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Introduction to
the fourth edition

IT WAS WITH GREAT PLEASURE THAT I WROTE THIS FOURTH EDITION OF PRACTICAL
Antenna Handbook. The original intent when the first edition was planned was to
provide the reader with a practical, yet theoretical, book that could be used with
only a minimal effort to actually design and install radio antennas. It was assumed
that the readership would possess a wide range of levels of antenna sophistication,
from the novice “newbie” to the professional engineer. That assumption proved to be
correct as I have received letters from a wide variety of people.

The success of the three previous editions of Practical Antenna Handbook has
been most gratifying. Clerks in radio stores told me that this book was outselling
other titles 2:1. They confirmed that the types of people who buy the book meet the
profile above. It was with surprise and delight that I noted that clerks in one radio
store could cite the McGraw-Hill catalog number from memory, when they could not
do that for other antenna books.

While the sales are deeply appreciated (they are an honor), there was one com-
ment that stood out. The salesman at one radio store introduced me to an instructor
from a U.S. Government communications school. He typically bought twenty copies
of Practical Antenna Handbook at a time for use by his students in a training class.
He told me that the reason why he selected my book over others was “...it’s the only
book on the market that people can give to a secretary, or clerk-typist, and expect
them to be able to put up a working half-wavelength dipole two hours later.” And, he
stated, in his business that could literally happen any time.

ix



x Introduction to fourth edition

Antennas have changed a lot over the years. Figure I-1 shows how antennas
were between 1913 and 1940. This facility was the first U.S. Navy radio station
(NAA) in Arlington, VA.' Those two 600- and 400-ft towers were taken down in 1940
to make room for National Airport (Washington, D.C.). The towers were reassem-
bled in Annapolis, MD, where they lasted until recently.

Antenna technology has changed since 1940. In preparing this fourth edition of
Practical Antenna Handbook all previous material was reviewed for accuracy and
relevance. Additional material was added for the following topics:

Wire antenna construction methods

Antenna modeling software (miniNEC, WinNEC, and EZNEC for Windows)
Antenna noise temperature

Antennas for radio astronomy

Antennas for Radio Direction Finding

I hope that you find this fourth edition as useful as the previous three editions.
And thank you very much for honoring me by spending your hard-earned money on
my book.

Joseph J. Carr, MSEE

1 The NAA callsign has since been reassigned to the VLF station at Cutler, ME.
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I-1 Massive antenna towers at Navy “Radio Arlington” (1913-1940). (Courtesy of
the NAA))
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1

CHAPTER

Introduction to
radio broadcasting
and communications

RADIO BROADCASTING AND COMMUNICATIONS SEEMS TO HOLD A STRANGE KIND OF
magical allure that attracts a wide variety of people and holds them for years. There
is something fascinating about the ability to project yourself over vast interconti-
nental distances.

Radio communications have been with us now for the entire twentieth century
and into the twenty-first. Experiments are on record as early as 1867, and by the turn
of the century “wireless telegraphy” (as radio was called then) sparked the imagina-
tions of countless people across the world. Radio communications began in earnest,
however, when Guglielmo Marconi successfully demonstrated wireless telegraphy as
a commercially viable entity. The “wireless” aspect to radio so radically changed com-
munications that the word is still used to denote radio communications in many coun-
tries of the world. Marconi made a big leap to international fame on a cold December
day in 1903, when he and a team of colleagues successfully demonstrated trans-
atlantic wireless telegraphy. Until that time, wireless was a neighborhood—or cross-
town at best—endeavor that was of limited usefulness. Of course, ships close to
shore, or each other, could summon aid in times of emergency, but the ability to com-
municate over truly long distances was absent. All that changed on that fateful day in
Newfoundland when Marconi heard the Morse letter “S” tickle his ears.

Wireless telegraphy was pressed into service by shipping companies because it
immediately provided an element of safety that was missing in the prewireless days.
Indeed, a ship that sank, leaving its crew and passengers afloat on a forbidding sea,
was alone. Any survivors often succumbed to the elements before a chance en-
counter with a rescue vessel. Some early shipping companies advertised that their
ships were safer because of wireless aboard. It was not until 1909, however, that
wireless telegraphy proved its usefulness on the high seas. Two ships collided in the
foggy Atlantic Ocean and were sinking. All passengers and crew members of both
ships were in imminent danger of death in the icy waters. But radio operator Jack

Copyright 2001 - the McGraw-Hill Companies 1



2 Introduction to radio broadcasting and communications

Binns became the first man in history to send out a maritime distress call. There is
some debate over which distress call Binns transmitted, but one thing is certain: It
was not “SOS” (today’s distress call), because SOS was not adopted until later. Binns
probably transmitted either “CQD” or “CQE,” both of which were recognized in
those days before standardization. Regardless of which call was sent, however, it was
received and relayed from ship to ship, allowing another vessel to come to the aid of
the stricken pair of ships.

All radio prior to about 1916 was carried on via telegraphy (i.e., the on-off keying of
a radio signal in the Morse code). But in 1916 some more magic happened. On a little
hill in Arlington, Virginia, on a site that now overlooks the Pentagon and the U.S. Marine
Corps base called Henderson Hall, there were (and still are) a pair of two-story brick
buildings housing the naval radio station NAA (callsign since reassigned to the VLF sta-
tion at Cutler, ME). On a night in 1916, 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, for crackling out
of the “ether,” amidst the whining of Alexanderson alternators and “ZZZCHHT” of
spark-gap transmitters, came a new sound—a human voice. Engineers and scientists at
the Naval Research Laboratory had transmitted the first practical amplitude-modulated
(AM) radio signal. Earlier attempts, prior to 1910, had been successful as scientific
experiments, but they did not use commercially viable equipment.

Although radio activity in the early years was unregulated and chaotic, today it
is quite heavily regulated. Order was brought to the bands (don’t laugh, ye who tune
the shortwaves) that was lacking before. Internationally radio is regulated by the In-
ternational Telecommunications Union (ITU) in Geneva, Switzerland through the
treaties arising from World Administrative Radio Conferences (WARC) held every
10 to 15 years. In the United States, radio communications are regulated by the Fed-
eral Communications Commission (FCC), headquartered in Washington, D.C.

Amateur radio has grown from a few thousand “hams” prior to World War I to
more than 900,000 today, about one-third of them in the United States. Amateur op-
erators were ordered off the air during World War I, and almost did not make a come-
back after the war. There were, by that time, many powerful commercial interests
that greedily coveted 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, it was the frequencies with wavelengths longer than 200 m
(i.e., 20 to 1500 kHz) that were valuable for communications.

The cynical attitude attributed to the commercial interests regarding amateurs
was, “put ’em on 200 meters and below . . . they’ll never get out of their backyards
there!” But there was a surprise in store for those commercial operators, because the
wavelengths shorter than 200 m are in the high-frequency region that we now call
“shortwaves.” Today, the shortwaves are well-known for their ability to communicate
over transcontinental distances, but in 1919 that ability was not suspected.

I once heard an anecdote from an amateur operator “who was there.” In the
summer of 1921 this man owned a large, beautiful wire “flattop” antenna array for
frequencies close to 200 m on his family’s farm in southwestern Virginia. Using
those frequencies he was used to communicating several hundred miles into eastern
Ohio and down to the Carolinas. But, in September 1921 he went to college to study
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electrical engineering at the University of Virginia in Charlottesville. When he re-
turned home for Thanksgiving he noticed that his younger brother had replaced the
long flattop array with a short dipole antenna. He was furious, but managed through
great effort to contain the anger until after dinner. Confronting his brother over the
incredible sacrilege, he was told that they no longer used 150 to 200 m, but rather
were using 40 m instead. Everyone “knew” that 40 m was useless for communications
over more than a few blocks, so (undoubtedly fuming) the guy took a turn at the key.
He sent out a “CQ” (general call) and was answered by a station with a callsign like
“8XX.” Thinking that the other station was in the 8th U.S. call district (WV, OH, MI)
he asked him to relay a message to a college buddy in Cincinnati, OH. The other sta-
tion replied in the affirmative, but suggested that “. . . you are in a better
position to reach Cincinnati than me, I am FRENCH 8XX.” (Callsigns in 1921 did not
have national prefixes that are used today.) The age of international amateur com-
munications had arrived! And with it came a new problem—the national identifiers in
call signs became necessary (which is why American call signs begin with K, W, or N).

During the 1930s, radio communications and broadcasting spread like wildfire
as technology and techniques improved. World War II became the first war to be
fought with extensive electronics. Immediately prior to the war, the British devel-
oped a new weapon called RADAR (radio detection and ranging; now spelled radar).
This tool allowed them to see and be forewarned of German aircraft streaming across
the English Channel to strike targets in the United Kingdom. The German planes
were guided by (then sophisticated) wireless highways in the sky, while British fight-
ers defended the home island by radio vectoring from ground controllers. With night
fighters equipped with the first “centimetric” (i.e., microwave) radar, the Royal Air
Force was able to strike the invaders accurately—even at night. The first kill oc-
curred 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 that ground observers had re-
ported that a German Heinkle bomber fell from the overcast sky at the exact spot
where the pilot had his ghostly encounter.

Radio, television, radar, and a wide variety of services, are available today under
the general rubric “radio communications and broadcasting.” Homeowners, and
other nonprofessionals in radio, can own a receiver system in their backyard that
picks up television and radio signals from satellites in geosynchronous orbit 23,000 mi
out in space. Amateur operators are able to communicate worldwide on low power,
and have even launched their own “OSCAR” satellites.

Some people had written off the HF radio spectrum in recent years, citing satel-
lite technology as the reason. But the no-code license for amateur radio operators,
which does not carry HF privileges, has proven to be a stepping stone to higher-
class licenses, which do. Also, the shortwave broadcasting market received a
tremendous boost during the Gulf War. When the troops of Operation Desert
Shield and Desert Storm were assembling to take back Kuwait from the Iraqis, the
sales of shortwave receivers jumped dramatically. And, following January 16, 1991,
when the forces started pouring across the border into the actual fight, the sales
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skyrocketed out of sight. One dealer told me that he couldn’t keep receivers in
stock, and that he had sold out most models. That interest seems to have matured
into long-term interest on the part of a significant number of listeners and new
ham operators.

The antenna is arguably one of the most important parts of the receiving and/or
transmitting station (Fig. 1-1). That is what this book is all about.

1-1 This AM/FM broadcast antenna
tower bristles with two-way
antennas.
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Radio-wave propagation

THE PROPAGATION OF RADIO SIGNALS IS NOT THE SIMPLE MATTER THAT IT SEEMS AT
first glance. Intuitively, radio signal propagation seems similar to light propagation;
after all, light and radio signals are both electromagnetic waves. But simple inverse
square law predictions, based on the optics of visible light, fall down radically at ra-
dio frequencies because other factors come into play. In the microwave region of the
spectrum, the differences are more profound because atmospheric pressure and
water vapor content become more important than for light. For similar reasons, the
properties of microwave propagation differ from lower VHF and HF propagation. In
the HF region, solar ionization of the upper reaches of the atmosphere causes the
kind of effects that lead to long-distance “skip” communications and intercontinental
broadcasting. This chapter examines radio propagation phenomena so that you have
a better understanding of what an antenna is used for and what parameters are im-
portant to ensure the propagation results that you desire.

Radio waves

Although today it is well recognized that radio signals travel in a wave-like manner,
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 an ¢nduction field sur-
rounding the wire, which is capable of causing action over short distances. It was
also known that this induction field is a magnetic field, and that knowledge formed
the basis for electrical motors. In 1887, physicist Heinrich Hertz demonstrated that
radio signals were electromagnetic waves, like light. Like the induction field, the
electromagnetic wave is created by an electrical current moving in a conductor (e.g.,
awire). Unlike the induction field, however, the radiated field leaves the conductor
and propagates through space as an electromagnetic wave.

Copyright 2001 - the McGraw-Hill Companies 5



6 Radio-wave propagation

The propagation of waves is easily seen in the “water analogy.” Although not
a perfect match to radio waves, it serves to illustrate the point. Figure 2-1 shows a
body of water into which a ball is dropped (Fig. 2-1A). When the ball hits the water
(Fig. 2-1B), it displaces water at its point of impact, and pushes a leading wall of wa-
ter away from itself. The ball continues to sink and the wave propagates away from
it until the energy is dissipated. Although Fig. 2-1 shows the action in only one di-
mension (a side view), the actual waves propagate outward in all directions, forming
concentric circles when viewed from above.

The wave produced by a dropped ball is not continuous, but rather is damped
(i.e., it will reduce in amplitude on successive crests until the energy is dissipated
and the wave ceases to exist). But to make the analogy to radio waves more realis-
tic, the wave must exist in a continuous fashion. Figure 2-2 shows how this is done:
a ball is dipped up and down in a rhythmic, or cyclic manner, successively rein-

Surface of water

Leading wave forms at instant
object strikes water

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

2-1 A ball dropped into water generates a wavefront that spreads out from the point of orig-
inal disturbances.
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forcing new wave crests on each dip. The waves continue to radiate outward as
long as the ball continues to oscillate up and down. The result is a continuous
wave train.

There are two related properties of all waves that are important to radio waves
as well: frequency (f) and wavelength (L). The frequency is the number of oscilla-
tions (or cycles) per unit of time. In radio waves, the unit of time is the second, so
frequency is an expression of the number of cycles per second (cps). If the period
of time required for the leading wave to travel from point “A” to “B” is one second
(1 s), and there are two complete wave cycles in that space, then the frequency of
the wave created by the oscillating ball is 2 cps.

At one time, radio frequencies (along with the frequencies of other electrical
and acoustical waves) were expressed in cps, but in honor of Heinrich Hertz, the unit
was renamed the hertz (Hz) many years ago. Because the units are equal (1 Hz =
1 cps), the wave in Fig. 2-2 has a frequency of 2 Hz.

Because radio frequencies are so high, the frequency is usually expressed in
kilohertz (kHz—1000s of Hz) and megahertz (MHz—1,000,000s of Hz). Thus, the
frequency of a station operating in the middle of the AM broadcasting band can be
properly expressed as 1,000,000 Hz, or 1000 kHz, or 1 MHz, all of which are equiva-
lent to each other. Radio dials in North America are usually calibrated in kHz or MHz.
In Europe and the rest of the world, on the other hand, it is not uncommon to find
radio dials calibrated in meters, the unit of wavelength, as well as in frequency. In
most equations used in radio antenna design, the proper units are hertz, kilohertz,
and megahertz.

2-2 Bobbing ball on a
string demonstrates
continuous wave
generation action.
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The wavelength of any wave is the distance between like features on the wave-
form. In the case of Fig. 2-2, the wavelength () is the distance between successive
positive peaks. We could also measure the same distance between successive nega-
tive peaks, or between any two similar features on successive waves. In radio work,
the wavelength of the signal is expressed in meters or its subunits.

The wavelength is proportional to the reciprocal of the frequency. The wave-
length of any wave is related to the frequency so that fA = v, 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). Because radio waves propagate at the speed of light (which is also
an electromagnetic wave), approximately 300,000,000 m/s in both free space and
the earth’s atmosphere, the lowercase letter ¢ is used to represent velocity (rather
than v), so you can rewrite this expression in the form

¢ _ 300,000,000

S, = n [2.1]

meters meters

These equations are sometimes abbreviated for use with the units kHz and MHz:

& _ 300,000

kHz —

[2.2]

meters

300
fMHz = A

[2.3]

meters

You can get an idea of the order of length of these waves by solving Eq. 2.3 for
several different frequencies: 100 kHz, 1 MHz (in the AM broadcast band), 10 MHz
(in the shortwave bands), and 1000 MHz (microwave bands). If you work the
equations, then you will find that these wavelengths are 3000 m (100 kHz), 300 m
(1 MHz), 30 m (10 MHz), and 0.3 m, or 30 cm (1000 MHz). You can see from these
numbers why 1 MHz is in what is called the medium-wave band, 10 MHz is in the
short wave band, and 1,000 MHz is in the microwave (“very small” wave) band. At
100 kHz, which is 0.1 MHz, the wavelength is 3000 m, so this frequency is in the long-
wave band.

The place where the water analogy falls down most profoundly is in the nature of
the medium of propagation. Water waves move by moving water molecules; water
is said to be the medium in which the wave propagates. At one time, scientists could
not conceive of the “action at a distance” provided by radio waves, so they invented
a hypothetical medium called ether (or aether) for propagating electromagnetic
waves (such as radio waves and light). It was not until the late nineteenth century
that American physicists Michaelson and Morley proved that the ether does not exist.
Nonetheless, radio enthusiasts still refer to the “stuff” out of which radio waves arrive
as the “ether.” This terminology is merely an archaic, linguistic echo of the past.

The electromagnetic field: a brief review

A great deal of heavily mathematical material can be presented about electromag-
netic waves. Indeed, developing Maxwell’s equations is a complete field of study for
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specialists. In this section, you will not use this rigorous treatment because you can
refer to engineering textbooks for that depth of information. The purpose here is to
present a descriptive approach that is designed to present you with a basic under-
standing of the phenomena. The approach here is similar to the learning of a “con-
versational” foreign language, rather than undertaking a deep study of its grammar,
syntax, and context. For those whose professional work routinely involves electro-
magnetic waves, this treatment is hopelessly simplistic. For that I make no apology,
because it serves a greater audience. The goal here is to make you more comfortable
when thinking about the propagation of electromagnetic fields in the radio portion of
the electromagnetic spectrum.

Radio signals are transverse electromagnetic (TEM or EM) waves exactly like
light, infrared (IR), and ultraviolet (UV), except for frequency. Radio waves have
much lower frequencies than light, IR, or UV, hence they have much longer wave-
lengths. The TEM (EM) wave consists of two mutually perpendicular oscillating
fields (see Fig. 2-3) traveling together in phase. One of the fields is an electric field
and the other is a magnetic field.

Radio-wave intensity

The radio wave is attenuated (i.e. reduced in apparent power) as it propagates from
the transmitter to the receiver. Although at some very high microwave frequencies,
there is additional path loss as a result of the oxygen and water vapor content of the
air. At other frequencies other losses exist. Radio waves at all frequencies suffer
losses due to the inverse square law. Let’s take a look at that phenomenon.

The electric field vector falls off in direct proportion to the distance traveled.
The E field is measured in terms of volts per meter (V/m), or in the subunits mil-
livolts per meter (mV/m) or microvolts per meter (WV/m). That is, if an E field of

A

W90° /Electric field

2-3 Electromagnetic wave consists of right angle electric and magnetic fields.
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10 V/m crosses your body from head to toe, and you are about 2 m tall, then an
electrical voltage is generated of (2 m)x(10 V/m), or 20 V. 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 100 mV/m E field that is measured 1 mi from the trans-
mitter will be 50 mV/m at 2 mi.

The power in any electrical system is related to the voltage by the relationship

E2
"R

P [2.4]

where

P is the power in watts (W)
R is the resistance in ohms ()
E is the electrical potential in volts (V)

In the case of aradio wave, the R term is replaced with the impedance (Z) of free
space, which is on the order of 377 Q. If the E field intensity is, for example, 10 V/m,
then the power density of the signal is

_(A0V/m)?* 9 9
P= s 0.265 W/m® = 26.5 mW/m [2.5]
The power density, measured in watts per square meter (W/m?), or the subunits
(e.g., mW/cm?), falls off according to the square of the distance. This phenomenon is
shown graphically in Fig. 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 twice as large as area A. Thus, the power density falls off according to
1/d?, where d is the difference in distance. This is called the inverse square law.

