as it is now called. This
tool allowed them to be forewarned of German aircraft streaming
across the English Channel, planning to strike targets in the United
Kingdom. The German planes were guided by (sophisticated for their
times) wireless highways in the sky, while British fighters defended
the home islands by radio vectoring from ground controllers. With
night fighters equipped with the first centimeter wavelength (i.e.,
microwave) radar, the Royal Air Force was able to strike the invaders
accurately—even at night. The first kill occurred one dark, foggy,
moonless night when a Beaufighter closed on a spot in the sky
where the radar in the belly of the plane said an enemy plane was
flying. Briefly thinking he saw a form in the fog, the pilot cut loose a
burst from his quad mount of 20-mm guns slung in the former bomb
bay. Nothing. Thinking that the new toy had failed, the pilot returned
to base— only to be told ground observers had reported that a
German Heinkle bomber fell from the overcast sky at the exact spot
where the pilot had his ghostly encounter.

In the intervening years, wireless technologies have exploded.
Over short ranges, radio frequency signals link a wide variety of
accessories over distances from a few inches to several feet or more
to computers and mobile devices. Medium-range systems including
wireless networking and cellular communications are as commonly
used and as familiar as breathing. Long-range radio communication
systems are used daily by people all around the world. Global
positioning systems use radio frequency signals to provide location
information to drivers, hikers, pilots, and mobile device users across
the globe. Voice, data, and video services have been available for
many years from dish antennas aimed at satellites in
geosynchronous orbit 23,000 mi from the earth’s surface. More
recently, medium earth orbit (MEO) and low earth orbit (LEO) have



opened up a wide range of new sensing technologies and radio
communication services, with smallsats and cubesats dramatically
reducing the cost of spaceborne radio transceivers. Amateur
operators are able to communicate worldwide on low power and
have even launched their own satellites.

Whether visible or integrated inside a wireless device,
communications systems require antennas at both ends of the
channel. The antenna is one of the most important parts of receiving
and transmitting systems (Eig.1.1). That is what this book is all
about.
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F 1cure 1.1 A variety of radio antennas on Sandia Peak,
near Albuguergque, New Mexico. Photograph by Daniel
Mayer, distributed under a CC BY-SA 3.0 license.



CHAPTER 2
Radio Waves

oday it is well recognized that radio signals travel in a wavelike

manner, but that fact was not always so clear. It was well

known in the first half of the nineteenth century that wires
carrying electrical currents produced a magnetic field surrounding
the wire that was capable of exerting a force over short distances.
This knowledge formed the basis for the invention of electrical
motors and generators. But it was not until 1887 that German
physicist Heinrich Hertz succeeded in demonstrating the ability to
transmit and receive radio signals between two separate electrical
circuits in his laboratory. In so doing, he experimentally confirmed
Maxwell’'s theoretical work from a quarter century earlier, predicting
the existence of previously unimagined radio signals that, like light,
were electromagnetic waves.

Like the induction field, the electromagnetic wave is created by
an electrical current. Unlike the induction field, the electromagnetic
wave requires a changing electric current. And once launched, the
radiated field further differs from the induction field in that it is self-
sustaining and no longer depends on the existence of a conductor
or a current for its path or its amplitude. Once it leaves the
conductor, the radiated electromagnetic wave propagates through
space according to the universal equations governing wave motion
of all kinds.

2.1 Water-wave Analogy

Radio wave propagation can be visualized with a water-wave
analogy. Although not a perfect analogy, it serves to illustrate the
point that a wave represents an energetic disturbance moving away
from a source. Figure 2.1 shows a body of water into which a ball is



dropped (Eig. 2.1a). When the ball hits the water (Eig. 2.1b), it
displaces water at its point of impact and pushes a leading wall of
water away from itself. The ball continues to sink (Eig. 2.1¢) and
the wave propagates away from it until the energy is dissipated.
Although Fig. 2.1 shows the action in only one dimension (a side
view), the actual waves propagate outward in all directions, forming
concentric circles when viewed from above.

h/ Falling object
Surface of water

Leading wave forms at instant
object strikes water

Notes: A Amplitude of leading wave
B Corresponds to 1 cycle of oscillation

F 1cure 2.1 A ball dropped into water generates a
wavefront that spreads out from the point of original
disturbances.

As the wave produced by the dropped ball moves away from the
point of origin, it is damped—that is, it will decline in amplitude on



successive crests until the energy is dissipated by friction between
adjacent water molecules and the wave ceases to exist. To make
the analogy to radio waves more realistic, the wave must be
generated in a continuous fashion, as shown in Eig. 2.2a: A ball is
dipped into a body of water at a cyclic rate, successively reinforcing
new wave crests on each dip. New waves continue to be generated
at point A as long as the ball continues to oscillate up and down.
The result is a continuous wave train spreading out through the
water.
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F 1IGURE 2.2 A bobbing ball on a string demonstrates
continuous wave generation. (A) Wave amplitude at point A
versus time t. (B) Wave amplitude at time t versus distance d.

An interesting aspect of the water-wave analogy is that individual
water molecules show little horizontal movement across the surface
of the water. Each water molecule primarily moves up and down
with only a small amount of horizontal displacement. Nonetheless,
a clearly visible wavefront travels outward from the point where the
ball was dropped. The disturbance associated with the wave and



the energy carried by the disturbance moves without carrying water
molecules along with it. Similarly, the motion of a radio wave does
not require that electrons travel with it. We shall see in our
discussion of basic antennas that maximum radiation occurs at right
angles to the direction of travel of electrons along a wire antenna.

2.2 Frequency and Wavelength

The quantitative properties of a wave are measured by its
frequency (/) and wavelength (A). The frequency is the number of
oscillations (or cycles) in the wave’s amplitude per unit of time.
Frequency is often expressed as the number of cycles per second
(cps). If the time between successive positive peaks at any single
point in space is 0.5 s, as suggested by Fig. 2.2a, exactly two
complete amplitude cycles of the wave occur in 1 s, so the
frequency of the wave created by the oscillating ball is 2 cps. We
can make the measurement from consecutive observable points
elsewhere on the waveform, such as negative peaks, zero
crossings, etc. In honor of Heinrich Hertz, the unit of frequency was
renamed the Hertz (Hz) many years ago. Since the units are
equivalent
(1 Hz = 1 cps)
, the wave in Fig. 2.2 has a frequency of 2 Hz.

Because the frequencies best suited for efficient radio
propagation are so high, they are usually expressed in kilohertz (

kHz = 1000s
of Hz), megahertz (

MHz = 1,000,000s
of Hz), or gigahertz (

GHz = 1,000,000,000s
of Hz). Thus, the frequency of the Boston radio station WBZ,
operating near the middle of the amplitude modulation (AM)
broadcasting band, can be properly expressed as 1,030,000 Hz,
1030 kHz, or 1.03 MHz, all of which are equivalent and equally
correct.




The wavelength of any wave is the physical distance between
adjacent corresponding points of a spatial waveform, measured at
the exact same time. In Eig. 2.2b, the wavelength (A) is drawn as
the distance between successive negative peaks in any direction
from the source, but we could also measure the wavelength from
the distance between successive positive peaks, or between any
two corresponding features on successive waves as we move
outward from the source in a straight line.

Wavelength is proportional to the reciprocal of the frequency.
The relationship is given by

fA=w
, Where fis the frequency in Hz, A is the wavelength in meters, and
v is the velocity of propagation in meters per second (m/s). In each
case, v depends on certain characteristics of the medium (water,
air, etc.) in which the wave propagates. In water at room
temperature, the velocity of a sound wave is typically 1482 m/s, or
about 4861 ft/s—just a bit less than a mile per second. In air,
sound waves travel at about 343 m/s, or 1125 ft/s. In contrast,
radio waves in free space propagate at the speed of light—
approximately 300,000,000 m/s (or 186,000 mi/s) in free space and
almost exactly the same in the earth’s atmosphere. For historical
reasons, the lowercase letter ¢ is usually used to represent the
speed of light. Thus:

¢ _ 300,000,000

f=x= )

(2.1)

where fis in Hertz (Hz), A is in meters (m), and c is in meters per
second (m/s).