Isotropic sources
In dealing with both antenna theory and radio wave propagation, a theoretical
construct called an zsotropic source is sometimes used for the sake of compari-
son, and for simpler arithmetic. You will see the isotropic model several places in
this book. An isotropic source assumes that the radiator (i.e., an “antenna”) is a
very tiny spherical source that radiates energy equally well in all directions. The
radiation pattern is thus a sphere with the isotropic antenna at the center. Be-
cause a spherical source is uniform in all directions, and its geometry is easily de-
termined mathematically, the signal intensities at all points can be calculated
from basic geometric principles.

For the isotropic case, you can calculate the average power in the extended

sphere from
P

t

P =—
av 4ndz

[2.6]
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2-4 As a wave propagates, it spreads out according to the inverse square law, i.e., the area
of B is 4 times that of A because it is twice as far from the source.

where

P, is the average power per unit area

P, is the total power

d is the radius of the sphere in meters (i.e., the distance from the radiator to the
point in question)

The effective aperture (A,) of the receiving antenna relates to its ability to col-
lect power from the EM wave and deliver it to the load. Although typically smaller
than the surface area in real antennas, for the theoretical isotropic case A, = A4,
The power delivered to the load is

P, =P A [2.7]

By combining the two previous equations, the power delivered to a load at dis-

tance d is given by
P

P = G [2.8]

where

P, is the power to the load
A is the wavelength (¢/F") of the signal

From these expressions, there can then be derived an expression for ordinary
path losses between an isotropic transmitter antenna and a receiver antenna:

L

Pl
Ly =10l0g | - [2.9]
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or, by rearranging to account for individual terms:

Ly, = [20log d] + [20 log

) + [2.10]

where

Ly is the path loss in decibels (dB)
d is the path length

F\y, 18 frequency in megahertz (MHz)

k is a constant that depends on the units of d as follows:

k = 32.4 if d in kilometers
= 36.58 if d in statute miles
= 37.80 if d in nautical miles
=-37.87if d in feet
= -27.55if d in meters

The radiated sphere of energy gets ever larger as the wave propagates away from
the isotropic source. If, at a great distance from the center, you take a look at a small
slice of the advancing wavefront you can assume that it is essentially a flat plane, as in
Fig. 2-5. This situation is analogous to the apparent flatness of the prairie, even though
the surface of the earth is nearly spherical. You would be able to “see” the electric and
magnetic field vectors at right angles to each other in the flat plane wavefront.

The polarization of an EM wave is, by definition, the direction of the electric
field. Figure 2-6A shows vertical polarization, because the electric field is vertical
with respect to the earth. If the fields were exchanged (as in Fig. 2-6B), then the EM
wave would be horizontally polarized.

These designations are especially convenient because they also show the type
of antenna used: vertical antennas produce vertically polarized signals, while hori-

ELECTRIC
FIELD
VECTORS
A
.
A A A A A A A A A
N
2-5 When viewed as a plane, the
fields appear at right angles to
each other.
MAGNETIC
> FIELD
VECTORS
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2-6 Wave polarization is determined by the direction of the electric field lines of force:
(A) vertical polarized electromagnetic wave; (B) horizontally polarized wave.

zontal antennas produce horizontally polarized signals. At least one text erro-
neously states that antennas will not pick up signals of the opposite polarity. Such
is not the case, especially in the high-frequency (HF) and lower very high-
frequency (VHF) regions. At VHF, ultrahigh frequency (UHF), and microwave fre-
quencies a loss of approximately 20 to 30 dB can be observed due to cross-
polarization.

An EM wave travels at the speed of light, designated by the letter ¢, which is about
300,000,000 m/s (or 186,000 mi/s). To put this velocity in perspective, a radio signal
originating on the sun’s surface would reach earth in about 8 minutes. A terrestrial ra-
dio signal can travel around the earth seven times in one second. The velocity of the
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wave slows in dense media, but in air the speed is so close to the “free-space” value
of ¢, that the same figures are used for both air and the near vacuum of outer space in
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. This same phenomenon shows
up in practical work in the form of the velocity factor (V) of transmission lines. In
foam dielectric coaxial cable, for example, the value of V'is 0.80, which means that the
signal propagates along the line at a speed of 0.80c, or 80 percent of the speed of light.

This coverage of radio propagation considers the EM wave as a very narrow “ray”
or “pencil beam” that does not diverge as it travels. That is, the ray remains the same
width all along its path. This convention makes it easy to use ray tracing diagrams.
Keep in mind, however, that the real situation, even when narrow-beamwidth mi-
crowave signals are used, is much more complicated. Real signals, after all, are slop-
pier than textbook examples: they are neither infinitesimally thin, nor nondivergent.

The earth’s atmosphere

The electromagnetic waves do not need an atmosphere in order to propagate, as
you will undoubtedly realize from the fact that space vehicles can transmit radio
signals back to earth in a near vacuum. But when a radio wave does propagate in the
earth’s atmosphere, it interacts with the atmosphere, and its path of propagation is
altered. A number of factors affect the interaction, but it is possible to break the
atmosphere into several different categories according to their respective effects
on radio signals.

The atmosphere, which consists largely of oxygen (O,) and nitrogen (N) gases,
is broken into three major zones: troposphere, stratosphere, and tonosphere (Fig.
2-7). The boundaries between these regions are not very well defined, and change
both diurnally (over the course of a day) and seasonally.

The troposphere occupies the space between the earth’s surface and an altitude
of 6 to 11 km (4 to 7 mi). The temperature of the air in the troposphere varies with
altitude, becoming considerably lower at greater altitude compared with ground
temperature. For example, a +10°C surface temperature could reduce to —-65°C at
the upper edges of the troposphere.

The stratosphere begins at the upper boundary of the troposphere (6 to 11 km),
and extends up to the ionosphere (=50 km). The stratosphere is called an isother-
mal region because the temperature in this region is somewhat constant, despite al-
titude changes.

The ionosphere begins at an altitude of about 50 km (31 mi) and extends up to
approximately 300 km (186 mi). The ionosphere is a region of very thin atmosphere.
Cosmic rays, electromagnetic radiation of various types (including ultraviolet light
from the sun), and atomic particle radiation from space (most of these from the sun
also), have sufficient energy to strip electrons away from the gas molecules of the
atmosphere. These freed electrons are called negative ions, while the O, and N mol-
ecules that lost electrons are called positive ions. Because the density of the air is
so low at those altitudes, the ions can travel long distances before neutralizing each
other by recombining. Radio propagation on some bands varies markedly between
daytime and nighttime because the sun keeps the level of ionization high during
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2-7 Radio propagation in the ionosphere is affected by a number of different physical factors: cosmic rays,
atomic particles, solar radiation.
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daylight hours, but the ionization begins to fall off rapidly after sunset, altering
the radio propagation characteristics after dark. The ionization does not occur at
lower altitudes because the air density is such that the positive and negative ions are
numerous and close together, so recombination occurs rapidly.

EM wave propagation phenomena

Because EM waves are waves, they behave in a wave-like manner. Figure 2-8 illus-
trates some of the wave behavior phenomena associated with light and radio waves:
reflection, refraction, and diffraction. All three play roles in radio propagation.

Reflection and refraction are shown in Fig. 2-8A. Reflection occurs when a
wave strikes a denser reflective medium, as when a light wave strikes a glass mir-
ror. The incident wave (shown as a single ray) strikes the interface between less
dense and more dense mediums at a certain angle of incidence (a,), and is re-
flected at exactly the same angle (now called the angle of reflection (a,). Be-
cause these angles are equal, a reflected radio signal can often be traced back to
its origin.

Refraction occurs when the incident wave enters a region of different density,
and thereby undergoes both a velocity change and a directional change. The amount
and direction of the change are determined by the ratio of the densities between the
two media. If Zone B is much different from Zone A, then bending is great. In radio

to surface

Line perpendicular

‘ 2-8A Reflection and refraction
phenomena.
Zone
B

Less dense

More dense

(Note: a; = 4,)
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systems, the two media might be different layers of air with different densities. It is
possible for both reflection and refraction to occur in the same system. Indeed, more
than one form of refraction might be present. These topics will be covered in greater
depth shortly.

Diffraction is shown in Fig. 2-8B. In this case, an advancing wavefront encoun-
ters an opaque object (e.g., a steel building). The shadow zone behind the building
is not simply perpendicular to the wave, but takes on a cone shape as waves bend
around the object. The “umbra region” (or diffraction zone) between the shadow
zone (“cone of silence”) and the direct propagation zone is a region of weak (but not
zero) signal strength. In practical situations, signal strength in the cone of silence
rarely reaches zero. A certain amount of reflected signals scattered from other
sources will fill in the shadow a little bit. The degree of diffraction effect seen in any
given case is a function of the wavelength of the signal, the size of the object, and its
electromagnetic properties.

Propagation paths

There are four major propagation paths: surface wave, space wave, tropospheric,
and zonospheric. The ionospheric path is important to medium-wave (MW) and HF
propagation, but is not important to VHF, UHF, or microwave propagation. The space
wave and surface wave are both ground wauves, but they behave differently enough
to warrant separate consideration. The surface wave travels in direct contact with
the earth’s surface and it suffers a severe frequency-dependent attenuation caused
by absorption into the ground.

The space wave is also a ground-wave phenomenon, but it is radiated from an
antenna many wavelengths above the surface. No part of the space wave normally
travels in contact with the surface; VHF, UHF, and microwave signals are usually
space waves. There are, however, two components of the space wave in many cases:
direct and reflected (see Fig. 2-9).

The tropospheric wave is lumped with the direct space wave in some texts, but it
has properties that actually make it different in practical situations. The troposphere

DIRECTION OF I i
TRAVEL > OBJECT I o

2-8B Diffraction phenomena.
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Tropospheric path

2-9 Space wave propagation.

is the region of earth’s atmosphere between the surface and the stratosphere, or
about 4 to 7 mi above the surface. Thus, most forms of ground wave propagate in the
troposphere. But because certain propagation phenomena (caused mostly by
weather conditions) only occur at higher altitudes, tropospheric propagation should
be differentiated from other forms of ground wave.

The ionosphere is the region of earth’s atmosphere that is above the strato-
sphere. The peculiar feature of the ionosphere is that molecules of air gas (O, and N)
can be ionized by stripping away electrons under the influence of solar radiation and
certain other sources of energy. In the ionosphere, the air density is so low that ions
can travel relatively long distances before recombining with oppositely charged
ions to form electrically neutral atoms. As a result, the ionosphere remains ionized for
long periods of the day—even after sunset. At lower altitudes, however, air density
is greater and recombination thus occurs rapidly. At those altitudes, solar ionization
diminishes to nearly zero immediately after sunset, or never achieves any significant
levels even at local noon.

Tonization and recombination phenomena in the ionosphere add to the noise
level experienced at VHF, UHF, and microwave frequencies. The properties of
the ionosphere are important to microwave technology because of the noise con-
tribution. In satellite communications, there are some additional transionos-
pheric effects.

Ground-wave propagation

The ground wave, naturally enough, travels along the ground, or at least in close
proximity to it. There are three basic forms of ground wave: space wave, surface
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wawve, and tropospheric wave. The space wave does not actually touch the ground.
As aresult, space wave attenuation with distance in clear weather is about the same
asin free space (except above about 10 GHz, where H,0O and O, absorption increases
dramatically). Of course, above the VHF region, weather conditions add attenuation
not found in outer space.

The surface wave is subject to the same attenuation factors as the space wave,
but in addition it also suffers ground losses. These losses are caused by ohmic re-
sistive losses in the conductive earth. In other words, the signal heats up the
ground. Surface wave attenuation is a function of frequency, and it increases
rapidly as frequency increases. Both of these forms of ground-wave communica-
tions are affected by the following factors: wavelength, height of both the receiv-
ing and transmitting antennas, distance between the antennas, and the terrain and
weather along the transmission path. Figure 2-10 is a nomograph that can be used
to calculate the line of sight distances in miles from a knowledge of the receiver
and transmitter antenna heights. Similarly, Figs. 2-11A and 2-11B show power at-
tenuation with frequency and distance (Fig. 2-11A) and power attenuation in
terms of field intensity (Fig. 2-11B).

Ground-wave communications also suffer another difficulty, especially at VHF,
UHF, and microwave frequencies. The space wave is like a surface wave, but it is ra-
diated many wavelengths above the surface. It is made up of two components (see
Fig. 2-9 again): the direct and reflected waves. If both of these components arrive at
the receiving antenna, they will add algebraically to either increase or decrease sig-
nal strength. There is always a phase shift between the two components because the
two signal paths have different lengths (i.e., D, is less than D, + D,). In addition,
there may possibly be a 180° (w radians) phase reversal at the point of reflection
(especially if the incident signal is horizontally polarized), as in Fig. 2-12. The fol-
lowing general rules apply in these situations:

e A phase shift of an odd number of half wavelengths causes the components to
add, increasing signal strength (constructive interference).

e A phase shift of an even number of half wavelengths causes the compo-
nents to subtract (Fig. 2-12), thus reducing signal strength (destructive
interference).

e Phase shifts other than half wavelength add or subtract according to relative
polarity and amplitude.

You can characterize the loss of signal over path D, with a parametric term 7 that

is defined as follows:
S

»

n=— [2.11]
Sf

where

7 is the signal loss coefficient

S, is the signal level at the receiver in the presence of a ground reflection com-
ponent

S 5 is the free-space signal strength over path D, if no reflection took place.
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You can calculate as follows:
, , anhh,
n® =4 sin - 2.12
AD, [ 1
or
2nhh,
n =2 sin ' 2.13
D, [ 1

The reflected signal contains both amplitude change and phase change. The
phase change is typically © radians (180°). The amplitude change is a function of
frequency and the nature of the reflecting surface. The reflection coefficient can be

characterized as
'Y = pe]‘¢ [2.14]
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2-12 Out-of-phase waves cancel.

where

vis the reflection coefficient

p is the amplitude change

¢ is the phase change

7 is the imaginary operator (\/—_1)

For smooth, high-reflectivity surfaces and a horizontally polarized microwave

signal that has a shallow angle of incidence, the value of the reflection coefficient is
close to 1.
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The phase change of the reflected signal at the receiving antenna is at least « ra-
dians because of the reflection. Added to this change is an additional phase shift that
is a function of the difference in path lengths. This phase shift can be expressed in
terms of the two antenna heights and path length.

4rh h,
S=T+ wl [2.15]

A category of reception problems called multipath phenomena exists because
of interference between the direct and reflected components of the space wave. The
form of multipath phenomena that is, perhaps, most familiar to many readers is
ghosting in off-the-air television reception. Some multipath events are transitory in
nature (as when an aircraft flies through the transmission path), while others are
permanent (as when a large building, or hill, reflects the signal). In mobile commu-
nications, multipath phenomena are responsible for reception dead zones and
“picket fencing.” A dead zone exists when destructive interference between direct
and reflected (or multiply reflected) waves drastically reduces signal strengths. This
problem is most often noticed at VHF and above when the vehicle is stopped; and
the solution is to move the antenna one-half wavelength (which at VHF and UHF is
amatter of a few inches). Picket fencing occurs as a mobile unit moves through suc-
cessive dead zones and signal enhancement (or normal) zones, and it sounds like a
series of short noise bursts.

At VHF, UHF, and microwave frequencies, the space wave is limited to so-called
line-of-sight distances. The horizon is theoretically the limit of communications dis-
tance, but the radio horizon is actually about 15 percent farther than the optical hori-
zon (Fig. 2-13). This phenomenon is caused by refractive bending in the atmosphere
around the curvature of the earth, and it makes the geometry of the situation look as
if the earth’s radius is % the actual radius.

The refraction phenomenon occurs at VHF through microwave frequencies, but
not in the visible light spectrum, because water and atmospheric pressure (which re-
lates to the effects of atmospheric gases on microwave signals) become important
contributors to the phenomenon. The K factor expresses the degree of curvature
along any given path, while the index of refraction n measures the differential
properties between adjacent zones of air.

The K factor, also called the effective earth’s radius factor, is defined according
to the relationship of two hypothetical spheres, both centered at the exact center of

2-13 Phenomenon by which
“greater than line of sight”
communications occurs.

horizon
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the earth. The first sphere is the earth’s surface, which has a radius 7, (3440 nmi or
6370 km). The second sphere is larger than the first by the curvature of the signal
“ray path,” and has a radius 7. The value of K is approximately

K="_ [2.16]
/rO

A value of K = 1 indicates a straight path (Fig. 2-14); a value of K > 1 indicates
a positively curved path (refraction); and a value of K < 1 indicates a negatively
curved path (subrefraction). The actual value of K varies with local weather condi-
tions, so one can expect variation not only between locations, but also seasonally. In
the arctic regions, K varies approximately over the range 1.2 to 1.34. In the “lower
48” states of the United States, K varies from 1.25 to 1.9 during the summer months
(especially in the south and southeast), and from 1.25 to 1.45 in the winter months.
The index of refraction 7 can be defined in two ways, depending on the situation.
When a signal passes across boundaries between adjacent regions of distinctly dif-
ferent properties (as occurs in temperature inversions, etc.), the index of refraction
is the ratio of the signal velocities in the two regions. In a homogeneous region 7
can be expressed as the ratio of the free-space velocity ¢ to the actual velocity in the
atmosphere V-

n = [2.17]

£
1%

At the surface, near sea level, under standard temperature and pressure condi-
tions, the value of 7 is approximately 1.0003, and in homogeneous atmospheres it
will decrease by 4 x 1078 per mile of altitude. The units of 7 are a bit cumbersome in
equations, so the UHF/microwave communities tend to use a derivative parameter,
N, called the refractivity of the atmosphere:

N=(m-1)x10° [2.18]

A 4

2-14 Refraction changes path length.
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The value of N tends to vary from about 280 to 320, and both 7% and N vary with
altitude. In nonhomogeneous atmospheres (the usual case), these parameters will
vary approximately linearly for several tenths of a kilometer. All but a few microwave
relay systems can assume an approximately linear reduction of » and N with in-
creasing altitude, although airborne radios and radars cannot. There are two meth-
ods for calculating N:

4810e H
N= (—7;6 )(P +7T5 el ) [2.19]
and
77.6 3.73 x 10585
N = T ( T2 [2.20]
where

P is the atmospheric pressure in millibars (1 torr = 1.3332 mbar)

T is temperature in kelvins

e, is saturation vapor pressure of atmospheric water in millibars

H_, is the relative humidity expressed as a decimal fraction (rather than a

re.

percentage)

Ray path curvature (K) can be expressed as a function of either % or N, provided
that the assumption of a linear gradient d, /d, holds true:

K- 1 [2.21]

(1 + Vod’n)
dh

K- 1 [2.22]

dy/d,
1
57

For the near-surface region, where d, /d, varies at about 3.9 X 108 m, the value
of K is 1.33. For most terrestrial microwave paths, this value (K = % = 1.33) is called
a standard refraction, and is used in calculations in the absence of additional
data. For regions above the linear zone close to the surface, you can use another ex-
pression of refractivity:

or

N, = Ng=C"r="7 [2.23]

a

where

N, is the refractivity at 1 km altitude
h, is the height of the receiver antenna
h, is the height of the transmit antenna
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C@ = Ln(zvs/Nl)
N, is the refractivity at altitude
N, is the refractivity at the earth’s surface

For simple models close to the surface, you can use the geometry shown in
Fig. 2-15. Distance d is a curved path along the surface of the earth. But because
the earth’s radius r, is about 4000 statute miles, and it is thus very much larger than
a practical antenna height £, you can simplify the model in Fig. 2-15A to that in
Fig. 2-15B. The underlying assumption is that the earth has a radio radius equal to
about % (K = 1.33) of the actual physical radius of its surface.