For convenience, these equations are often recast with frequency
in kilohertz or megahertz:

300,000

f(kHz) = (2.2)
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Thus, a wavelength of 300 m corresponds to a frequency of 1 MHz
(the middle of the AM broadcast band), while a wavelength of 10 m
corresponds to 30 MHz (just above what we call the amateur 10-m
band, which lies between 28.0 and 29.7 MHz). While radio receiver
tuning dials in North America are usually calibrated in kilohertz or
megahertz, in Europe and the rest of the world it is not uncommon
to find radio dials calibrated in meters, the universal unit of
wavelength, as well as in frequency.

When a wave of any type—be it a mechanical wave, sound wave,
or radio wave— passes from one linear medium to another, only its
wavelength changes, not its frequency. A 1-kHz tone in the air will
still be a 1-kHz tone in water, whereas a radio signal having a
wavelength of 40 m in free space may have a wavelength of 30 m
in one of the solid-dielectric transmission lines discussed in Chap. 6.

The place where the water-wave analogy breaks down most
profoundly is in the need for a medium of propagation. Water
waves propagate by actually moving water molecules; that is, water
is the medium through which the wave propagates. Similarly, sound
travels to your ears by vibrating the molecules of the air or water
between you and the guitar string or other source of the
mechanical vibration. Maxwell's equations make it clear that
electromagnetic waves can exist in laboratory vacuum jars and in
free space. Neither Maxwell nor other scientists of the late 1800s
could conceive of the “action at a distance” in a vacuum predicted
by his equations, so they invented a hypothetical medium called the
ether (or aether) for transporting electromagnetic waves, including
radio waves and light, from one place to another. A profoundly
important experiment conducted in the late nineteenth century by
American physicists Michelson and Morley conclusively disproved
the existence of an ether, yet scientists, engineers, the press, and
the lay public continued to refer to a medium for electromagnetic
wave propagation until at least the 1920s. Even today, radio
enthusiasts refer to the “stuff” out of which radio waves arrive as
the “ether,” but the term is merely an archaic, linguistic echo of the
past. The medium in which electromagnetic waves propagate can



include air, earth, water, and other materials, but it may also just be
empty space.

2.3 Properties of Electromagnetic Waves

The study of electromagnetic wave radiation and transmission is
typically a semester-long, calculus-intensive upper-class college
course. Here we shall limit ourselves to summarizing some of the
key issues of electromagnetism central to our understanding of how
antennas work. Our goal here is to help you develop an intuitive
feel for the generation and propagation of electromagnetic fields in
the radio portion of the electromagnetic spectrum without
subjecting you to advanced math.

2.3.1 Radio Waves Are the Result of Accelerated
Electrical Charges

Acceleration is the rate of change of a body’s velocity and velocity is
the rate of change of a body’s position. Electrons traveling at a
constant velocity along a wire create a constant current in that
wire. Even though stationary electric charges or constant (or direct)
currents may create static or slowly changing electric or magnetic
fields, they do not generate radio waves.

An alternating current in a wire or other conductor accelerates
the charges on the wire and has the potential to radiate, but a few
hurdles have to be overcome. For one thing, the acceleration
undergone by electrons in response to the application of an
alternating voltage is proportional not only to source amplitude but
also to the frequency of the source. High-frequency circuits radiate
waves more easily than low-frequency ones. Further, accelerated
charges must also be hosted by a physical structure that promotes
EM radiation by forcing, if you will, the electric and magnetic fields
to leave the vicinity of the radiating structure. That's what
distinguishes an efficient antenna from a lumped circuit component
or a transmission line, and why antenna geometry is so important.



2.3.2 Electromagnetic Waves Have a Finite Speed

Even though the speed of light (¢) is extremely high, it’s still a finite
number. It takes, for instance, about 8 minutes for light emitted
from the surface of our sun to reach us

(93,000,000 mi /186,000 mi/s = 500 s)

. Because there is a finite time delay before the radiated fields from
an accelerated electron reach a distant point, the radiated wave
from an accelerated electron exists as a real entity, carrying energy
from source to receiver,