Barth's surfyc

"o 7, = 4000 mi

2-15A Geometry for calculating radio distances.

2-15B Simplified geometry.

a—




EM wave propagation phenomena 27

The value of distance d is found from the expression
a="\2rh, [2.24]

where

d is the distance to the radio horizon in statute miles
7, is the normalized radius of the earth
h., is the antenna height in feet

Accounting for all constant factors, the expression reduces to

d=1414Vh, [2.25]
all factors being the same as defined above.

Example 2-1 A radio tower has a UHF radio antenna that is mounted 150 feet
above the surface of the earth. Calculate the radio horizon (in statute miles) for this
system.

Solution:

d =1.414 (h)t
= (1.414) (150 ft) 2
— (1.414)(12.25)

=17.32 mi
For other units of measurement:
d.i = 1.23 VA, nmi [2.26]
and
Ay, =130 VA, km [2.27]

Surface-wave communications The surface wave travels in direct contact
with the earth’s surface, and it suffers a severe frequency-dependent attenuation be-
cause of absorption by the ground.

The surface wave extends to considerable heights above the ground level, al-
though its intensity drops off rapidly at the upper end. The surface wave is subject
to the same attenuation factors as the space wave, but in addition, it also suffers
ground losses. These losses are caused by ohmic resistive losses in the conductive
earth, and to the dielectric properties of the earth. In other words, the signal heats
up the ground. Horizontally polarized waves are not often used for surface wave
communications because the earth tends to short-circuit the E-field component. On
vertically polarized waves, however, the earth offers electrical resistance to the
E-field and returns currents to following waves (Fig. 2-16). The conductivity of
the soil determines how much energy is returned. Table 2-1 shows the typical con-
ductivity values for several different forms of soil.
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2-16 Distortion of vertically polarized electric field by lossy ground resistance.

Table 2-1. Sample soil conductivity values

Dielectric Conductivity Relative
Type of soil constant  (siemens/meter) quality
Salt water 81 5 Best
Fresh water 80 0.001 Very poor
Pastoral hills 14-20 0.03-0.01 Very good
Marshy, wooded 12 0.0075 Average/poor
Rocky hills 12-14 10 Poor
Sandy 10 0.002 Poor
Cities 3-5 0.001 Very poor

The wavefront of a surface wave is tilted because of the losses in the ground that
tend to retard the wavefront’s bottom (also in Fig. 2-16). The tilt angle is a function
of the frequency, as shown in Table 2-2.

Table 2-2. Tilt angle as a function of frequency

Frequency (kHz) Tilt angle ratio Earth/seawater (degrees)

20 2.07 4.3/2.08
200 104 13.4/0.13
2,000 64 32.3/0.5
20,000 25 35/1.38

Surface-wave attenuation is a function of frequency, and increases rapidly as fre-
quency increases. For both forms of the ground wave, reception is affected by these
factors: wavelength, height of both the receiving and transmitting antennas, dis-
tance between antennas, and both terrain and weather along the transmission
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path. In addition, the surface wave is affected by the ground losses in Table 2-1. Be-
cause of the ground loss effects, the surface wave is attenuated at a much faster rate
than the inverse square law.

Ground-wave propagation frequency effects The frequency of a radio signal
in large measure determines its surface-wave behavior. In the very low-frequency
(VLF) band (<300 kHz), ground losses are small for vertically polarized signals,
so medium-distance communications (up to several hundred miles) are possible.
In the medium-wave band (300 to 3000 kHz, including the AM broadcast band),
distances of 1000 mi are possible with regularity—especially at night. In the high-
frequency (HF) band, ground losses are more considerable, so the surface-wave
distance reduces drastically. It is possible, in the upper end of the HF band (3000
to 30,000 kHz) for surface-wave signals to die out within a few dozen miles. This
phenomenon is often seen in the 15- and 10-m amateur radio bands, as well as the
11-m (27-MHz) Citizen’s Band. Stations only 20 mi apart cannot communicate,
but both can talk to a third station across the continent via ionospheric skip.
Thus, the two stations close together must have a station more than 2000 mi away
relay messages between them.

Tropospheric propagation The troposphere is the portion of the atmosphere
between the surface of the earth and the stratosphere (or about 4 to 7 mi above the
surface). Some older texts group tropospheric propagation with ground-wave prop-
agation, but modern practice requires separate treatment. The older grouping over-
looks certain common propagation phenomena that simply don’t happen with space
or surface waves.

Refraction is the mechanism for most tropospheric propagation phenomena.
The dielectric properties of the air, which are set mostly by the moisture content
(Fig. 2-17), are a primary factor in tropospheric refraction. Recall that refraction
occurs in both light or radio-wave systems when the wave passes between mediums
of differing density. Under that situation, the wave path will bend an amount pro-
portional to the difference in density.

Two general situations are typically found—especially at UHF' and microwave
frequencies. First, because air density normally decreases with altitude, the top of
a beam of radio waves typically travels slightly faster than the lower portion of the
beam. As a result, those signals refract a small amount. Such propagation provides
slightly longer surface distances than are normally expected from calculating the
distance to the radio horizon. This phenomenon is called simple refraction, and was
discussed in a preceding section.

A special case of refraction called superrefraction occurs in areas of the world
where warmed land air goes out over a cooler sea (Fig. 2-18). Examples of such areas
have deserts that are adjacent to a large body of water: the Gulf of Aden, the southern
Mediterranean, and the Pacific Ocean off the coast of Baja California are examples.
VHF/UHF/microwave communications up to 200 mi are reported in such areas.

The second form of refraction is weather-related. Called ducting, this form
of propagation (Fig. 2-19) is actually a special case of superrefraction. Evaporation of
sea water causes temperature inversion regions to form in the atmosphere—that is,
layered air masses in which the air temperature is greater than in the layers below it.
(Note: air temperature normally decreases with altitude, but at the boundary with an
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2-17 Refraction in the troposphere.

inversion region, it increases.) The inversion layer forms a “duct” that acts like a
waveguide. In Fig. 2-19, the distance D, is the normal “radio horizon” distance, and
D, is the distance over which duct communications can occur.

Ducting allows long-distance communications from lower VHF through mi-
crowave frequencies, with 50 MHz being a lower practical limit and 10 GHz being an
ill-defined upper limit. Airborne operators of radio, radar, and other electronic
equipment can sometimes note ducting at even higher microwave frequencies.

Antenna placement is critical for ducting propagation. Both the receiving and
transmitting antennas must be either (1) inside the duct physically (as in airborne
cases) or (2) able to propagate at an angle such that the signal gets trapped inside
the duct. The latter is a function of antenna radiation angle. Distances up to 2500 mi
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or so are possible through ducting. Certain paths where frequent ducting occurs
have been identified: the Great Lakes to the Atlantic seaboard; Newfoundland to the
Canary Islands; across the Gulf of Mexico from Florida to Texas; Newfoundland to
the Carolinas; California to Hawaii; and Ascension Island to Brazil.

Another condition is noted in the polar regions, where colder air from the land
mass flows out over warmer seas (Fig. 2-20). Called subrefraction, this phenomena
bends EM waves away from the earth’s surface—thereby reducing the radio horizon
by about 30 to 40 percent.
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Warmer sea

All tropospheric propagation that depends upon air-mass temperatures and hu-
midity, shows diurnal (i.e., over the course of the day) variation caused by the local
rising and setting of the sun. Distant signals may vary 20 dB in strength over a 24-
hour period. These tropospheric phenomena explain how TV, FM broadcast, and
other VHF signals can propagate great distances, especially along seacoast paths, at
some times while being weak or nonexistent at others.

Diffraction phenomena Electromagnetic waves diffract when they encounter
aradio-opaque object. The degree of diffraction, and the harm it causes, is frequency-
related. Above 3 GHz, wavelengths are so small (approximately 10 cm) compared to
object sizes that large attenuation of the signal occurs. In addition, beamwidths
(a function of antenna size compared with wavelength) tend to be small enough
above 3 GHz that blockage of propagation by obstacles is much greater.

Earlier in this chapter, large-scale diffraction around structures (such as build-
ings) was discussed. The view presented was from above, so it represented the hori-
zontal plane. But there is also a diffraction phenomenon in the vertical plane. Terrain,
or man-made objects, intervening in the path between UHF microwave stations (F'ig.
2-21A) cause diffraction, and some signal attenuation. There is a minimum clearance
required to prevent severe attenuation (up to 20 to 30 dB) from diffraction. Calcula-
tion of the required clearance comes from Huygens-Fresnel wave theory.

Consider Fig. 2-21B. A wave source A, which might be a transmitter antenna,
transmits a wavefront to a destination C (receiver antenna). At any point along path
A-C, you can look at the wavefront as a partial spherical surface (5-B,) on which all
wave rays have the same phase. This plane can be called an isophase plane. You can
assume that the d, /d, refraction gradient over the height extent of the wavefront is
small enough to be considered negligible.

Using ray tracing we see rays 7, incoming to plane [B/-B,], and rays », outgoing
from plane [B,-B,]. The signal seen at C'is the algebraic sum of all rays r,. The signal
pattern will have the form of an optical interference pattern with wave cancellation
occurring between », waves that are a half-wavelength apart on [B|-B,]. The ray im-
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pact points on plane [B-B,] form radii R, called Fresnel zones. The lengths of the
radii are a function of the frequency and the ratio of the distances D, and D, (see
Fig. 2-21B). The general expression is

N DD,
R =M |—|———— 2.28
" Fon, <D1+D2> [ :

where

R, is the radius of the nth Fresnel zone

Fy, is the frequency in GHz

D, is the distance from the source to plane B-B,
D, is the distance from destination to plane B-B,
Nis aninteger (1,2, 3,...)

M a constant of proportionality equal to

17.31if R, is in meters and D, D, are in kilometers and

72.1if R, isin feet and D, D, are in statute miles

If you first calculate the radius of the critical first Fresnel zone (R,), then you
can calculate the nth Fresnel zone from

R =RVn [2.29]

Example 2-2 Calculate the radius of the first Fresnel zone for a 2.5-GHz signal
at a point that is 12 km from the source and 18 km from the destination.
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R, = (17.3) V(0.4) (7.2)
R, =(17.3) (2.88) =29.4 m

For most terrestrial microwave systems an obstacle clearance of 0.6R, is required
to prevent diffraction attenuation under most normal conditions. However, there are
conditions in which the clearance zone should be more than one Fresnel zone.

Fading mechanisms Fading is defined as a reduction in amplitude caused by
reduced received signal power, changes in phase or polarization, wave cancellation,
or other related problems that are not caused by a change in the output power level or
other parameters associated with either the transmitter or its antenna system. You
would not ordinarily think that line-of-sight radio relay links would experience
fading, but that is not true. Fading does, in fact, occur, and it can reach levels of 30 dB
in some cases (20 dB is relatively common). In addition, fading phenomena in the
VHF-and-up range can last several hours, with some periods being reported of sev-
eral days in duration (although very rare). There are several mechanisms of fading,
and these will be dealt with in this section. HF fading caused by ionospheric mecha-
nisms will be covered later.

Any or all of the mechanisms shown in Fig. 2-22 can occur in a given system. In all
cases, two or more signals arrive at the receiver antenna (R ). Ray A represents the
direct path signal that is, ideally, the only signal to reach the destination. But it is also
possible that a signal, in an elevated layer or other atmospheric anomaly, will cause
refraction or subrefraction of the wave creating a second component, 5. If this second
signal arrives out of phase with A, then fading will occur (signal reinforcement—

—

C C

2-22 Multiple paths for signal to take between transmitter and receiver.

e ————— e,
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in phase—can also occur). It is also possible to see subrefraction fading, as in D. The
classical multipath situation represented by ray C and its reflected component C' is
also a source of fading.

These mechanisms are frequency-sensitive, so a possible countermeasure is to
use frequency diversity. Hopping over a 5 percent frequency change will help
eliminate fading in many cases. In cases where either system constraints, or local
spectrum usage prevents a 5 percent delta (change), then try for at least 2 or
3 percent.

Over ocean areas or other large bodies of water there is a possibility of encoun-
tering fair weather surface ducting as a cause of fading. These ducts form in the mid
latitudes, starting about 2 to 3 km from shore, up to heights of 10 to 20 mi; wind
velocities are found in the 10 to 60 km/h range. The cause of the problem is a com-
bination of power fading, due to the presence of the duct, and surface reflections
(see Fig. 2-23). Power fading alone can occur when there is a superrefractive duct
elevated above the surface. The duct has a tendency to act as a waveguide and focus
the signal (Fig. 2-24). Although the duct shown is superrefractive, it is also possible
to have a subrefractive duct.

Attenuation in weather Microwave communications above about 10 GHz suf-
fer an increasingly severe attenuation because of water vapor and oxygen in the at-
mosphere. Figure 2-25 shows the standard attenuation in dB/km for microwave
frequencies. Note that there are several strong peaks in an ever-increasing curve. Set-
ting a system frequency in these regions will cause poor communications or will re-
quire a combination of more transmit power, better receiver sensitivity, and better
antennas on receiving and transmitting locations. The curves shown in Fig. 2-25
assume certain standardizing conditions. Rain and other weather conditions can
severely increase the attenuation of signals. In addition to attenuation, radar exhibits
severe clutter problems when signals backscatter from rain cells.

— — —

—
—
X

2-23 Multihop interference.
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2-24 Wave interference.

Ionospheric propagation

Now let’s turn your attention to the phenomenon of skip communications. Ionos-
pheric propagation is responsible for the ability to do intercontinental broadcasting
and communications. Long-distance radio transmission is carried out on the high-
frequency (HF) bands (3 to 30 MHz), also called the shortwave bands. These fre-
quencies are used because of the phenomenon called skip. Under this type of prop-
agation, the earth’s ionosphere acts as though it is a “radio mirror.” Although the
actual phenomenon is based on refraction (not reflection, as is frequently believed),
the appearance to the casual observer is that shortwave and low-VHF radio signals
are reflected from the ionosphere. The actual situation is a little different.

The key lies in the fact that this radio mirror is produced by ionization of the upper
atmosphere. The upper portion of the atmosphere is called the ionosphere because it
tends to be easily ionized by solar and cosmic radiation phenomena. The reason for the
ease with which that region (30 to 300 mi above the surface) ionizes, is that the air den-
sity is very low. Energy from the sun strips away electrons from the outer shells of oxy-
gen and nitrogen molecules. The electrons become negative ions, while the remaining
portion of the atom forms positive ions. Because the air is so rarified at those altitudes,
those ions can travel great distances before recombining to form electrically neutral
atoms again. As a result, the average ionization level remains high in that region.

Several sources of energy will cause ionization of the upper atomosphere. Cos-
mic radiation from outer space causes some degree of ionization, but the majority of
ionization is caused by solar energy.

The role of cosmic radiation was noticed during World War II, when British radar
operators discovered that the distance at which their equipment could detect Ger-
man aircraft was dependent upon whether or not the Milky Way was above the hori-
zon. Intergalactic radiation raised the background microwave noise level, thereby
adversely affecting the signal-to-noise ratio.
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Events on the surface of the sun sometimes cause the radio mirror to seem to be
almost perfect, and this situation makes spectacular propagation possible. At other
times, however, solar disturbances (Fig. 2-26A) disrupt radio communications for
days at a time.

There are two principal forms of solar energy that affect shortwave communica-
tions: electromagnetic radiation and charged solar particles. Most of the radia-
tion is above the visible spectrum, in the ultraviolet and x-ray/gamma-ray region of
the spectrum. Because electromagnetic radiation travels at the speed of light, solar
events that release radiation cause changes to the ionosphere about 8 minutes later.
Charged particles, on the other hand, having a finite mass must travel at a consider-
ably slower velocity. They require two or three days to reach earth.

Various sources of both radiation and particles exist on the sun. Solar flares can
release huge amounts of both radiation and particles. These events are unpre-
dictable and sporadic. Solar radiation also varies over an approximately 27-day pe-
riod, which is the rotational period of the sun. The same source of radiation will face
the earth once every 27 days, and so events tend to be somewhat repetitive.

Solar and galactic noise affect the reception of weak signals. Solar noise can also
affect radio propagation and act as a harbinger of changes in propagation patterns.
Solar noise can be demonstrated by using an ordinary radio receiver and a direc-
tional antenna, preferably operating in the VHF/UHF regions of the spectrum (150 to
1562 MHz frequently is used). Aim the antenna at the sun on the horizon at either
sunset or sunrise. A dramatic change in background noise will be noted as the sun
slides across the horizon.

2-26A Solar event that can affect radio propagation on earth.
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Sunspots A principal source of solar radiation, especially the periodic forms, is
sunspots (Fig. 2-26B). Sunspots can be as large as 70,000 to 80,000 miles in diame-
ter, and generally occur in clusters. The number of sunspots varies over a period of
approximately 11 years, although the actual periods since 1750 (when records were
first kept) have varied from 9 to 14 years. The sunspot number is reported daily as
the statistically massaged Zurich Smoothed Sunspot Number, or Wolf Number.
The number of sunspots greatly affects radio propagation via the ionosphere. The
low was in the range of 60 (in 1907), and the high was about 200 (1958).

Another indicator of ionospheric propagation potential is the solar flux imdex
(SFI). This measure is taken in the microwave region (wavelength of 10.2 cm, or
2.8 GHz), at 1700 UTC at Ottawa, Canada. The SFTis reported by the National Insti-
tute for Standards and Technology (NIST) radio stations WWV (Fort Collins, CO)
and WWVH (Maui, Hawaii).

The ionosphere offers different properties that affect radio propagation at dif-
ferent times. Variations occur not only over the 11 year sunspot cycle, but also diur-
nally and seasonally. Obviously, if the sun affects propagation in a significant way,
then differences between nighttime and daytime, and between summer and winter,
must cause variations in the propagation phenomena observed.

The ionosphere is divided, for purposes of radio propagation studies, into various
layers that have somewhat different properties. These layers are only well defined

2-26B Sunspots.
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in textbooks. However, even there you find a variation in the precise altitudes of the
layers above the earth’s surface. In addition, the real physical situation is such that lay-
ers don’t have sharply defined boundaries, but rather fade one into another instead.
Thus, the division into layers is somewhat arbitrary. These layers (Fig. 2-27) are des-
ignated D, E, and F' (with F being further subdivided into F1 and F2 sublayers).

D layer The D layer is the lowest layer in the ionosphere, and exists from
approximately 30 to 50 mi above the surface. This layer is not ionized as much as the
higher layers, because all forms of solar energy that cause ionization are severely
attenuated by the higher layers above the D layer. The reason for this is that the
D layer is much more dense than the E and F layers, and that density of air molecules
allows ions to recombine to form electroneutral atoms very quickly.

The extent of D layer ionization is proportional to the elevation of the sun, so it
will achieve maximum intensity at midday. The D layer exists mostly during the
warmer months of the year because of both the greater height of the sun above
the horizon and the longer hours of daylight. The D layer almost completely disap-
pears after local sunset. Some observers have reported sporadic incidents of D layer
activity for a considerable time past sunset. The D layer exhibits a large amount of
absorption of medium-wave and shortwave signals (to such an extent that signals
below 4 to 6 MHz are completely absorbed by the D layer).