2.3.3 Radio Waves Are Different from Static or
Quasi-Static Charge Fields

Many of us have experienced a variety of high school experiments
helping us to visualize the strength and spatial distributions of
electric and magnetic fields. Iron filings on a sheet of paper with a
bar magnet underneath, for instance. While these demonstrations
help us understand that invisible entities called fields exist, static or
guasi-static (slowly varying) fields are different from radio waves in
many respects:

o The static fields around electric charges are radially
directed outward from the charge sources, like needles
from a porcupine’s body. Static magnetic fields wrap
around a straight wire carrying a constant current. A static
electric field can exist without a corresponding magnetic
field, and vice versa. In contrast, a radio wave requires
the simultaneous existence of linked time-varying electric
and magnetic fields at right angles to each other.

o In the absence of radiation, electric field lines must start
and end on charged bodies. But the field lines for radio
waves become detached from their source and travel
through free space closed upon themselves.

o An antenna is a physical conducting structure deliberately
designed to facilitate the departure into space of linked
time-varying electric and magnetic fields originating in the



accelerated charges (resulting from time-varying currents)
on the conductor. Sometimes poorly laid-out circuits
become unintentional radiators.

A radio wave propagates outward from the radiator with
its electric and magnetic fields at right angles to the
direction of wavefront motion and to each other. Radio
waves propagating through free space are transverse
electromagnetic (TEM) waves, consisting of mutually
perpendicular electric and magnetic fields (see Fig. 2.3)
varying and traveling together in synchronism.

/ Electric field

F 1cure 2.3 A transverse electromagnetic
(TEM) wave consists of electric and magnetic
fields at right angles to each other and to the
direction of wave propagation.

The strength of static and quasi-static electric and
magnetic fields falls off as 1/r%, where ris the distance
from the source to a receiver at a distant point. In sharp
contrast, the strength of a TEM radio wave falls off
according to a slower decay rate with distance, 1/r. We
can detect radio waves from accelerating charges much,
much farther away than we can detect the effects of the
static charge distributions (such as by observing iron
filings around a magnet).



o Radio waves are exactly like light—whether visible,
infrared (IR), or ultraviolet (UV)—and other free-space
radiation except for their frequency and wavelength.
Radio waves occupy the lowest frequencies of the entire
electromagnetic (EM) spectrum; hence, they have much
longer wavelengths than the other forms of radiation we
encounter.

o Radio waves are real, not just artificial or abstract
concepts to help our visualization. Radio waves carry
energy with them, expanding outward in all directions
from the source. When a radio wave encounters a
receiving antenna, it delivers energy to that antenna and
to any associated load. If the load impedance includes a
real, or resistive part, real power is dissipated in it—power
that can only have come from the arriving wave.

2.4 Radio Wave Intensity

In free space, a radio wave expanding outward over an ever-
growing spherical surface centered on the source (accelerated
electrons on a conductor) neither gains nor loses energy. Thus,
with the passage of time and distance, the original amount of
energy is spread over a larger and larger surface (the wavefront). A
helpful analogy is to visualize the process of blowing up a balloon.
The total energy in the wavefront is analogous to the total rubber
in the skin of the balloon. As you blow into the balloon, the balloon
expands and the skin is stretched and becomes thinner. Similarly, as
the wave moves away from the source, the radio wavefront
occupies a larger and larger spherical surface. The total power
spreads out over a larger sphere and the power per unit area of the
surface at a point on the sphere becomes smaller.

Thus, even though there are no obstacles in free space to
dissipate the energy in the wavefront, if we could measure the
amplitude of the passing wavefront at points progressively farther
from the source we would see that it decreases with distance from



the source. The radio wave decays or is reduced in apparent power
as it propagates from the transmitter to the receiver. Because a
fixed amount of power in the wavefront is spread over a larger and
larger surface area, the amplitude of the wave is inversely
proportional to the total area of the sphere’s surface. That area is
proportional to the square of the radius of the surface from the
source, so radio waves at all frequencies suffer losses according to
the inverse square law.

Let’s take a look radio wave decay more closely. Electric fields (E-
fields) are measured in units of volts per meter (V/m), or in the
subunits millivolts per meter (mV/m) or microvolts per meter
(uV/m). If a vertically oriented E-field of 10 mV/m propagates
across your body and you are about 2 m tall, a head-to-toe voltage
difference of

(2m) x (10 mV/m) =20 mV
, IS generated. As a radio wave travels outward from its source, the
electric field vector falls off in direct proportion to the distance
traveled. The reduction of the E-field is linearly related to distance
(i.e., if the distance doubles, the E-field voltage vector halves).
Thus, a 10-mV/m E-field that is measured 1 mi from the transmitter
will be 5 mV/m at 2 mi. This means less voltage induced by the
wave at the terminals of a receiving antenna a weaker signal as the
receiving antenna moves away from the source.

The power in an electrical system with a time-harmonic or
sinusoidal voltage waveform over time is

V2

P=—
2R

(2.4)

where R is the resistance in ohms (Q) and V'is the peak electrical
potential in volts (V).

In the case of a radio wave, the R term is replaced with the
intrinsic impedance (Z or n) of free space, which is approximately
376.7 Q, and the voltage is replaced by the electric field intensity. If
the peak E-field intensity is 10 V/m, then the power density of the
signal is



(10 V/m)2

5= 93T 0

~0.133 W/m® = 13.3 mW/m’ (2.5)

As the radio wave propagates away from the source, the electric
field intensity decays inversely with distance. Since the power
density involves the square of the electric field intensity, the power
density, measured in watts per square meter (

W /m®

), falls off according to the square of the distance.

This phenomenon is shown graphically in Eig. 2.4. Here, you can
see a lamp emitting a light beam that falls on a surface (A), at
distance L, with a given intensity. At another surface (B) that is 2L
from the source, the same amount of energy is distributed over an
area (B) that is four times as large as area A. Thus, the power
density falls off according to

1/r?

, Where ris the distance from the source. This is called the inverse

square law.
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F 1GURE 2.4 Wave propagation obeys the inverse square
law.



An advancing wave can experience additional reductions in
amplitude when it passes through matter. In addition to the decay
in power density due to spreading of the wave, dissipative
attenuation occurs. At microwave frequencies attenuation is caused
by the oxygen and water vapor content of the air surrounding our
globe. At other frequencies, losses originating in other materials
can be found. These effects are dependent on the relationship of
molecular distances to the wavelength of the incident wave. For
many frequencies of interest, the effect is extremely small, and
radio waves in the atmosphere behave almost as though they were
in the vacuum of free space. Some materials, such as wood, that
are opaque throughout the spectrum of visible light are fairly
transparent at most radio frequencies.

2.5 Phase Velocity

As mentioned earlier in this chapter, an EM wave travels at the
speed of light, designated by ¢, which is about 300,000,000 m/s (or
186,000 mi/s). The velocity of the wave slows in dense media, but
in air the speed is so close to the “free-space” value of ¢ that the
same velocity is used for both air and the near-perfect vacuum of
outer space when solving most practical problems. In pure water,
which is much denser than air, the speed of radio signals is about
one-ninth that of the free-space speed. (Contrast this with sound
waves, which travel almost four times faster in water than in air.)
This same phenomenon shows up in the velocity factor (

VF

) of transmission lines. In coaxial cable, the value of

VF

is about 0.80, which means a signal propagates along the line at a
speed of 0.80c¢, or 80 percent of the speed of light.

2.6 Isotropic Sources



In dealing with both antenna theory and radio-wave propagation, a
fictitious device called an isotropic source (or isotropic radiator) is
sometimes used for simpler mathematics and for the sake of
comparison to real antennas. You will see the isotropic model
mentioned at several places in this book. An isotropic source is a
tiny source that radiates energy equally well in all directions. The
radiation pattern is a perfect sphere with the isotropic antenna at
the center. Because such an idealized source generates uniform
output in all directions, and its geometry is easily determined
mathematically, the signal intensity can be calculated easily from
basic geometric principles.

While an isotropic source is simple to describe compared to more
complicated radiating antennas, no real electromagnetic source is
fully isotropic. The isotropic source is an idealized mathematical
radiator that helps us understand other radiators and is used as a
reference to compare the strength of different radiating sources.

For the isotropic radiator, the power per unit area on the surface
of a spherical wavefront or power density is

Sav = F (2.6)

47rr?

where

P,

is the total power radiated by the source and ris the radius of the
sphere in meters (i.e., distance from radiator to point in question).
This is the total power radiated by the source divided by the area of
a sphere of radius r.