E layer The E layer exists from approximately 50 to 70 mi above the earth’s
surface, and it is considered the lowest region of the ionosphere that is important to
radio communications. Like the D layer, this region is ionized only during the day-
light hours, with ionization levels peaking at midday. The ionization level drops off
sharply in the late afternoon, and almost completely disappears after local sunset.

During most of the year, the E layer is absorptive and it will not reflect radio
signals. During the summer months, however, E layer propagation does occur. A
phenomenon called “short skip” (i.e., less than 100 mi for medium wave and 1000 mi
for shortwave signals) occurs in the E layer during the summer months, and in equa-
torial regions at other times.

A propagation phenomenon associated with the E layer is called sporadic E
propagation. This phenomenon is caused by scattered zones of intense ionization
in the E layer region of the ionosphere. The sporadic E phenomenon varies sea-
sonally, and it is believed to be caused by the bombardment of solar particles. Spo-
radic E propagation affects the upper HF and lower VHF region. It is observed
most frequently in the lower VHF spectrum (50 to 150 MHz), but it is also some-
times observed at higher frequencies. The VHF bands occasionally experience
sporadic E propagation. Skip distances on VHF can reach 500 to 1500 miles on one
hop—especially in the lower VHF region (including the 6-m band).

F layer The F layer of the ionosphere is the region that is the principal cause of
long-distance shortwave communications. This layer is located from about 100 to
300 mi above the earth’s surface. Unlike the lower layers, the air density in the
F layer is low enough that ionization levels remain high all day, and decay slowly af-
ter local sunset. Minimum levels are reached just prior to local sunrise. Propagation
in the F layer is capable of skip distances up to 25600 mi on a single hop. During the
day there are actually two identifiable and distinct sublayers in the F layer region,
and these are designated the F1 and F2 layers. The F1 layer is found approximately
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100 to 150 miles above the earth’s surface, and the F2 layer is above the F'1 extend-
ing up to the 270- to 300-mi limit. Beginning at local sundown, however, the lower
regions of the F1 layer begin to deionize because of recombination of positive and
negative ions. At some time after local sunset, the F1 and F2 layers have effectively
merged to become a single reduced layer beginning at about 175 mi.

The height and degree of ionization of the F2 layer varies over the course of the
day, with the season of the year, and with the 27-day sunspot cycle. The F2 layer be-
gins to form shortly after local sunrise and reaches maximum shortly before noon.
During the afternoon, the F2 layer ionization begins to decay in an exponential man-
ner until, for purposes of radio propagation, it disappears sometime after local sun-
set. There is some evidence that ionization in the F layer does not completely
disappear, but its importance to HF radio communication does disappear.

Measures of ionospheric propagation

There are several different measures by which the ionosphere is characterized at
any given time. These measures are used in making predictions of radio activity and
long-distance propagation.

The critical frequency and maximum usable frequency (MUF) are indices
that tell us something of the state of ionization and communications ability. These
frequencies increase rapidly after sunrise and international communications usually
begin within 30 minutes.

Critical frequency F, The critical frequency, designated by F, is the highest
frequency that can be reflected when a signal strikes the ionosphere as a vertical
(90° with respect to the surface) incident wave. The critical frequency is determined
from an 7onogram, which is a cathode-ray tube (CRT) oscilloscope display of the
height of the ionosphere as a function of frequency. The ionogram is made by firing
a pulse vertically (Fig. 2-28) at the ionosphere from the transmitting station. The
critical frequency is that frequency that is just suffficient to be reflected back to the
transmitter site. Values of /' can be as low as 3 MHz during the nighttime hours, and
as high as 10 to 15 MHz during the day.

Virtual height Radio waves are refracted in the ionosphere, and those above a
certain critical frequency are refracted so much that they return to earth. Such
waves appear to have been reflected from an invisible radio “mirror.” An observer on
the earth’s surface could easily assume the existence of such a mirror by noting the
return of the “reflected” signal. The height of this apparent “mirror” is called the vi#-
tual height of the ionosphere. Figure 2-29 shows the refraction phenomenon by
which a radio wave is bent sufficiently to return to earth. Virtual height is deter-
mined by measuring the time interval required for an ionosonde pulse (similar to
that used to measure critical frequency) to travel between the transmitting station
and a receiving station (Fig. 2-30). A radio signal travels at a velocity of 300,000,000
m/s (the speed of light). By observing the time between transmitting the pulse and
receiving it, you can calculate the virtual height of the ionosphere.

Maximum usable frequency (MUF) The maximum usable frequency is the
highest frequency at which communications can take place via the ionosphere over a
given path. The MUF between a fixed transmitter site and two different, widely sepa-
rated, receivers need not be the same. Generally, however, the MUF is approximately
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3 times higher than the critical frequency. Both the MUF and the critical frequency vary
geographically, and they become higher at latitudes close to the equator.

It is a general rule that the best propagation occurs at frequencies just below the
MUF. In fact, there is a so-called frequency of optimum traffic (FOT) that is ap-
proximately 85 percent of the MUF. Both noise levels and signal strengths are im-
proved at frequencies near the FOT.

Lowest usable frequency (LUF) At certain low frequencies, the combination
of ionospheric absorption, atmospheric noise, miscellaneous static, and/or receiver
signal-to-noise ratio requirements conspire to reduce radio communications. The
lowest frequency that can be used for communications, despite these factors, is the
lowest usable frequency.

Unlike the MUF, the LUF is not totally dependent on atmospheric physics. The
LUF of a system can be varied by controlling the signal-to-noise ratio (SNR). Although
certain factors that contribute to SNR are beyond our control, the effective radiated
power (ERP) of the transmitter can be changed; a 2-MHz decrease in LUF is available
for every 10-dB increase in the ERP of the transmitter.

Ionospheric variation and disturbances

The ionosphere is an extremely dynamic region of the atmosphere, especially from a
radio operator’s point of view, because it significantly alters radio propagation. The
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dynamics of the ionosphere are conveniently divided into two general classes: reqular
variation and disturbances. This section covers both types of ionospheric change.

Tonospheric variation There are several different forms of variation seen on a
regular basis in the ionosphere: diurnal, 27-day (monthly), seasonal, and 1 1-year
cycles.

Diurnal (daily) variation The sun rises and falls on a 24-hour cycle, and be-
cause it is the principal source of iononization of the upper atmosphere, you can ex-
pect diurnal variation. During daylight hours the E and D levels exist, but these
disappear at night. The height of the F2 layer increases until midday, and then it de-
creases until evening, when it disappears or merges with other layers. As a result of
higher absorption in the E and D layers, lower frequencies are not useful during day-
light hours. On the other hand, the F layers reflect higher frequencies during the
day. In the 1- to 30-MHz region, the higher frequencies (>11 MHz) are used during
daylight hours, and the lower frequencies (<11 MHz) at night.

27-day cycle Approximately monthly, this variation is caused by the rotational
period of the sun. Sunspots are localized on the surface of the sun, so they will face
the earth only during a portion of the month. As new sunspots are formed, they do
not show up on the earthside face until their region of the sun rotates earthside.

Seasonal cycle The earth’s tilt varies the exposure of the planet to the sun on
a seasonal basis. In addition, the earth’s yearly orbit is not circular; it is elliptical. As
a result, the intensity of the sun’s energy that ionizes the upper atmosphere varies
with the seasons of the year. In general, the E, D, and F layers are affected—
although the F2 layer is only minimally affected. Ion density in the F2 layer tends to
be highest in winter, and less in summer. During the summer, the distinction between
F1 and F2 layers is less obvious.

11-year cycle The number of sunspots, statistically averaged, varies on an ap-
proximately 11-year cycle. As a result, the ionospheric effects that affect radio prop-
agation also vary on an 11-year cycle. Radio propagation, in the shortwave bands, is
best when the average number of sunspots is at its highest.

Disturbances Disturbances in the ionosphere can have a profound effect on
radio communications—and most of them (but not all) are bad. This section will
briefly examine some of the more common forms.

Sporadic E layer A reflective cloud of ionization sometimes appears in the
E layer of the ionosphere; this layer is sometimes called the E_layer. It is believed
that the E_ layer forms from the effects of wind shear between masses of air moving
in opposite directions. This action appears to redistribute ions into a thin layer that
is radio-reflective.

Sporadic E propagation is normally thought of as a VHF phenomenon, with most
activity between 30 and 100 MHz, and decreasing activity up to about 200 MHz. How-
ever, about 25 to 50 percent of the time, sporadic E propagation is possible on fre-
quencies down to 10 or 15 MHz. Reception over paths of 1400 to 2600 mi are possible
in the 50-MHz region when sporadic E is present. In the northern hemisphere, the
months of June and July are the most prevalent sporadic E months. On most days
when sporadic E is present, it lasts only a few hours.

Sudden ionospheric disturbances (SIDs) The SID, or Dellinger fade, mech-
anism occurs suddenly, and rarely gives any warning. The SID can last from a few
minutes to many hours. It is known that SIDs often occur in correlation with solar
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flares, or “bright solar eruptions,” that produce an immense amount of ultraviolet ra-
diation that impinges the upper atmosphere. The SID causes a tremendous increase
in D layer ionization, which accounts for the radio propagation effects. The ionization
is so intense that all receiver operators on the sunny side of the earth experience pro-
found loss of signal strength above about 3 MHz. It is not uncommon for receiver own-
ers to think their receivers are malfunctioning when this occurs. The sudden loss of
signals on sunny side receivers is called Dellinger fade. The SID is often accompa-
nied by variations in terrestrial electrical currents and magnetism levels.

Ionospheric storms The ionospheric storm appears to be produced by an
abnormally large rain of atomic particles in the upper atmosphere, and is often pre-
ceded by SIDs 18 to 24 hours earlier. These storms tend to last from several hours,
to a week or more, and are often preceded by two days or so by an abnormally large
collection of sunspots crossing the solar disk. They occur, most frequently, and with
greatest severity, in the higher latitudes, decreasing toward the equator. When the
ionospheric storm commences, shortwave radio signals may begin to flutter rapidly
and then drop out altogether. The upper ionosphere becomes chaotic; turbulence in-
creases and the normal stratification into layers, or zones, diminishes.

Radio propagation may come and go over the course of the storm, but it is
mostly dead. The ionospheric storm, unlike the SID, which affects the sunny side of
the earth, is worldwide. It is noted that the MUF and critical frequency tend to re-
duce rapidly as the storm commences.

An ionospheric disturbance observed in November 1960 was preceded by about 30
minutes of extremely good, but abnormal, propagation. At 1500 hours EST, European
stations were noted with S9+ signal strengths in the 7000- to 7300-kHz region of the
spectrum, which is an extremely rare occurrence. After about 30 minutes,
the bottom dropped out and even AM broadcast band skip (later that evening) was
nonexistent. At the time, the National Bureau of Standards™ radio station, WWYV,
was broadcasting a “W2” propagation prediction at 19 and 49 minutes after each hour
(which is terrible!). It was difficult to hear even the 5-MHz WWYV frequency in the early
hours of the disturbance, and it disappeared altogether for the next 48 hours. This sig-
nal’s fade-out occurred during the weekend of the annual ARRL “Sweepstakes” contest.

Ionospheric sky-wave propagation

Sky-wave propagation occurs because signals in the ionosphere are refracted so
much that they are bent back toward the earth’s surface. To observers on the sur-
face, it looks like the signal was reflected from a radio mirror at the virtual height of
the ionosphere. The skip distance is the surface distance between the transmitter
point (A in Fig. 2-31) and the point where it returns to earth (point C in Fig. 2-31).
The ground-wave zone is the distance from the transmitter site (A in Fig. 2-31) to
where the ground wave fades to a low level, below usefulness (point B in Fig. 2-31).
The skip zone is the distance from the outer edge of the ground-wave zone to the
skip distance, or the distance from B to C in Fig. 2-31.

It is possible for the sky wave and the ground wave to interfere with each
other at some frequencies, under some circumstances. When this happens, the
sky wave has a relative phase that depends on its path length (among other

* Now the National Institute of Standards and Technology.
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2-31 Relationship between ground wave and different cases of sky wave.

things), so it will arrive at some seemingly random phase relative to the ground
wave. Thus, the sky wave can selectively strengthen or cancel the ground wave,
giving rise to a type of fading.

Incident angle One of the factors that affects the length of the skip distance is
the incident angle of the radio wave. This angle is partially a function of the fre-
quency, and partially a function of the natural radiation angle of the antenna (o).
The frequency effects are seen as a function of the ionization level and how much a
given frequency is refracted.

The antenna radiation angle is the angle of the main vertical lobe with respect to
the earth’s surface; it is partially a function of its design, and partially of its installa-
tion configuration. For example, a %-wavelength vertical antenna tends to have a
lower angle of radiation than a /-wave vertical antenna. Similarly, the dipole’s angle
of radiation is a function of its height above ground.

Figure 2-32 shows how the angle of radiation affects skip distance. Low-angle-of-
radiation signals tend to travel farther with respect to the earth’s surface before re-
fracting, so they produce the longest skip distances. Higher angles of radiation have
shorter skip distances because they tend to return to earth more rapidly. In summer-
time, some high-frequency bands (e.g,. the 11-m—27 MHz—Citizens Band) offer high-
angle “short skip” during the summer, and longer skip during the other months. At
higher angles of radiation, there will be a critical angle wave and escape angle waves
that are not returned to earth. These waves are not used for terrestrial communica-
tions or broadcasting. Figure 2-33 shows the difference between single-hop skip and
multihop skip, as a function of incident angle. It is generally true that a multihop trans-
mission is more subject to fading, and is weaker, than a single-hop transmission.

Using the ionosphere

The refraction of high-frequency and some medium-wave radio signals back to earth
via the ionosphere gives rise to intercontinental HF radio communications. This phe-
nomenon becomes possible during daylight hours and for a while after sunset when
the ionosphere is ionized. Figure 2-34 reiterates the mechanism of long-distance
skip communications. The transmitter is located at point 7', while receiving stations
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are located at sites B, and R,. Signals 1 and 2 are not refracted sufficiently to be re-
fracted back to earth, so they are lost in space. Signal 3, however, is refracted enough
to return to earth, so it is heard at station E,. The skip distance for signal 3 is the dis-
tance from 7' to R,. At points between 7" and &, signal 3 is inaudible, except within
ground-wave distance of the transmitter site (7). This is the reason why two stations
40 mi apart hear each other only weakly, or not at all, while both stations can com-
municate with a third station 2000 mi away. In amateur radio circles, it is common for
South American stations to relay between two U.S. stations only a few miles apart.
For an example of this problem, listen to the Inter-American and Halo Missionary
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Nets on 21.290 MHz (15 m) daily from about 1700Z to 2100Z (ending time depen-
dent upon traffic).

Multihop skip is responsible for the reception of the signal from transmitter 7" at
site R,. The signal reflects (not refracts) from the surface at R, and is retransmitted
into the ionosphere, where it is again refracted back to earth.

Figure 2-35 shows a situation where skip signals are received at different dis-
tances depending upon the angle of radiation of the transmitting antenna. A high
angle of radiation causes a shorter skip zone, but a lower angle of radiation results in
a longer skip zone. Communication between any particular locations on any given
frequency requires adjustment of the antenna radiation angle. Some international
shortwave stations have multiple antennas with different radiation angles to ensure
that the correct skip distances are available.

Great circle paths A qreat circle is a line between two points on the surface of a
sphere, such that it lays on a plane through the earth’s center and includes the two
points. When translated to “radiospeak,” a great circle is the shortest path on the sur-
face of the earth between two points. Navigators and radio operators use the great cir-
cle for similar, but different, reasons. The navigator’s reason is in order to get from here
to there, and the radio operator’s is to get a transmission path from here to there.

The heading of a directional antenna is normally aimed at the receiving station
along its great circle path. Unfortunately, many people do not understand the con-
cept well enough, for they typically aim the antenna in the wrong direction. For ex-
ample, I live near Washington, D.C., which is on approximately the same latitude as
Lisbon, Portugal. If I catch a lift on Superman’s back, and he flies due East, we’ll have
dinner in Lisbon, right? Wrong. If you head due east from Washington, DC, across the
Atlantic, the first landfall would be west Africa, somewhere near Zaire or Angola.
Why? Because the great circle bearing 90° takes us far south. The geometry of
spheres, not flat planes, governs the case.
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Figure 2-36 shows a great circle map centered on the Washington, D.C. area.
These maps, or computer tabulations of the same data, can often be purchased for
your own location by supplying your latitude and longitude to the service company
that does the job. By drawing a line from your location at the center of the chart to
the area you want to hear, and then extending it to the edge of the chart, you will
obtain the beam heading required.

Long path versus short path The earth is a sphere (or more precisely, an
oblate spheroid), so from any given point to any other point there are two great cir-
cle paths: the long path (major arc) and the short path (minor arc). In general, the
best reception occurs along the short path. In addition, short-path propagation is
more nearly “textbook,” compared with long path reception. However, there are
times when long path is better, or is the only path that will deliver a signal to a spe-
cific location from the geographic location in question.

Gray line propagation The gray line is the twilight zone between the nighttime
and daytime halves of the earth. This zone is also called the planetary terminator
(Fig. 2-37). It varies up to +23° either side of the north-south longitudinal lines, de-
pending on the season of the year (it runs directly north-south only at the vernal and
autumnal equinoxes). The D layer of the ionosphere absorbs signals in the HF region.
This layer disappears almost completely at night, but it builds up during the day. Along
the gray line, the D layer is rapidly decaying west of the line, and has not quite built up
east of the line.

Brief periods of abnormal propagation occur along the gray line. Stations on ei-
ther side of the line can be heard from regions, and at distances, that would other-
wise be impossible on any given frequency. For this reason, radio operators often
prefer to listen at dawn and dusk for this effect.

Scatter propagation modes

lonospheric scatter propagation occurs when clouds of ions exist in the atmos-
phere. These clouds can exist in both the ionosphere and the troposphere, although
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2-36 Azimuthal map centered on Washington, D.C. (Courtesy of The ARRL Antenna Book.)

the tropospheric model is more reliable for communications. Figure 2-38 shows the
mechanism for scatter propagation. Radio signals from the transmitter are reflected
from the cloud of ions to a receiver location that otherwise might not receive it. Scat-
ter propagation occurs mostly in the VHF region, and it allows communications over
extended paths that are not normally available.

There are at least three different modes of scatter from ionized clouds: backscat-
ter, side scatter, and forward scatter. The backscatter mode is a bit like radar, in that
the signal is returned back to the transmitter site, or to regions close to the transmitter.
Forward scatter occurs when the reflected signal continues in the same azimuthal di-
rection (with respect to the transmitter), but is redirected toward the earth’s surface.
Side scatter is similar to forward scatter, but the azimuthal direction might change.

Unfortunately, there are often multiple reflections from the ionized cloud, and
these are shown as “multiple scatter” in Fig. 2-38. When these reflections are able to
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reach the receiving site, the result is a rapid, fluttery fading that can be of quite pro-
found depths.