As a transmitted wave propagates away from an isotropic source,
the radiated sphere of energy gets ever larger. At a great distance
from the center, a small slice of the advancing wavefront is
essentially a flat plane, as shown in Fig. 2.5. This situation is
analogous to the apparent flatness of the prairie in the midwestern
United States, even though the surface of the earth is really
spherical. If you could see the electric and magnetic field vectors,



they would appear to be at right angles to each other in the flat-
plane wavefront.
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F 1cure 2.5 Far from the source, a spherical wavefront can
be treated as a plane wave with E- and H-fields at right angles
to each other.

Example 2.1 Calculate the power density at a distance of 1 km (1000
m) from a 1000 W isotropic source.

Solution



p

A2
(1000 W)

47(1000 m)?
— 7.95x 10° W/m’

2.7 Receiving Antennas

For a receiving antenna, the ability to collect power from the EM
wave and deliver it to the load is measured by the effective area.
When the isotropic radiator is used as a receiver, its effective area is
A, = X\ /Aw

. For other antennas, this value for the effective area is increased
(or decreased) by the gain of the antenna (see Sec. 5.11). The
power delivered by a receiving antenna to matched load is the
incident power density times the effective area of the receiving
antenna, or

Pp = SimcA. (2.7)

where

Sinc

Is the power density incident on the receiving antenna in
W /m®

By combining Egs. (2.6) and (2.7), with one isotropic radiator
transmitting total power

P,
to an isotropic receiver a distance r away, the power delivered to
the receiving antenna’s load is

P2
P, =—"— (28)
(47r)




where

A=c/f

is the wavelength of the signal.

2.8 Free Space Path Loss

Armed with formulas for the transmitting and receiving properties
of an isotropic antenna, we can derive an expression for ordinary
free-space path losses (FPL) between an isotropic transmitter
antenna and an isotropic receiver antenna, expressed in dB as

L(dB) :—2010g10(ﬁ) (2.9)

Alternatively, the free space path loss can be computed using

where ris the path length, fis the frequency in megahertz (MHz),
and k is a constant that depends on the units of r as follows:

k = 32.4if r in kilometers

36.58 if r is in statute miles

37.80 if r is in nautical miles
—37.87 if r is in feet

—27.55 if r is in meters

In Sec. 5.12, we reconsider the free space path loss and signal
strength at the receiver for a link between two antennas that may
not be isotropic radiators.

2.9 Polarization

The polarization of an EM wave is, by definition, the direction or
orientation of the electric field as the wave propagates. Often the
electric field oscillates along a single vector direction and the



polarization of the radio wave is linear. To specify the polarization of
a radio wave, we give the orientation or angle of the electric field
vector with respect to some agreed-upon reference.

In some cases, the reference is the earth’s surface, although that
may well be meaningless for antennas in outer space. In the case
of small mobile antennas, the reference may be the closest large
body of conducting material, such as the roof of a car. Figure 2.6a
is an example of vertical polarization because the E-field is vertical
with respect to the earth, the assumed reference plane. If the fields
are interchanged (as in Fig. 2.6b), the EM wave is said to be
horizontally polarized.
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F 1IGURE 2.6 Wave polarization is determined by the
direction of the electric field lines of force. (&) Vertically
polarized electromagnetic wave. (b) Horizontally polarized
wave.

If a transmitting antenna radiates a wave with a given
polarization, for best performance, the receiving antenna should be
aligned with the polarization of the EM wave it receives. In many
cases, the polarization at the receiver is the same as it was when
radiated by the transmitter, but structures and atmospheric layers



can in some cases change the polarization state of the wave, and
adjustments can be made to maximize alignment between the
receive antenna and the polarization of the incident wave.

For more complex antennas, the polarization may be circular or
elliptical. For these polarization states, the direction of movement of
the electric field vector around a circle or ellipse with respect to the
direction of propagation of the wave has a sense, which is usually
specified as right-handed or left-handed, with the thumb in the
direction of wave propagation and the fingers curled in the direction
of the electric field vector’s rotation.