Auroral propagation

The auroral effect produces a luminescence in the upper atmosphere resulting from
bursts of particles released from the sun 18 to 48 hours earlier. The light emitted is
called the northern lights and the southern lights. The ionized regions of the at-
mosphere that create the lights form a radio reflection shield, especially at VHF and
above, although 15 to 20 MHz effects are known. Auroral propagation effects are
normally seen in the higher latitudes, although listeners in the southern tier of states
in the United States are often treated to the reception of signals from the north be-
ing reflected from auroral clouds.

Meteor scatter propagation

When meteors enter the earth’s atmosphere, they do more than simply heat up to
the point of burning. The burning meteor leaves a wide, but very short duration,
transient cloud of ionized particles in its path. These ions act as a radio mirror that
permits short bursts of reception between sites correctly situated. Meteor scatter re-
ception is not terribly reliable, although at least two companies offer meteor scatter
communications services for users in the higher latitudes.

Other propagation anomalies

The ionosphere is a physically complex place, and even the extensive coverage in
this chapter is not sufficient to do it justice. Indeed, entire books are available on the
subject, and it is a valid engineering subspecialty. It is therefore not surprising that a
number of propagation anomalies are known.

Nonreciprocal direction If you listen to an amateur band receiver on the East
Coast of the United States, you will sometimes hear European stations—especially
in the late afternoon. But when you try to work those stations there is no reply what-
soever. They simply don’t hear you! This propagation anomaly causes the radio wave
to travel different paths dependent on which direction it travels; i.e., an east—>west
signal is not necessarily the reciprocal of a west—>east signal. This anomaly can occur
when a radio signal travels through a heavily ionized medium in the presence of a
magnetic field, which is exactly the situation when the signal travels through the
ionosphere in the presence of the earth’s magnetic field.

Another anomaly seen in the radio literature of the 1930s is the Radio Lux-
embourg effect. It is named after the radio station where it was first noticed. In a
nonlinear ionosphere, it is sometimes noted that the modulation of superpower
(i.e., > 500,000 W) shortwave broadcasters will be transferred to the carrier of a
weaker signal in the same or nearby band. The interchange noted in the 1930s
when this phenomenon was first discovered was between Radio Luxembourg and
Britain’s British Broadcasting Corporation (BBC) overseas outlets.
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Propagation predictions

Propagation predictions for the VLF through low VHF bands are published each
month in several magazines. Ham radio operators often use those in QS7 magazine
(Fig. 2-39), while SWLs and others tend to prefer those published in magazines such
as Monitoring Times. These charts relate the time of day in Universal Coordinated
Time (UTC, formerly, GMT) and the frequency for transmission to different parts of
the world.

Fading

Skip communications are not without problems. One phenomenon is fading (i.e., a
variation in signal strength as perceived at the receiver site). This problem can
sometimes be overcome by using one of several diversity reception systems. Three
forms of diversity technique are used: frequency diversity, spatial diversity, and
polarity diversity.

In the frequency diversity system (Fig. 2-40), the transmitter will send out two
or more frequencies simultaneously with the same modulating information. Because
the two frequencies will fade differentially, one will always be strong.

The spatial diversity system (Fig. 2-41) assumes that a single transmitter fre-
quency is used. At the receiving site, two or more receiving antennas are used,
spaced one-half wavelength apart. The theory is that the signal will fade at one an-
tenna while it increases at the other. A three-antenna system is often used. Three
separate, but identical, receivers, often tuned by the same master local oscillator, are
connected to the three antennas. Audio mixing, based on the strongest signal, keeps
the audio output constant while the radio-frequency (RF) signal fades.

Polarity diversity reception (Fig. 2-42) uses both vertical and horizontal po-
larization antennas to receive the signal. As in the space diversity system, the
outputs of the vertical and horizontal receivers are combined to produce a con-
stant level output.

Another form of fading, selective fading, derives from the fact that fading is a
function of frequency. The carrier and upper and lower sidebands of an AM signal
have slightly different frequencies, so they arrive out of phase with each other. Al-
though this type of fading is lessened by using single-sideband (SSB) transmission,
that does not help AM users. In those systems, some people use a filtering system that
eliminates the carrier and one sideband; it then reconstitutes the AM signal with a
product detector.

SSB receivers with stable local and product detector oscillators, and a sharp
intermediate-frequency (IF) bandpass filter, can be used to reduce the effects of dif-
ferential fading of AM signals because of the phasing of the lower sideband (LSB),
upper sideband (USB), and carrier components. Carefully tune the receiver to only
one sideband of the signal, and note when the heterodyne beatnote disappears. The
correct point is characterized by the fact that you can then switch among USB, LSB,
and continuous-wave (CW) modes without changing the received signal output.
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2-39 Propagation prediction charts appear in magazines such as QST every month.

(Courtesy of the American Radio Relay League.)
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CHAPTER

Transmission lines

TRANSMISSION LINES AND WAVEGUIDES ARE CONDUITS FOR TRANSPORTING RF SIGNALS
between elements of a system. For example, transmission lines are used between an
exciter output and transmitter input, and between the transmitter input and its out-
put, and between the transmitter output and the antenna. Although often erro-
neously characterized as a “length of shielded wire,” transmission lines are actually
complex networks containing the equivalent of all the three basic electrical compo-
nents: resistance, capacitance, and inductance. Because of this fact, transmission
lines must be analyzed in terms of an RLC network.

Parallel and coaxial lines

This chapter will consider several types of transmission lines. Both step-function
and sine-wave ac responses will be studied. Because the subject is both conceptual
and analytical, both analogy and mathematical approaches to the theory of trans-
mission lines will be used.

Figure 3-1 shows several basic types of transmission line. Perhaps the oldest and
simplest form is the parallel line shown in Figs. 3-1A through 3-1D. Figure 3-1A
shows an end view of the parallel conductor transmission line. The two conductors,
of diameter d, are separated by a dielectric (which might be air) by a spacing S.
These designations will be used in calculations later. Figure 3-1B shows a type of
parallel line called twn lead. This is the old-fashioned television antenna transmis-
sion line. It consists of a pair of parallel conductors separated by a plastic dielectric.
TV-type twin lead has a characteristic impedance of 300 Q, while certain radio trans-
mitting-antenna twin lead has an impedance of 450 Q. Another form of twin lead is
open line, shown in Fig. 3-1C. In this case, the wire conductors are separated by an
air dielectric, with support provided by stiff (usually ceramic) insulators. A tie wire
(only one shown) is used to fasten each insulator end to the main conductor. Some
users of open line prefer the form of insulator or supporter shown in Fig. 3-1D. This
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form of insulator is made of either plastic or ceramic, and is in the form of a U. The
purpose of this shape is to reduce losses, especially in rainy weather, by increasing
the leakage currents path relative to spacing S.

Parallel lines have been used at VLF, MW, and HF frequencies for decades. Even
antennas into the low VHF are often found using parallel lines. The higher imped-
ance of these lines (relative to coaxial cable) yields lower loss in high-power appli-
cations. For years, the VHF, UHF, and microwave application of parallel lines was
limited to educational laboratories, where they are well suited to performing exper-
iments (to about 2 GHz) with simple, low-cost instruments. Today, however, printed
circuit and hybrid semiconductor packaging has given parallel lines a new lease on
life, if not an overwhelming market presence.

Figure 3-1E shows a form of parallel line called shzelded twin lead. This type of line
uses the same form of construction as TV-type twin lead, but it also has a braided shield-
ing surrounding it. This feature makes it less susceptible to noise and other problems.

The second form of transmission line, which finds considerable application at
microwave frequencies, is coaxial cable (Figs. 3-1F through 3-1L). This form of
line consists of two cylindrical conductors sharing the same axis (hence “coaxial”),
and separated by a dielectric (Fig. 3-1F). For low frequencies (in flexible cables)
the dielectric may be polyethylene or polyethylene foam, but at higher frequencies
Teflon and other materials are used. Also used, in some applications, are dry air and
dry nitrogen.

Outer Dielectric
shield
3-1E Shielded twin-lead transmission line.
Parallel
conductors
Outer,
conductor
3-1F Coaxial cable (end view).
Inner

Dielectric conductor
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Several forms of coaxial line are available. Flexible coaxial cable is perhaps the
most common form. The outer conductor in such cable is made of either braid or foil
(Fig. 3-1G). Television broadcast receiver antennas provide an example of such cable
from common experience. Another form of flexible or semiflexible coaxial line is heli-
cal line (Fig. 3-1H) in which the outer conductor is spiral wound. Hardline (Fig.
3-11) is coaxial cable that uses a thin-wall pipe as the outer conductor. Some hardline
coax used at microwave frequencies has a rigid outer conductor and a solid dielectric.

Gas-filled line is a special case of hardline that is hollow (Fig. 3-1J), the center
conductor is supported by a series of thin ceramic or Teflon insulators. The dielec-
tric is either anhydrous (i.e., dry) nitrogen or some other inert gas.

Some flexible microwave coaxial cable uses a solid “air-articulated” dielectric
(Fig. 3-1K), in which the inner insulator is not continuous around the center con-
ductor, but rather is ridged. Reduced dielectric losses increase the usefulness of the
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cable at higher frequencies. Double-shielded coaxial cable (Fig. 3-1L) provides an
extra measure of protection against radiation from the line, and EMI from outside
sources, from getting into the system.

Stripline, also called microstripline (Fig. 3-1M), is a form of transmission line
used at high UHF and microwave frequencies. The stripline consists of a critically
sized conductor over a ground-plane conductor, and separated from it by a dielec-
tric. Some striplines are sandwiched between two groundplanes and are separated
from each by a dielectric.
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Transmission line characteristic impedance (Z )

The transmission line is an RLC network (see Fig. 3-2), so it has a characteristic
mpedance Z,, also sometimes called a surge impedance. Network analysis will
show that Z  is a function of the per unit of length parameters resistance R, con-
ductance G, immductance L, and capacitance C, and is found from

R+joL
Z = |[— 3.1
o G+joC [3.1]

Z, is the characteristic impedance, in ohms

R is the resistance per unit length, in ohms

(7 is the conductance per unit length, in mhos

L is the inductance per unit length, in henrys

C is the capacitance per unit length, in farads

o is the angular frequency in radians per second (2mF")

where

Dielectric

: * 3-1M Stripline transmission
: T line.
Groundplane
L
Zg R
¢ c c 7
R
IfX >> R L

Then: Z, = \L/C

3-2 Equivalent circuit of transmission line.
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In microwave systems the resistances are typically very low compared with the
reactances, so Eq. 3.1 can be reduced to the simplified form:

L
7, = \/; [3.2]

Example 3-1 A nearly lossless transmission line (R is very small) has a unit
length inductance of 3.756 nH and a unit length capacitance of 1.5 pF. Find the char-
acteristic impedance Z .

Solution:

N
I
Q-

1H
3.75 nH
( " X109nH)

1F
1.5 pF x —1—
( °p X1012pF>

B 3.75x 10 H
- 1.5x10°2F
=V25%x103=50Q

The characteristic impedance for a specific type of line is a function of the con-
ductor size, the conductor spacing, the conductor geometry (see again Fig. 3-1), and
the dielectric constant of the insulating material used between the conductors. The
dielectric constant e is equal to the reciprocal of the velocity (squared) of the wave
when a specific medium is used:

1
e="2

v

[3.3]

where

e is the dielectric constant (for a perfect vacuum e = 1.000)
v is the velocity of the wave in the medium

(a) Parallel line

ZOZ Telog (7) [3.4]
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where

Z_ is the characteristic impedance, in ohms

e is the dielectric constant

S is the center-to-center spacing of the conductors
d is the diameter of the conductors

(b) Coaxial line

18, (D
Zf’_\/glog<d> [3.5]

where

D is the diameter of the outer conductor
d is the diameter of the inner conductor

(¢) Shielded parallel line

276 (1-B%
Zo = 76 log 2A (1 +Bz) [3.6]
where
A=s/d
B =s/D
(d) Stripline
377 (T
%= e (W) (3741
t

where

e, is the relative dielectric constant of the printed wiring board (PWB)
T is the thickness of the printed wiring board
W is the width of the stripline conductor

The relative dielectric constant e, used above differs from the normal dielectric
constant of the material used in the PWB. The relative and normal dielectric con-
stants move closer together for larger values of the ratio W/T.

Example 3-2 A stripline transmission line is built on a 4-mm-thick printed
wiring board that has a relative dielectric constant of 5.5. Calculate the characteris-
tic impedance if the width of the strip is 2 mm.

Solution:
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377 <4mm
~ V55 \2mm
:;3—(2) 321 Q

In practical situations, we usually don’t need to calculate the characteristic im-
pedance of a stripline, but rather design the line to fit a specific system impedance
(e.g., 50 Q). We can make some choices of printed circuit material (hence dielectric
constant) and thickness, but even these are usually limited in practice by the avail-
ability of standardized boards. Thus, stripline width is the variable parameter. Equa-
tion 3.2 can be arranged to the form:

377 T
Z Ve

W= [3.7B]

The impedance of 50 € is accepted as standard for RF systems, except in the
cable TV industry. The reason for this diversity is that power handling ability and low
loss operation don’t occur at the same characteristic impedance. For example, the
maximum power handling ability for coaxial cables occurs at 30 Q, while the lowest
loss occurs at 77 Q; 50 Q is therefore a reasonable tradeoff between the two points.
In the cable TV industry, however, the RF power levels are minuscule, but lines are
long. The tradeoff for TV is to use 75 Q as the standard system impedance in order
to take advantage of the reduced attenuation factor.

Transmission line characteristics

Velocity factor

In the section preceding this section, we discovered that the velocity of the wave (or
signal) in the transmission line is less than the free-space velocity (i.e., less than the
speed of light). Further, we discovered in Eq. 3.3 that velocity is related to the di-
electric constant of the insulating material that separates the conductors in the
transmission line. Velocity factor v is usually specified as a decimal fraction of c,
the speed of light (3 x 108 m/s). For example, if the velocity factor of a transmission
line is rated at “0.66,” then the velocity of the wave is 0.66¢, or (0.66) (3 x 108 m/s)
=1.98 x 108 m/s.

Velocity factor becomes important when designing things like transmission line
transformers, or any other device in which the length of the line is important. In most
cases, the transmission line length is specified in terms of electrical length, which
can be either an angular measurement (e.g., 180° or m radians), or a relative measure
keyed to wavelength (e.g., one-half wavelength, which is the same as 180°). The
physical length of the line is longer than the equivalent electrical length. For exam-
ple, let’s consider a 1-GHz half-wavelength transmission line.

A rule of thumb tells us that the length of a wave (in meters) in free space is 0.30/F
where frequency F'is expressed in gigahertz; therefore, a half-wavelength line is 0.15/F'.



68 Transmission lines

At 1 GHz, the line must be 0.15 m/1 GHz = 0.15 m. If the velocity factor is 0.80, then the
physical length of the transmission line that will achieve the desired electrical length
is [(0.16 m) (W))/F = [(0.156 m) (0.80)]/1 GHz = 0.12 m. The derivation of the rule of
thumb is “left as an exercise for the student.” (H#nt: It comes from the relationship be-
tween wavelength, frequency, and velocity of propagation for any form of wave.)

There are certain practical considerations regarding velocity factor that result
from the fact that the physical and electrical lengths are not equal. For example, in
a certain type of phased-array antenna design, radiating elements are spaced a half-
wavelength apart, and must be fed 180° (half-wave) out of phase with each other.
The simplest interconnect is to use a half-wave transmission line between the 0°
element and the 180° element. According to the standard wisdom, the transmission
line will create the 180° phase delay required for the correct operation of the an-
tenna. Unfortunately, because of the velocity factor, the physical length for a one-
half electrical wavelength cable is shorter than the free-space half-wave distance
between elements. In other words, the cable will be too short to reach between the
radiating elements by the amount of the velocity factor!

Clearly, velocity factor is a topic that must be understood before transmission
lines can be used in practical situations. Table 3-1 shows the velocity factors for sev-
eral types of popular transmission line. Because these are nominal values, the actual
velocity factor for any given line should be measured.

Table 3-1. Transmission line characteristics

Velocity factor

Type of line Z , (ohms) v

%-in. TV parallel line (air dielectric) 300 0.95
1-in. TV parallel line (air dielectric) 450 0.95
TV twin lead 300 0.82
UHF TV twin lead 300 0.80
Polyethylene coaxial cable * 0.66
Polyethylene foam coaxial cable * 0.79
Air-space polyethylene foam coaxial cable * 0.86
Teflon * 0.70

* Various impedances depending upon cable type.

Transmission line noise

Transmission lines are capable of generating noise and spurious voltages that are
seen by the system as valid signals. Several such sources exist. One source is the
coupling between noise currents flowing in the outer conductor and the inner con-
ductor. Such currents are induced by nearby electromagnetic interference and other
sources (e.g., connection to a noisy groundplane). Although coaxial design reduces
noise pickup, compared with parallel line, the potential for EMI exists. Selection of
high-grade line, with a high degree of shielding, reduces the problem.

Another source of noise is thermal noises in the resistances and conductances.
This type of noise is proportional to resistance and temperature.
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There is also noise created by mechanical movement of the cable. One species
results from the movement of the dielectric against the two conductors. This form of
noise is caused by electrostatic discharges in much the same manner as the spark
created by rubbing a piece of plastic against woolen cloth.

A second species of mechanically generated noise is piezoelectricity in the di-
electric. Although more common in cheap cables, one should be aware of it. Me-
chanical deformation of the dielectric causes electrical potentials to be generated.

Both species of mechanically generated noise can be reduced or eliminated by
proper mounting of the cable. Although rarely a problem at lower frequencies, such
noise can be significant at microwave frequencies when signals are low.

Coaxial cable capacitance

A coaxial transmission line possesses a certain capacitance per unit of length. This
capacitance is defined by e pF

¢= log (D/d) m [3-8A]

A long run of coaxial cable can build up a large capacitance. For example, a
common type of coax is rated at 656 pF/m. A 150-m roll thus has a capacitance of
65 pF/m x (150 m), or 9750 pF. When charged with a high voltage, as is done in
breakdown voltage tests at the factory, the cable acts like a charged high-voltage
capacitor. Although rarely (if ever) lethal to humans, the stored voltage in new
cable can deliver a nasty electrical shock and can irreparably damage electronic
components.

Coaxial cable cutoff frequency F,

The normal mode in which a coaxial cable propagates a signal is as a transverse
electromagnetic (TEM) wave, but others are possible—and usually undesirable.
There is a maximum frequency above which TEM propagation becomes a prob-
lem, and higher modes dominate. Coaxial cable should not be used above a fre-
quency of

6.75

= m GHz [3.8B]

where

F'is the TEM-mode cutoff frequency

D is the diameter of the outer conductor, in inches
d is the diameter of the inner conductor, in inches
e is the dielectric constant

When maximum operating frequencies for cable are listed, it is the TEM mode
that is cited. Beware of attenuation, however, when making selections for microwave
frequencies. A particular cable may have a sufficiently high TEM-mode frequency,
but still exhibit a high attenuation per unit length at X or Ku bands.
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Transmission line responses

In order to understand the operation of transmission lines, we need to consider two
cases: step-function response and the steady-state ac response. The step-function
case involves a single event when a voltage at the input of the line snaps from zero
(or a steady value) to a new (or nonzero) value, and remains there until all action
dies out. This response tells us something of the behavior of pulses in the line, and in
fact is used to describe the response to a single-pulse stimulus. The steady-state ac
response tells us something of the behavior of the line under stimulation by a sinu-
soidal RF signal.