2.10 Band Designations

The properties of radio waves depend strongly on frequency. Low-
frequency radio waves with long wavelengths penetrate buildings
and objects and diffract readily around obstacles. High-frequency
waves experience more blockage and propagation tends to be more
line of sight. Historically, lower frequency radio waves were more
readily generated and received, so the general progression over
time has been from lower frequency to higher frequency
applications.

For convenience in referring to radio communication services at
different frequencies, band designations are used. Extremely low
frequency (ELF), super low frequency (SLF), ultra low frequency
(ULF), and very low frequency (VLF) are used for specialized
applications that require deep penetration into earth or ocean and
represent frequencies below 30 kHz.

Above a few tens of kHz, the number of radio services explodes
into the hundreds, if not thousands. The low frequency (LF) band
(30-300 kHz) and medium wave (MW) or medium frequency (MF)
band (300 kHz—3 MHz) are used for a variety of services including
amplitude modulation (AM) broadcast radio and amateur radio.

The high frequency (HF, 3—30 MHz) band is unique because of
lonospheric skip propagation which permits long-distance
communication, sometimes world-wide, without the aid of



repeaters. Services include international short-wave radio
broadcast, over the horizon radar systems, and popular amateur
radio bands for distant (DX) contacts.

Very high frequency (VHF, 30—-300 MHz) and ultra high frequency
(UHF, 300 MHz-1 GHz) bands are used for hundreds of shorter-
range line-of-sight services including digital TV broadcast, citizens
band radio, two-way mobile business service, and emergency
communication. The former VHF analog TV broadcast channels are
now reallocated to other communication services. In these bands,
repeater transmission is often used to extend coverage range.

The microwave bands cover 1 GHz to 100 GHz and are uses for a
variety of services including satellite up and down links (e.g., global
positioning satellites, satellite TV, and broadcast radio), long-haul
trunkline communications (though largely replaced now by fiber
optics), commercial mobile wireless services, wireless internet
(WiF1), and short-range wireless device connections like Bluetooth.
The average person directly uses dozens of services operating in
these large swaths of radio spectrum every day and indirectly
hundreds of others.

In the early 1900s, the “high frequency” and “ultra high
frequency” bands were at the state of the art of what could be
handled with the radio equipment of the day. As technology
progressed, communication in the GHz frequency range and above
became possible. Since there are only so many comparative
prefixes beyond “ultra,” for frequencies above 1 GHz a system of
letter band designations was created. This has led to the historical
quirk that the “very high” and “ultra high” frequency bands are
actually relatively low in frequency compared to the bands used by
modern communication services like cellular networks and satellite
voice, data, and video links.

Letter band designations begin with L band (1-2 GHz), S band
(2-4 GHz), C band (4-8 GHz), and X band (8-12 GHz). These are
followed by Ku, K, and Ka bands (12-18 GHz, 18-27 GHz, and 27—
40 GHz, respectively). At the high end of the microwave range are
V band (40-75 GHz) and W band (75-100 GHz).



For broad references to larger frequency ranges, more general
terms are used. Radio waves with frequencies from around 1 GHz
to 100 GHz are referred to as microwaves. Antenna sizes scale very
roughly with wavelength. In contrast to the tall antenna towers
needed for HF bands, the antennas needed for radio
communications at frequencies in the GHz range seemed rather
tiny, hence the name microwaves. Frequencies in the range of 30—
300 GHz with wavelengths on the order of a few millimeters or less
are millimeter band or mm-wave frequencies.

Above the mm-wave range is the THz band. Waves with
frequencies from around 1 to 10 THz are used for security
scanning, chemical sensing, and other applications. Due to the
sophisticated and expensive electronics needed to generate and
process signals at these frequencies, the THz band represents
territory that is only beginning to be exploited for practical
applications. Waves at THz frequencies and higher are similar in
their behavior to visible light. The THz band overlaps with the
infrared range (up to around 400 THz) that sits just below visible
light in frequency.

2.11 Radio Spectrum Access, Regulation, and
Coordination

In one sense, radio spectrum is nearly unlimited. The widths of
named frequency bands tend to increase with frequency and the
band designations have a sort of logarithmic nature. The HF band
offers a few MHz of bandwidth, whereas X band offers many GHz.
The feasible data rate for a given communication signal is
roughly proportional to the bandwidth. A hypothetical radio link
occupying frequencies from ELF throu