Step-function response of a transmission line

Figure 3-3 shows a parallel transmission line with characteristic impedance Z_ con-
nected to a load impedance Z,. The generator at the input of the line consists of a
voltage source V in series with a source impedance Z_ and a switch S,. Assume for
the present that all impedances are pure resistances (i.e., R +j0). Also, assume
that Z =7 .

When the switch is closed at time 7)) (Fig. 3-4A), the voltage at the input of the
line (V) jumps to V/2. In Fig. 3-2, you may have noticed that the LC circuit resem-
bles a delay line circuit. As might be expected, therefore, the voltage wavefront
propagates along the line at a velocity v of:

v = [3.9]

Sy
Q

where

v is the velocity, in meters per second
L is the inductance, in henrys
Cis the capacitance, in farads

A
h
Y

S1

§

Zs=1],

3-3 Schematic example of transmission line.
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At time T, (Fig. 3-4B), the wavefront has propagated one-half the distance L,
and by 7, it has propagated the entire length of the cable (Fig. 3-4C).

If the load is perfectly matched (i.e., Z, = Z ), then the load absorbs the wave
and no component is reflected. But in a mismatched system (Z, is not equal to Z ),
a portion of the wave is reflected back down the line toward the generator.

Figure 3-5 shows the rope analogy for reflected pulses in a transmission line. A
taut rope (Fig. 3-5A) is tied to a rigid wall that does not absorb any of the energy in
the pulse propagated down the rope. When the free end of the rope is given a verti-
cal displacement (Fiig. 3-6B), a wave is propagated down the rope at velocity v (Fig.
3-5C). When the pulse hits the wall (Fig. 3-5D), it is reflected (Fig. 3-56E) and prop-
agates back down the rope toward the free end (Fig. 3-5F).

If a second pulse is propagated down the line before the first pulse dies out, then
there will be two pulses on the line at the same time (Fig. 3-6A). When the two
pulses interfere, the resultant will be the algebraic sum of the two. In the event that
a pulse train is applied to the line, the interference pattern will set up standing
wawves, an example of which is shown in Fig. 3-6B.

Reflection coefficient

The reflection coefficient T" of a circuit containing a transmission line and load im-
pedance is a measure of how well the system is matched. The absolute value of the re-
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3-5 Rope analogy to transmission line.
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3-6A Interfering opposite waves.
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3-6B Standing waves.

flection coefficient varies from -1 to +1, depending upon the magnitude of reflection;
I' = 0 indicates a perfect match with no reflection, while —1 indicates a short-circuited
load, and +1 indicates an open circuit. To understand the reflection coefficient, let’s
start with a basic definition of the resistive load impedance Z = R + j0:

v
Z, = 0 [3.10]

where

Z, is the load impedance R + jO
Vis the voltage across the load
I is the current flowing in the load

Because there are both reflected and incident waves, we find that VV and I are ac-
tually the sum of incident and reflected voltages and currents, respectively. There-
fore:

V
Z, = T [3.11A]
Vie ¥ Vies
Z, =— 3.11B
- [inc + [ref [ ]
where
Vi is the incident (i.e., forward) voltage

V. is the reflected voltage

I ine is the incident current

]ref is the reflected current
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Because of Ohm’s law, you can define the currents in terms of voltage, current,
and the characteristic impedance of the line:

V.
L.= Z [3.12]
and
_Vrcf
L=~ [3.13]

(The minus sign in Eq. 3.13 indicates that a direction reversal has taken place.)
The two expressions for current (Eqgs. 3.12 and 3.13) may be substituted into
Eq. 3.11 to yield

Ve ¥ Vi
Z, = o me [3.14]
Vinc _ Vref
Zo Zo

The reflection coefficient I" is defined as the ratio of reflected voltage to incident
voltage:

Vref
T= v [3.15]
Using this ratio in Eq. 3.14 gives
ro 2 [3.16]
Z, +Z,

Example 3-3 A 50-Q transmission line is connected to a 30-Q resistive load.
Calculate the reflection coefficient T
Solution:

Z, -7
= -
Z, + 7,

L (B0Q) - (30 Q)
T (50Q) + (30 Q)

20
— =025
80
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Example 3-4 In Example 3-3, the incident voltage is 3 V rms. Calculate the re-

flected voltage.
Solution:
If
I= Vref
- I/inc
then

V.,=TV

re: inc

=(025) BV) =075V

The phase of the reflected signal is determined by the relationship of load im-
pedance and transmission line characteristic impedance. For resistive loads (Z = R +
J0):if the ratio Z,/Z_ is 1.0, then there is no reflection; if Z,/Z_ is less than 1.0, then
the reflected signal is 180° out of phase with the incident signal; if the ratio Z,/Z_ is
greater than 1.0 then the reflected signal is in phase with the incident signal.
In summary:

Angle of
Ratio reflection
Z,17, =1 No reflection
Z,Z, <1 180°
Z,Z, > 1 0°

The step-function (or pulse) response of the transmission line leads to a power-
ful means of analyzing the line, and its load, on an oscilloscope. Figure 3-7A shows
(in schematic form) the test set-up for time domain reflectometry (TDR) mea-
surements. An oscilloscope and a pulse (or square-wave) generator are connected in
parallel across the input end of the transmission line. Figure 3-7B shows a pulse test
Jjig built by the author for testing lines at HF. The small shielded box contains a TTL
square-wave oscillator circuit. Although a crystal oscillator can be used, an RC timed
circuit running close to 1000 kHz is sufficient. In Fig. 3-7B, you can see the test pulse
generator box is connected in parallel with the cable under test and the input of the
oscilloscope. A closer look is seen in Fig. 3-7C. A BNC “tee” connector and a double
male BNC adapter are used to interconnect the box with the ’scope.

If a periodic waveform is supplied by the generator, then the display on the os-
cilloscope will represent the sum of reflected and incident pulses. The duration of
the pulse (i.e., pulse width), or one-half the period of the square wave, is adjusted so
that the returning reflected pulse arrives approximately in the center of the incident
pulse.

Figure 3-8 shows a TDR display under several circumstances. Approximately
30 m of coaxial cable, with a velocity factor of 0.66, was used in a test setup similar
to Fig. 3-7. The pulse width was approximately 0.9 microseconds (us). The hori-
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3-7A Time domain reflectometry setup.
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3-7C Close-up of RF
connections.

3-8A Idealized TDR pulse. Small “pip”
on top is reflected signal
interfering with forward pulse.

< 09pus———>

zontal sweep time on the ’scope was adjusted to show only one pulse—which, in this
case, represented one-half of a 550-kHz square wave (Fig. 3-8B).

The displayed trace in Fig. 3-8B shows the pattern when the load is matched to
the line (Z, = Z ). A slight discontinuity exists on the high side of the pulse, and this
represents a small reflected wave. Even though the load and line were supposedly
matched, the connectors at the end of the line presented a slight impedance discon-
tinuity that shows up on the 'scope as a reflected wave. In general, any discontinuity
in the line, any damage to the line, any too-sharp bend, or other anomaly, causes a
slight impedance variation, and hence a reflection.
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3-8B TDR pulse with no significant
reflection.

Notice that the anomaly occurs approximately one-third of the 0.9-us duration
(or 0.3 us) after the onset of the pulse. This fact tells us that the reflected wave ar-
rives back at the source 0.3 us after the incident wave leaves. Because this time pe-
riod represents a round-trip, you can conclude that the wave required 0.3 pus/2, or
0.15 us to propagate the length of the line. Knowing that the velocity factor is 0.66
for that type of line, you can calculate its approximate length:

Length = coT [3.17]

(3 x 108 m/s) i
=5 x(0.66)x (1.5x 107 s)

=29.7m

which agrees “within experimental accuracy” with the 30 m actual length pre-
pared for the experiment ahead of time. Thus, the TDR setup (or a TDR instru-
ment) can be used to measure the length of a transmission line. A general
equation is

coT
-—4a [3.18]

meters 2

where

L is the length in meters

¢ is the velocity of light (3 x 108 m/s)

v is the velocity factor of the transmission line

T, is the round-trip time between the onset of the pulse, and the first reflection

Figures 3-8C through 3-8H show the behavior of the transmission line to the
stepfunction when the load impedance is mismatched to the transmission line (Z,
not equal to Z ). Figure 3-8C shows what happens when the load impedance is less
than the line impedance (in this case, 0.5Z ). The reflected wave is inverted, and
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r‘.

3-8C 7,<7,

)

3-8D 7,57,

L

sums with the incident wave along the top of the pulse. The reflection coefficient can
be determined by examining the relative amplitudes of the two waves.

The opposite situation, in which Z, is 27 , is shown in Fig. 3-8D. In this case, the
reflected wave is in phase with the incident wave, so it adds to the incident wave as
shown. The cases for a short-circuited load and an open-circuited load are shown in
Figs. 3-8E and 3-8F, respectively. The cases of reactive loads are shown in Figs. 3-8G
and 3-8H. The waveform in Fig. 3-8G resulted from a capacitance in series with a
50-Q (matched) resistance; the waveform in Fig. 3-8H resulted from a 50-Q resis-
tance in series with an inductance.

The ac response of the transmission line

When a CW RF signal is applied to a transmission line, the excitation is sinusoidal
(Fig. 3-9), so it becomes useful for us to investigate the steady-state ac response of
the line. The term steady-state implies a sine wave of constant amplitude, phase, and
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3-8G 7, =50 —jX,.
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3-8H 7, =50 +jX,

3-9 AC-excited transmission line.

frequency. When ac is applied to the input of the line, it propagates along the line at
a given velocity. The ac signal amplitude and phase will decay exponentially:

V,=VeV [3.19]
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where

V,, is the voltage received at the far end of the line
V' is the applied voltage

[ is the length of the line

y is the propagation constant of the line

The propagation constant ¥ is defined in various equivalent ways, each of which
serves to illustrate its nature. For example, the propagation constant is proportional
to the product of impedance and admittance characteristics of the line:

y=\7ZY [3.20]

or,sinceZ=R+jwLand Y =G +Jj o C, we may write:

y =V R+ jwl) (G +jwC) [3.21]

You can also write an expression for the propagation constant in terms of the
line attenuation constant a and phase constant B:

y=a+JB [3.22]

If you can assume that susceptance dominates conductance in the admittance
term, and reactance dominates resistance in the impedance term (both usually true
at microwave frequencies), then we may neglect the R and G terms altogether and
write:

y =jo VLC [3.23]
We may also reduce the phase constant B to
B=woVLC [3.24]
or
B=wZzZC rad/m [3.25]
and, of course, the characteristic impedance remains:
Z,=VLC [3.26]

Special cases

The impedance “looking into” a transmission line (7) is the impedance presented to
the source by the combination of load impedance and transmission line characteris-
tic impedance. Below are presented equations that define the looking-in impedance
seen by a generator (or source) driving a transmission line.
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The case where the load impedance, and line characteristic impedance, are
matched is defined by

Z, =R, +j0=2,
In other words, the load impedance is resistive and equal to the characteristic
impedance of the transmission line. In this case, the line and load are matched, and
the impedance looking in will be a simple Z = Z, = Z . In other cases, however, we

find different situations where Z, is not equal to Z .

1. Z, is not equal to Z  in a random-length lossy line:

[3.27]

Z, + 7 tanh (yl)
i)

Z, + 7, tanh (yl)

where

7 is the impedance looking in, in ohms

Z, is the load impedance, in ohms

Z, is the line characteristic impedance, in ohms
lis the length of the line, in meters

y is the propagation constant

2. Z, not equal to Z_ in a lossless, or very low loss, random-length line:

[3.28]

Z, +jZ, tan (Bl)
ol ]

Z +jZ, tan (BI)
Equations 3.27 and 3.28 serve for lines of any random length. For lines that are ei-
ther integer multiples of a half-wavelength, or odd-integer (i.e., 1, 3,5, 7, .. ., etc.) mul-

tiples of a quarter-wavelength, special solutions for these equations are found—and
some of these solutions are very useful in practical situations. For example, consider . . .

3. Half-wavelength lossy lines:

[3.29]

Z, + 7 tanh (al)
| e

Z + 7, tanh (al)

Example 3-5 A lossless 50-Q (Z ) transmission line is exactly one-half wave-
length long and is terminated in a load impedance of Z = 30 + j0. Calculate the input
impedance looking into the line. (Note: in a lossless line a = 0.)

Solution:

Z, + 7, tanh (al)

Z, + 7 tanh (al)
ol e
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) 30 + 50 tanh [(0) (m)]
Z=(50 9){ 50 + 30 tanh [(0) (m)] }
) 30 + 50 tanh (0)
= (50 9)[ 50 + 30 tanh (0) ]
= (50 Q) <M>
50+0

= (50 Q) (30/50) = 30 Q

In Example 3-5 we discovered that the impedance looking into a lossless (or
very low loss) half-wavelength transmission line is the load impedance:

Z=7,

[3.30]

The fact that line input impedance equals load impedance, is very useful in cer-
tain practical situations. For example, a resistive impedance is not changed by the
line length. Therefore, when an impedance is inaccessible for measurement pur-
poses, the impedance can be measured through a transmission line that is an integer
multiple of a half wavelength.

Our next special case involves a quarter-wavelength transmission line, and those
that are odd integer multiples of quarter-wavelengths (of course, even integer mul-
tiples of a quarter wavelength obey the half-wavelength criteria).

4. Quarter-wavelength lossy lines:

P Z, + Z  coth (al) 3.31
_(O)[ZO+ZLcoth(al)} [3.31]
and
5. Quarter-wavelength lossless or very low loss lines:
“Z,)?
Z = 7 [3.32]

L

From Eq. 3.32, you can discover an interesting property of the quarter-wave-
length transmission line. First, divide each side of the equation by Z

7z 1Z)F
Z_O = ZLZO [3.33]
% 3.34
-7 [3.34]
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The ratio Z/Z  shows an inversion of the load impedance ratio Z,/Z , or, stated
another way,

[3.35]

Z _

Z, 417
Again, from Eq. 3.32, you can deduce another truth about quarter-wavelength

transmission lines:

If
VZ,
7 = Z, [3.36]
then
7z, =NZ, [3.37]
which means
7, =N7Z, [3.38]

Equation 3.38 shows that a quarter-wavelength transmission line can be used as
an tmpedance maltching network. Called a @ section, the quarter-wavelength
transmission line used for impedance matching requires a characteristic impedance
Z —if Z is the source impedance and Z, is the load impedance.

Example 3-6 A 50-Q source must be matched to a load impedance of 36 Q.
Find the characteristic impedance required of a Q section matching network.

Solution:

7Z=N7z,

=V (50 Q) (36 Q)
=V1800 Q% =42 Q

6. Transmission line as a reactance: Reconsider Eq. 3.28, which related im-
pedance looking in to load impedance and line length:

P Z, +jZ  tan (Bl) 3.39
_(0)[ZO+jZLtan(Bl)} (3391
Now, for the case of a shorted line (i.e., Z, = 0), the solution is
(0) +4Z, tan (B 1)
Z2=) [Zo +7(0) tan (B 1) [3-40]
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Z=(Z) [W} [3.41]
Z =j 7, tan (BI) [3.42]

Recall from Eq. 3.25 that
B=WZ_C [3.43]

Substituting Eq. 3.43 into Eq. 3.42 produces
Z=jZ, tan (0Z,CI) [3.44]
or

Z =3 Z tan 2nFZ Cl) [3.45]

Because the solutions to Eqs. 3.44 and 3.45 are multiplied by the j operator, the
impedance is actually a reactance (Z = 0 + jX). It is possible to achieve almost any
possible reactance (within certain practical limitations) by adjusting the length of
the transmission line and shorting the “load” end. This fact leads us to a practical
method for impedance matching.

Figure 3-10A shows a circuit in which an unmatched load is connected to a
transmission line with characteristic impedance Z . The load impedance Z, is of the
form Z = R + jX, and, in this case, it is equal to 50 — 720.

A complex impedance load can be matched to its source by interposing the com-
plex conjugate of the impedance. For example, in the case where Z = 50 — 520, the
matching impedance network will require an impedance of 50 + 720 Q. The two im-
pedances combine to produce a result of 50 Q. The situation of Fig. 3-10A shows a
matching stub with a reactance equal in magnitude, but opposite in sign, with re-
spect to the reactive component of the load impedance. In this case, the stub has a
reactance of +720 Q to cancel a reactance of —j20 Q in the load.

A quarter-wavelength shorted stub is a special case of the stub concept that
finds particular application in microwave circuits. Waveguides (Chap. 19) are based
on the properties of the quarter-wavelength shorted stub. Figure 3-10B shows a
quarter-wave stub and its current distribution. The current is maximum across the
short, but wave cancellation forces it to zero at the terminals. Because Z = V/I, when
1 goes to zero, the impedance becomes infinite. Thus, a quarter-wavelength stub has
an infinite impedance at its resonant frequency, and redundant acts as an insulator.
This concept may be hard to swallow, but the stub is a “metal insulator.”

Standing wave ratio

The reflection phenomenon was noted earlier during the coverage of the step-
function and single-pulse response of a transmission line; the same phenomenon also
applies when the transmission line is excited with an ac signal. When a transmission
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3-10A Stub matching system.

line is not matched to its load, some of the energy is absorbed by the load and some
is reflected back down the line toward the source. The interference of incident (or
“forward”) and reflected (or “reverse”) waves creates standing wawves on the trans-
mission line.

If the voltage or current is measured along the line, it will vary, depending on the
load, according to Fig. 3-11. Figure 3-11A shows the voltage-versus-length curve for
a matched line (i.e., where Z, = Z ). The line is said to be “flat” because the voltage
(and current) is constant all along the line. But now consider Figs. 3-11B and 3-11C.

Figure 3-11B shows the voltage distribution over the length of the line when the
load end of the line is shorted (i.e., Z, = 0). Of course, at the load end the voltage is
zero, which results from zero impedance. The same impedance and voltage situa-
tion is repeated every half-wavelength down the line from the load end toward
the generator. Voltage minima are called nodes, and voltage maxima are called
antinodes.

The pattern in Fig. 3-11C results when the line is unterminated (open) (i.e.,

; = ). Note that the pattern is the same shape as Fig. 3-11B (shorted line), but
the phase is shifted 90°. In both cases, the reflection is 100 percent, but the phase
of the reflected wave is opposite.

Figure 3-11D shows the situation in which Z, is not equal to Z , but is neither
zero nor infinite. In this case, the nodes represent some finite voltage, V . | rather

min’
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[max —

3-10B Quarter-wavelength stub.

> Length

——

)\/4

than zero. The standing wave ratio (SWR) reveals the relationship between load
and line.

If the current along the line is measured, the pattern will resemble the patterns
of Fig. 3-11. The SWR is then called ISWR, to indicate the fact that it came from a
current measurement. Similarly, if the SWR is derived from voltage measurements it
is called VSWR. Perhaps because voltage is easier to measure, VSWR is the term
most commonly used in most radio work.

VSWR can be specified in any of several equivalent ways:

1. From incident voltage (V,) and reflected voltage (V,):

VSWR VitV 3.46
R VA g [3.46]

7 r

2. From transmaission line voltage measurements (Fig. 3-11D):

Vv
VSWR = VL [3.47]

min
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3. From load and line characteristic impedances:
(Z, >Z)VSWR =Z,/7 [3.48]
(Z, <Z)VSWR=Z/Z, [3.49]

4. From incident (P,) and reflected (P,) power:
1+ VPP,

VSWR= == :
SWR= T VEP, [3.501
5. From reflection coefficient (T'):
vewR = 1L [3.51]
1-T

It is also possible to determine the reflection coefficient I" from a knowledge of
VSWR:

_ VSWR-1

~ VSWR + 1 [3.52]

r

The relationship between reflection coefficient I' and VSWR is shown in Fig.

3-11D.

VSWR is usually expressed as a ratio. For example, when Z, is 100 Q and 7 is
50 Q,the VSWRis 7, /Z =100 /50 Q = 2, which is usually expressed as VSWR = 2:1.
VSWR can also be expressed in decibel form:

VSWR = 20 log (VSWR) [3.53]

Example 3-7 A transmission line is connected to a mismatched load. Calculate
both the VSWR and VSWR decibel equivalent if the reflection coefficient I" is 0.25.
Solution:

1+T
1-T

(@) VSWR =

1+ 0.25
T 1-025
1.25

ﬁ =1.67:1

(b) VSWR;; = 20 log (VSWR)
= (20) (log 1.67)
=(20) (0.22) =4.3dB
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%4
A
71, =Z,
A
0 My My My A Toward
Load source
end
%4
A
Z1L=0
B
L L
] T 1 ] V.
0 A My M, A
Load Toward
end
source
Vv
A
Z L=%
N
J
0 My Mo Ny A Toward
Load source
end

3-11 Voltage versus electrical length: (A) Matched impedances, (B) Z, = 0, (C) Z, = infinite.
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Z1,#+ Z,
'
| :
'
| l
} { } 4 >
Ny My My A Toward
Load source
end

3-11 Continued: (D) Z, not equal to Z .

The SWR is regarded as important in systems for several reasons. The base of
these reasons is the fact that the reflected wave represents energy lost to the load.
For example, in an antenna system, less power is radiated if some of its input power
is reflected back down the transmission line, because the antenna feedpoint imped-
ance does not match the transmission line characteristic impedance. The next sec-
tion covers the problem of mismatch losses.

Mismatch (VSWR) losses

The power reflected from a mismatched load represents a loss, and will have impli-
cations that range from negligible to profound, depending on the situation. For ex-
ample, one result might be a slight loss of signal strength at a distant point from an
antenna. A more serious problem can result in the destruction of the output device
in a transmitter. The latter problem so plagued early solid-state transmitters that
designers opted to include shutdown circuitry to sense high VSWR, and turn down
output power proportionally.

In microwave measurements, VSWR on the transmission lines (that intercon-
nect devices under test, instruments, and signal sources) can cause erroneous read-
ings—and invalid measurements.

Determination of VSWR losses must take into account two VSWR situations.
Figure 3-9 shows a transmission line of impedance 7  interconnecting a load imped-
ance Z,, and a source with an output impedance Z_. There is a potential for imped-
ance mismatch at both ends of the line.

In the case where one end of the line is matched (either Z_ or Z, ), the mismaich
loss caused by SWR at the mismatched end is

2
SWR -1
- o 2= 3.54
ML 10log{1 (S R+1)] [ ]
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which from Eq. 3.562 is
L=-101og (1 -T2 [3.55]

Example 3-8 A coaxial transmission line with a characteristic impedance of 50
Qis connected to the 50-Q output (7)) of a signal generator, and also to a 20-W load
impedance Z, . Calculate the mismatch loss.

Solution:

(a) First find the VSWR:

VSWR =7 /Z,

= (60 Q)/(20 Q) =2.5:1

(b) Mismatch loss:

- 2
L=-10log| 1 - (SWR 1) ]

a1 (2254)
e 1-(22)

=-101og [1 - (0.43)?]
=-101og [1 - 0.185]

= -10log [0.815]

= (-10) (-0.089) = 0.89

When both ends of the line are mismatched, a different equation is required:
ML =201log [1 = (I, x )] [3.56]

where

I', is the reflection coefficient at the source end of the line,
(VSWR, - D/(VSWE, +1)

I, is the reflection coefficient at the load end of the line,
(VSWR, - D/(VSWR,, + 1)

Note that the solution to Eq. 3.56 has two values: [1 + (I',[,))] and [1 - (I',T"))].

The equations reflect the mismatch loss solution for low-loss or “lossless” trans-
mission lines. This is a close approximation in some situations; however, it is insuffi-
cient when the line is lossy. Although not very important at low frequencies, loss
becomes higher at microwave frequencies. Interference between incident and re-
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flected waves produces increased current at certain antinodes—which increases
ohmic losses—and increased voltage at certain antinodes—which increases dielec-
tric losses. It is the latter that increases with frequency. Equation 3.57 relates re-
flection coefficient and line losses to determine total loss on a given line.

n®-T?
Loss = 10 log —nl? [3.57]

where

Loss is the total line loss in decibels

T is the reflection coefficient

7 is the quantity 10@/10

A s the total attenuation presented by the line, in decibels, when the line is properly
matched (7, = 7))

Example 3-9 A 50-Q transmission line is terminated in a 30-Q resistive imped-
ance. The line is rated at a loss of 3 dB/100 ft at 1 GHz. Calculate (a) loss in 5 ft of line,
(b) reflection coefficient, and (c¢) total loss in a 5-ft line mismatched per above.

Solution:

3 dB

100 ft
ZL_ZO
Z. +7Z

L o

(a) A=

xbft=0.15dB

@

50 -30
50 + 30

=20/80 =0.25

(©) n = 10410
— 10(015/10)

= 100019 = 1.04

2
Loss = 10 log ( nF2>
(1.09)? - (0.25)?
=10log| "7 4_ (1.04) (0.25)2
g[ 1.082 - 0.063 }
1.04 - (1.04) (0.063)
1.019
=101
0 g( 1.04 0. 066)
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_ 1010g< 1.019)

0.974
=10 log (1.046)
=(10) (0.02) = 0.2 dB
Compare the matched line loss (A = 0.15 dB) with the total loss (Loss = 0.2 dB),

which includes mismatch loss and line loss. The difference (i.e., Loss — A) is only
0.05 dB. If the VSWR was considerably larger, however, the loss would rise.
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CHAPTER

The Smith chart

THE MATHEMATICS OF TRANSMISSION LINES, AND CERTAIN OTHER DEVICES, BECOMES
cumbersome at times, especially in dealing with complex impedances and “nonstan-
dard” situations. In 1939, Phillip H. Smith published a graphical device for solving
these problems, and an improved version of the chart followed in 1945. That graphic
aid, somewhat modified over time, is still in constant use in microwave electronics,
and other fields where complex impedances and transmission line problems are
found. The Smath chart is indeed a powerful tool for the RF designer.

Smith chart components

The modern Smith chart is shown in Fig. 4-1. It consists of a series of overlapping or-
thogonal circles (i.e., circles that intersect each other at right angles). This chapter
will dissect the Smith chart, so that the origin and use of these circles is apparent.
The set of orthogonal circles makes up the basic structure of the Smith chart.

The normalized impedance line

A baseline is highlighted in Fig. 4-2, and bisects the Smith chart outer circle. This
line is called the pure resistance line, and forms the reference for measurements
made on the chart. Recall that a complex impedance contains both resistance and
reactance, and is expressed in the mathematical form:

7=R+jX [4.1]

Copyright 2001 - the McGraw-Hill Companies 95
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4-1 The Smith chart. (Courtesy of Kay Elementrics)
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where

7 is the complex impedance
R is the resistive component of the impedance
X is the reactive component of the impedance*

The pure resistance line represents the situation where X = 0, and the imped-
ance is therefore equal to the resistive component only. In order to make the Smith
chart universal, the impedances along the pure resistance line are normalized with
reference to system impedance (e.g., Z, in transmission lines); for most microwave
RF systems the system impedance is standardized at 50 Q. In order to normalize the
actual impedance, divide it by the system impedance. For example, if the load im-
pedance of a transmission line is 7, , and the characteristic impedance of the line is
Z.,then Z =7, /7 . In other words,

[4.2]

The pure resistance line is structured such that the system standard impedance
is in the center of the chart, and has a normalized value of 1.0 (see point A in Fig. 4-
2). This value derives from the fact that Z /7 = 1.0.

To the left of the 1.0 point are decimal fraction values used to denote imped-
ances less than the system impedance. For example, in a 50-Q transmission line sys-
tem with a 25-Q load impedance, the normalized value of impedance is 25 €/50 Q or
0.50 (“B” in Fig. 4-2). Similarly, points to the right of 1.0 are greater than 1 and de-
note impedances that are higher than the system impedance. For example, in a 50-
Q system connected to a 100-Q resistive load, the normalized impedance is 100 Q/50
Q, or 2.0; this value is shown as point C in Fig. 4-2. By using normalized impedances,
you can use the Smith chart for almost any practical combination of system, and load
and/or source, impedances, whether resistive, reactive, or complex.

Reconversion of the normalized impedance to actual impedance values is done
by multiplying the normalized impedance by the system impedance. For example, if
the resistive component of a normalized impedance is 0.45, then the actual imped-
ance is

Z = (Znormal) (ZO) [4'3]
=(0.45) (60 Q) [4.4]
=225Q [4.5]

The constant resistance circles

The 2soresistance circles, also called the constant resistance circles, represent
points of equal resistance. Several of these circles are shown highlighted in Fig. 4-3.
These circles are all tangent to the point at the righthand extreme of the pure resis-

*According to the standard sign convention the inductive reactance (X, ) is positive (+) and the capaci-
tive reactance (X)) is negative (-). The term X in Eq. 4.1 above is the difference between the two reac-
tances (X =X, - X ).
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tance line, and are bisected by that line. When you construct complex impedances
(for which X = nonzero) on the Smith chart, the points on these circles will all have
the same resistive component. Circle A, for example, passes through the center of
the chart, so it has a normalized constant resistance of 1.0. Note that impedances
that are pure resistances (i.e., Z = R + j0) will fall at the intersection of a constant re-
sistance circle and the pure resistance line, and complex impedances (i.e., X not
equal to zero) will appear at any other points on the circle. In Fig. 4-3, circle A
passes through the center of the chart, so it represents all points on the chart with a
normalized resistance of 1.0. This particular circle is sometimes called the unity
resistance circle.

The constant reactance circles

Constant reactance circles are highlighted in Fig. 4-4. The circles (or circle seg-
ments) above the pure resistance line (Fig. 4-4A) represent the inductive reac-
tance (+X), and those circles (or segments) below the pure resistance line (Fig.
4-4B) represent capacitive reactance (=X). In both cases, circle A represents a
normalized reactance of 0.80.

One of the outer circles (i.e., circle A in Fig. 4-4C) is called the pure reactance
circle. Points along circle A represent reactance only; in other words, an impedance
of Z=0=xjX (R=0).

Figure 4-4D shows how to plot impedance and admittance on the Smith chart.
Consider an example in which system impedance Z_ is 50 Q, and the load impedance
is Z, = 95 + 755 Q. This load impedance is normalized to

ZL
— 4.
Z [4.6]
95 + 455 Q
_95+755Q 4.
50 Q [4.7]
=1.9+71.1 [4.8]

An impedance radius is constructed by drawing a line from the point repre-
sented by the normalized load impedance, 1.9 + 1.1, to the point represented by the
normalized system impedance (1.0) in the center of the chart. A circle is con-
structed from this radius, and is called the VSWR circle.

Admittance is the reciprocal of impedance, so it is found from

Y = [4.9]

1
Z

Because impedances in transmission lines are rarely pure resistive, but rather
contain a reactive component also, impedances are expressed by complex notation:

Z=R=xjX [4.10]
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where

Z is the complex impedance
R is the resistive component
X is the reactive component

In order to find the complex admittance, take the reciprocal of the complex im-
pedance by multiplying the simple reciprocal by the complex conjugate of the im-
pedance. For example, when the normalized impedance is 1.9 + 71.1, the normalized
admittance will be:

= % [4.11]
19 +1j1.1 % Biﬁi [4.12]
B % [4.13]
- % ~ 0.39 - 0.23 [4.14]

One of the delights of the Smith chart is that this calculation is reduced to a
quick graphical interpretation! Simply extend the impedance radius through the 1.0
center point until it intersects the VSWR circle again. This point of intersection rep-
resents the normalized admittance of the load.

Outer circle parameters

The standard Smith chart shown in Fig. 4-4C contains three concentric calibrated
circles on the outer perimeter of the chart. Circle A has already been covered and it
is the pure reactance circle. The other two circles define the wavelength distance
(B) relative to either the load or generator end of the transmission line, and either
the transmission or reflection coefficient angle in degrees (C).

There are two scales on the wavelength circle (B in Fig 4-4C), and both have
their zero origin on the left-hand extreme of the pure resistance line. Both scales
represent one-half wavelength for one entire vevolution, and are calibrated from
0 through 0.50 such that these two points are identical with each other on the circle.
In other words, starting at the zero point and travelling 360° around the circle brings
one back to zero, which represents one-half wavelength, or 0.5 A.

Although both wavelength scales are of the same magnitude (0 — 0.50), they are
opposite in direction. The outer scale is calibrated clockwise and it represents wave-
lengths toward the generator; the inner scale is calibrated counterclockwise and
represents wavelengths toward the load. These two scales are complementary at
all points. Thus, 0.12 on the outer scale corresponds to (0.50 — 0.12) or 0.38 on the
inner scale.
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The angle of transmaission coefficient and angle of reflection coefficient
scales are shown in circle C in Fig. 4-4C. These scales are the relative phase angle be-
tween reflected and incident waves. Recall from transmission line theory (see Chap. 3),
that a short circuit at the load end of the line reflects the signal back toward the gen-
erator 180° out of phase with the incident signal; an open line (i.e., infinite imped-
ance) reflects the signal back to the generator in phase (i.e., 0°) with the incident
signal. These facts are shown on the Smith chart by the fact that both scales start at
0° on the right-hand end of the pure resistance line, which corresponds to an infinite
resistance, and it goes halfway around the circle to 180° at the 0 end of the pure re-
sistance line. Note that the upper half-circle is calibrated 0 to +180°, and the bottom
half-circle is calibrated 0 to —180°, reflecting indictive or capacitive reactance situa-
tions, respectively.

Radially scaled parameters
There are six scales laid out on five lines (D through G in Fig. 4-4C and in expanded
form in Fig. 4-5) at the bottom of the Smith chart. These scales are called the radi-
ally scaled parameters—and they are both very important, and often overlooked.
With these scales, we can determine such factors as VSWR (both as a ratio and in
decibels), return loss in decibels, voltage or current reflection coefficient, and the
power reflection coefficient.

The reflection coefficient I is defined as the ratio of the reflected signal to the
ncident signal. For voltage or current:

ref [4.15]

and

]ref
= [4.16]

inc

Power is proportional to the square of voltage or current, so:

P =T [4.17]
or
P
L= Pref [4.18]

mc

Example 10 W of microwave RF power is applied to a lossless transmission
line, of which 2.8 W is reflected from the mismatched load. Calculate the reflec-
tion coefficient.

Pref
r = 5 [4.19]

pwr
inc
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2.8W
-0.28 [4.21]

The voltage reflection coefficient I' is found by taking the square root of the
power reflection coefficient, so in this example it is equal to 0.529. These points are
plotted at A and B in Fig. 4-5.

Standing wave ratio (SWR) can be defined in terms of reflection coefficient:

1+T
VSWR = 4.22
SWR = - [4.22]
o 1+VT,,
VSWR = ;| _ \/Fp—wr [4.23]
or, in our example,
1+V0.28
VSWR = 1-V028 [4.24]
1+ 0.529
T 1-0529 [4.25]
1.529
= 0471 = 3.25:1 [4.26]
or, in decibel form,
VSWR ;; = 20 log (VSWR) [4.27]
=20 log (20) [4.28]
=(20) (0.5610) =10.2 dB [4.29]

These points are plotted at C in Fig. 4-5. Shortly, you will work an example to
show how these factors are calculated in a transmission line problem from a known
complex load impedance.

Transmission loss is a measure of the one-way loss of power in a transmission
line because of reflection from the load. Return loss represents the two-way loss, so
it is exactly twice the transmission loss. Return loss is found from

Loss,,, = 10 log (T, ) [4.30]

pwr
and, for our example in which 1"pwr =0.28,

Loss,., = 10 log (0.28) [4.31]
— (10) (-0.553) = -5.53 dB [4.32]
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This point is shown as D in Fig. 4-5.
The transmaission loss coefficient can be calculated from

1+ | .
TLC= —— [4.33]

1-T

or, for our example,

1+ (0.28)
TLC = ————= 4.34
1-(0.28) [ ]

1.28

=0 - 1.78 [4.35]

The TLC is a correction factor that is used to calculate the attenuation caused
by mismatched impedance in a lossy, as opposed to the ideal “lossless,” line. The
TLC is found from laying out the impedance radius on the loss coefficient scale on
the radially scaled parameters at the bottom of the chart.

Smith chart applications

One of the best ways to demonstrate the usefulness of the Smith chart is by practi-
cal example. The following sections look at two general cases: transmission line
problems and stub matching systems.

Transmission line problems

Figure 4-6 shows a 50-Q transmission line connected to a complex load impedance
Z, of 36 + 740 Q. The transmission line has a velocity factor v of 0.80, which means
that the wave propagates along the line at %o the speed of light (¢ = 300,000,000 m/s).
The length of the transmission line is 28 cm. The generator V is operated at a fre-
quency of 4.5 GHz and produces a power output of 1.5 W. See what you can glean
from the Smith chart (Fig. 4-7).

First, normalize the load impedance. This is done by dividing the load imped-
ance by the systems impedance (in this case, Z = 50 Q):

36 + 740 Q
7= 4.36
50 Q [4.36]
- 0.72 +50.8 [4.37]

The resistive component of impedance Z is located along the 0.72 pure resistance
circle (see Fig. 4-7). Similarly, the reactive component of impedance Z is located by
traversing the 0.72 constant resistance circle until the +70.8 constant reactance cir-
cle is intersected. This point graphically represents the normalized load impedance
7 =0.72 +70.80. A VSWR circle is constructed with an impedance radius equal to the
line between 1.0 (in the center of the chart) and the 0.72 + 0.8 point.
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—(ﬁ Z, =50 Q)

=0.8

= 28 cm

45GHz = 4.5 X 109 Hz
50 Q

50 Q

36 + j40

1.56W

Zg =50 Q

)

F = 45 GHz

TSN e
T [

4-6 Transmission line and load circuit.

At a frequency of 4.5 GHz, the length of a wave propagating in the transmission
line, assuming a velocity factor of 0.80, is

Ccv

7\'111@ = [4.38]
line FHZ
_ (3% 10°mws) (0.80) (4.39]
4.5 % 10 Hz ’
9.4 % 108 m/s
o 22X U WS 4.40
45 % 10° Hz [4-40]
= 0.053 m x 100% ~53cm [4.41]

One wavelength is 5.3 cm, so a half-wavelength is 5.3 cm/2, or 2.65 cm. The
28-cm line is 28 cm/b.3 cm, or 5.28 wavelengths long. A line drawn from the center
(1.0) to the load impedance is extended to the outer circle, and it intersects the cir-
cle at 0.1325. Because one complete revolution around this circle represents one-
half wavelength, 5.28 wavelengths from this point represents 10 revolutions plus
0.28 more. The residual 0.28 wavelengths is added to 0.1325 to form a value of
(0.1325 + 0.28), or 0.413. The point 0.413 is located on the circle, and is marked. A
line is then drawn from 0.413 to the center of the circle, and it intersects the VSWR
circle at 0.49 —j0.49, which represents the input impedance 7, looking into the line.

To find the actual impedance represented by the normalized input impedance,
you have to “denormalize” the Smith chart impedance by multiplying the result by Z :
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4-7 Solution to example. (Courtesy of Kay Elementrics)
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Z.. = (0.49 -50.49) (50 Q) [4.42]
=245-7245Q [4.43]

It is this impedance that must be matched at the generator by a conjugate match-
ing network.

The admittance represented by the load impedance is the reciprocal of the load
impedance, and is found by extending the impedance radius through the center of
the VSWR circle until it intersects the circle again. This point is found, and repre-
sents the admittance Y = 0.62 —70.69. Confirming the solution mathematically:

1
sl 4.44
Z [ 1
1 0.72 - j0.80
072 +0.80 ~ 0.72—0.80 (4.45]
_ % = 0.62 - j0.69 [4.46]

The VSWR if found by transferring the “impedance radius” of the VSWR circle to
the radial scales below. The radius (0.72 — 0.8) is laid out on the VSWR scale (top-
most of the radially scaled parameters) with a pair of dividers from the center mark,
and we find that the VSWR is approximately 2.6:1. The decibel form of VSWR is 8.3
dB (next scale down from VSWR), and this is confirmed by

VSWR,;, = 20 log (VSWR) [4.47]
- (20) log (2.7) [4.48]
~ (20) (0.431) = 8.3 dB [4.49]

The transmission loss coefficient is found in a manner similar to the VSWR, us-
ing the radially scaled parameter scales. In practice, once you have found the VSWR
you need only drop a perpendicular line from the 2.6:1 VSWR line across the other
scales. In this case, the line intersects the voltage reflection coefficient at 0.44. The
power reflection coefficient prr is found from the scale, and is equal to I'2. The per-
pendicular line intersects the power reflection coefficient line at 0.20.

The angle of reflection coefficient is found from the outer circles of the Smith
chart. The line from the center to the load impedance (Z = 0.72 + j0.8) is extended
to the angle of reflection coefficient im degrees circle, and intersects it at approxi-
mately 84°. The reflection coefficient is therefore 0.44/84°.

The transmission loss coefficient (TLC) is found from the radially scaled para-
meter scales also. In this case, the impedance radius is laid out on the loss coeffi-
ctent scale, where it is found to be 1.5. This value is confirmed from:

I+T,,

pwr
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1+ (0.20)

- T 09 [4.51]
1.20

=55 =15 [4.52]

The return loss is also found by dropping the perpendicular from the VSWR
point to the RET’N LOSS, dB line, and the value is found to be approximately 7 dB,
which is confirmed by

Loss,,, = 10log (T ) dB [4.53]
= 101og (0.21) dB [4.54]
= (10) (-0.677) dB [4.55]
= 6.77 dB = -6.9897 dB [4.56]

The reflection loss is the amount of RF' power reflected back down the trans-
mission line from the load. The difference between incident power supplied by the
generator (1.5 Win this example), F, .- P, . = P, and the reflected power, is the ab-
sorbed power (P,); or in the case of an antenna, the radiated power. The reflection
loss is found graphically by dropping a perpendicular from the TLC point (or by lay-
ing out the impedance radius on the REFL. LOSS, dB scale), and in this example
(Fig. 4-7) is —1.05 dB. You can check the calculations:

The return loss is =7 dB, so

Pref

~7dB =10 log 5 [4.57]
7=101 <7Pref ) 4.58
—i=10%8 1.5 watts [4.58]

—7 P)rcf )
— _log| —" 4.59
10 08 ( 1.5 watts [ ]

P
(=710) _ ref

10 T 1HW [4.60]
0.2 _ 4.61
T 1B W [4.61]
(02)(1L5W) =P, [4.62]

03W=P,, [4.63]
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The power absorbed by the load (P,) is the difference between incident power
P_. and reflected power P, ;. If 0.3 W is reflected, then that means the absorbed
poweris (1.6 -0.3),or 1.2 W.

The reflection loss is —1.05 dB, and can be checked from:

P
~1.05dB = 10 log ( 5 ) [4.64]
-1.05 P )
2 jog | ——e 4.65
10 10g< 15w [4.65]
P
1 (-1.05/10) — a 4.
0 15W [4.661]
P
785 = — a0 4.67
0.785 = —— [4.67]
(1.5 W) x (0.785) = P, [4.68]
12W=P, [4.69]

Now check what you have learned from the Smith chart. Recall that 1.5 W of 4.5-
GHz microwave RF signal was input to a 50-Q transmission line that was 28 cm long.
The load connected to the transmission line has an impedance of 36 + 740. From the
Smith chart:

Admittance (load) 0.62 —j0.69
VSWR 2.6:1
VSWR (dB): 8.3dB
Reflection coefficient (£) 0.44
Reflection coefficient (P) 0.2
Reflection coefficient angle 84 degrees
Return loss -7 dB
Reflection loss -1.05dB

Transmission loss coefficient 1.5

Note that in all cases the mathematical interpretation corresponds to the graph-
ical interpretation of the problem, within the limits of accuracy of the graphical
method.

Stub matching systems

A properly designed matching system will provide a conjugate match to a complex
impedance. Some sort of matching system or network is needed any time the load
impedance 7, is not equal to the characteristic impedance Z_ of the transmission
line. In a transmission line system, it is possible to use a shorted stub connected in
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parallel with the line, at a critical distance back from the mismatched load, in order
to effect a match. The stub is merely a section of transmission line that is shorted at
the end not connected to the main transmission line. The reactance (hence also sus-
ceptance) of a shorted line can vary from —A to +A, depending upon length, so you
can use a line of critical length L, to cancel the reactive component of the load im-
pedance. Because the stub is connected in parallel with the line it is a bit easier to
work with admittance parameters, rather than impedance.

Consider the example of Fiig. 4-8, in which the load impedance is Z = 100 + 560,
which is normalized to 2.0 + j1.2. This impedance is plotted on the Smith chart in
Fig. 4-9, and a VSWR circle is constructed. The admittance is found on the chart at
point ¥ = 0.37 —50.22.

In order to provide a properly designed matching stub, you need to find two
lengths. L, is the length (relative to wavelength) from the load toward the generator
(see L, in Fig. 4-8); L, is the length of the stub itself.

The first step in finding a solution to the problem is to find the points where the
unit conductance line (1.0 at the chart center) intersects the VSWR circle; there are
two such points shown in Fig. 4-9: 1.0 + 51.1 and 1.0 — j1.1. Select one of these
(choose 1.0 +51.1) and extend a line from the center 1.0 point through the 1.0 +51.1
point to the outer circle (IWAVELENGTHS TOWARD GENERATOR). Similarly, a
line is drawn from the center through the admittance point 0.37 — 0.22 to the outer
circle. These two lines intersect the outer circle at the points 0.165 and 0.461. The
distance of the stub back toward the generator is found from:

L, =0.165 + (0.500 - 0.461) A [4.70]

Transmission line ‘ [
< Iy

TS )

~&— Matching stub

\

Conditions:
ZS =50Q
Z, =500
Z;, = 100 + 560

4-8 Matching stub length and position.
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4-9 Solution to problem. (Courtesy of Kay Elementrics)
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=0.165 + 0.039 A [4.71]
=0.204 A [4.72]

The next step is to find the length of the stub required. This is done by finding
two points on the Smith chart. First, locate the point where admittance is infinite
(far right side of the pure conductance line); second, locate the point where the ad-
mittance is 0 — 71.1. (Note that the susceptance portion is the same as that found
where the unit conductance circle crossed the VSWR circle.) Because the conduc-
tance component of this new point is 0, the point will lay on the —j1.1 circle at the in-
tersection with the outer circle. Now draw lines from the center of the chart through
each of these points to the outer circle. These lines intersect the outer circle at 0.368
and 0.250. The length of the stub is found from

L, = (0.368 — 0.250)A [4.73]
=0.1181 [4.74]

From this analysis you can see that the impedance, Z = 100 + 560, can be
matched by placing a stub of a length 0.118\ at a distance 0.204A back from the load.

The Smith chart in lossy circuits

Thus far, you have dealt with situations in which loss is either zero (i.e., ideal trans-
mission lines), or so small as to be negligible. In situations where there is apprecia-
ble loss in the circuit or line, however, you see a slightly modified situation. The
VSWR circle, in that case, is actually a spiral, rather than a circle.

Figure 4-10 shows a typical situation. Assume that the transmission line is
0.60A long, and is connected to a normalized load impedance of Z = 1.2 + j1.2. An
“ideal” VSWR circle is constructed on the impedance radius represented by 1.2 +
71.2. A line (A) is drawn, from the point where this circle intersects the pure resis-
tance baseline (B), perpendicularly to the ATTEN, 1 dB/MAJ. DIV. line on the ra-
dially scaled parameters. A distance representing the loss (3 dB) is stepped off on
this scale. A second perpendicular line is drawn, from the -3 dB point, back to the
pure resistance line (C). The point where line C intersects the pure resistance line
becomes the radius for a new circle that contains the actual input impedance of the
line. The length of the line is 0.60A, so you must step back (0.60 — 0.50)A or 0.1A.
This point is located on the WAVELENGTHS TOWARD GENERATOR outer circle.
A line is drawn from this point to the 1.0 center point. The point where this new line
intersects the new circle is the actual input impedance (Z, ).The intersection
occurs at 0.76 + 70.4, which (when denormalized) represents an input impedance
of 38 + 720 Q.

Frequency on the Smith chart

A complex network may contain resistance, inductive reactance, and capacitive reac-
tance components. Because the reactance component of such impedances is a func-
tion of frequency, the network or component tends to also be frequency-sensitive.
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4-10 Solution. (Courtesy of Kay Elementrics)
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You can use the Smith chart to plot the performance of such a network with respect
to various frequencies. Consider the load impedance connected to a 50-Q transmis-
sion line in Fig. 4-11. In this case, the resistance is in series with a 2.2-pF capacitor,
which will exhibit a different reactance at each frequency. The impedance of this net-
work is

1
Z=R-j|— 4.75
‘7( oC ) [ !
or
Z-50-j —L— [4.76]
"N\ enrce '
And, in normalized form,
J
Z'=10- 4.77
@2rFC)x50 [ ]
Zo
;R =500
Zy = 50 + j0
Zg =50 + 50 7
Z;, = 50 = jX¢ 4.
- C=22DF
X = 1 _ 723 [
= —— =
2TFC FGHZ
Xd= Xo/7, = Xo/50

Gitg| o

1 |—j72.3] —j1.45

2 |—j36.2] —jo.72

3 |—j24.1| —jo0.48

4 |—j18 | —j0.36
—j14.5y —50.29

6 |—j12 | —jo.24

4-11 Load and source impedance transmission line circuit.
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4-12 Solution. (Courtesy of Kay Elementrics)
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J
=1.0- m [4.78]
JX7.23 %1010
=1.0- 7 [4.79]
Or, converted to gigahertz,
Z'=1.0- J;ﬁ [4.80]

GHz

The normalized impedances for the sweep of frequencies from 1 to 6 GHz are
therefore

Z=1.0-4145 [4.81]
Z=1.0-750.72 [4.82]
Z =1.0-50.48 [4.83]
Z=1.0-40.36 [4.84]
Z=1.0-40.29 [4.85]
Z=1.0-5024 [4.86]

These points are plotted on the Smith chart in Fig. 4-12. For complex networks,
in which both inductive and capacitive reactance exist, take the difference between
the two reactances (i.e., X =X, - X,).
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CHAPTER

Fundamentals
of radio antennas

AN UNFORTUNATE OVERSIGHT IN MANY BOOKS ON RADIO ANTENNAS IS A LACK OF
coverage on the most basic fundamentals of antenna theory. Most books, including
the first draft of this one, start with a discussion of dipoles, but overlook that certain
physical mechanisms are at work. An antenna is basically a transducer that converts
electrical alternating current oscillations at a radio frequency to an electromagnetic
wave of the same frequency. This chapter looks at the physics of how that job is ac-
complished.

The material in this chapter was adapted from a U.S. Army training manual on
antennas and radio propagation. Although unfortunately no longer in print, the man-
ual contained the best coverage of basics the author of this book could find. Given
that U.S. government publications are not protected by copyright, this information
can be brought to you in full.

Antenna fundamentals

The electric and magnetic fields radiated from an antenna form the electromagnetic
field, and this field is responsible for the transmission and reception of electromag-
netic energy through free space. An antenna, however, is also part of the electrical
circuit of a transmitter (or a receiver); because of its distributed constants, it acts as
a circuit containing inductance, capacitance, and resistance. Therefore, it can be ex-
pected to display definite voltage and current relationships in respect to a given in-
put. A current through it produces a magnetic field, and a charge on it produces an
electrostatic field. These two fields taken together form the induction field. To gain
a better understanding of antenna theory, a review of the basic electrical concepts of
voltage and electric field and of current and magnetic field is necessary.

Copyright 2001 - the McGraw-Hill Companies 123
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Voltage and electric field

When a capacitor is connected across a source of voltage, such as a battery (Fig.
5-1), it is charged some amount, depending on the voltage and the value of capaci-
tance. Because of the emf (electromotive force) of the battery, negative charges
flow to the lower plate, leaving the upper plate positively charged. Accompanying
the accumulation of charge is the building up of the electric field. The flux lines are
directed from the positive to the negative charges and at right angles to the plates.

If the two plates of the capacitor are spread farther apart, the electric field
must curve to meet the plates at right angles (Fig. 5-2). The straight lines in A
become arcs in B, and approximately semicircles in C, where the plates are in a
straight line. Instead of flat metal plates, as in the capacitor, the two elements can
take the form of metal rods or wires. The three-dimensional view in Fig. 5-3 de-
picts the electric field more accurately. In A of Fig. 5-3, the wires are approxi-
mately 30° apart, and the flux lines are projected radially from the positively
charged wire to the negatively charged wire. In B of Fig. 5-3, the two wires lie in a
straight line, and the flux lines form a pattern similar to the lines of longitude
around the earth. To bring out the picture more clearly, only the lines in one plane
are given.

Assume that the sphere marked £ in Fig. 5-3B is a transmitter supplying RF en-
ergy. The two wires then can serve as the antenna for the transmitter. RF energy is
radiated from the antenna and charges move back and forth along the wires, alter-
nately compressing and expanding the flux lines of the electric field. The reversals
in polarity of the transmitter signal also reverse the direction of the electric field.

Capacitor
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5-1 Charges on plates of a capacitor.
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* ®
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5-2 Electric field between plates at various angles.

5-3 Electric field between wires at various angles.

When a charge is put on the plates of a capacitor by means of a battery, an elec-
tric field is set up between its plates. The flow of charge from source to capacitor
ceases when the capacitor is fully charged, and the capacitor is said to be charged to
a voltage equal, and of opposite polarity, to that of the source. The charged capacitor
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can be used as a source of emf since it stores energy in the form of an electric field.
This is the same as saying that an electric field indicates voltage. The presence of
an electric field about an antenna also indicates voltage. Since the polarity, and the
amount of charge, depend on the nature of the transmitter output, the antenna volt-
age also depends on the energy source. For example, if a battery constitutes the
source, the antenna charges to a voltage equal and opposite to that of the battery. If
RF energy is supplied to a half-wave antenna, the voltage across the antenna lags the
current by 90°. The half-wave antenna acts as if it was a capacitor, and it can be
described as being capacitive.

Current and magnetic field

A moving charge along a conductor constitutes a current and produces a magnetic
field around the conductor. Therefore, the flow of charge along an antenna also will
be accompanied by a magnetic field. The intensity of this field is directly propor-
tional to the flow of charge. When the antenna is uncharged, the current flow is max-
imum, since there is no opposing electric field. Because of this current flow, a charge
accumulates on the antenna, and an electric field builds up in increasing opposition
to the emf of the source. The current flow decreases and when the antenna is fully
charged, the current no longer flows.

The magnetic field in the space around a current-carrying device has a specific
configuration, with the magnetic flux lines drawn according to a definite rule (Fig.
5-4). Whereas, in the electric field, the electric lines are drawn from a positive
charge to a negative charge, in the magnetic field, the flux lines are drawn according
to the left-hand rule. The direction of current flow is upward along both halves of
the antenna. The lines of magnetic flux form concentric loops that are perpendicu-
lar to the direction of current flow. The arrowheads on the loops indicate the direc-
tion of the field. If the thumb of the left hand is extended in the direction of current
flow and the fingers are clenched, then the rough circles formed by the fingers indi-
cate the direction of the magnetic field. This is the left-hand rule, or convention,
which is used to determine the direction of the magnetic field.

Combined electric and magnetic fields

When RF energy from a transmitter is supplied to an antenna, the effects of charge,
voltage, current, and the electric and magnetic fields are taking place simultane-
ously. These effects (Fig. 5-5) have definite time and space relationships to each
other. If a half-wave antenna is used, the relations between charge and current flow
can be predicted, because of the capacitive nature of this antenna. The voltage will
lag the current by 90°, and the electric and magnetic fields will be 90° out of phase.
With no electric field present (no charge), the current flow is unimpeded, and the
magnetic field is maximum. As charge accumulates on the antenna, the electric field
builds up in opposition to current flow and the magnetic field decreases in intensity.
When the electric field reaches its maximum strength, the magnetic field has de-
cayed to zero.

A reversal in polarity of the source reverses the direction of current flow as well
as the polarity of the magnetic field, and the electric field aids the flow of current by
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Direction of
current flow

5-4 Magnetic field about a
half-wave antenna
(left-hand rule).

Direction of magnetic Left hand
field

discharging. The magnetic field builds up to a maximum, and the electric field dis-
appears as the charge is dissipated. The following half-cycle is a repetition of the first
half-cycle, but in the reverse direction. This process continues as long as energy is
supplied to the antenna. The fluctuating electric and magnetic fields combine to
form the induction field, in which the electric and magnetic flux maximum intensi-
ties occur 90° apart in time, or in teme quadrature. Physically, they occur at right
angles to each other, or in space quadrature. To sum up, the electric and magnetic
fields about the antenna are in space and time quadrature.

Standing waves

Assume that it is possible to have a wire conductor with one end extending infinitely,
with an RF transmitter connected to this wire. When the transmitter is turned on, an
RF current in the form of sine waves of RF energy moves down the wire. These
waves of energy are called traveling waves. The resistance of the conductor gradu-
ally diminishes the amplitude of the waves, but they continue to travel so long as the
line does not come to an end.

The antenna, however, has some finite length. Therefore, the traveling waves
are halted when they reach the end of the conductor. Assume that the RF transmit-
ter is turned on just long enough to allow one sine wave of energy to get on the line
(Fig. 5-6A). This traveling wave is moving down the antenna toward the end. When
the wave reaches the end of the conductor, the current path is broken abruptly. With
the stoppage of current flow, the magnetic field collapses. A voltage is induced at the
end of the conductor that causes current to flow back toward the source, as in Fig.
5-6B. The wave is reflected back to the source, and, if a continual succession of
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5-5 Electric and magnetic fields 90° out of phase.

waves is sent down the line, waves will be reflected in the same continual pattern.
The wave moving from the transmitter toward the end is called the incident wave,
and its reflection is called the reflected wave.

A continuous flow of incident waves results in a continuous flow of reflected
waves. Because there is only one conductor, the two waves must pass each other.
Electrically, the only current that actually flows is the resultant of both of these
waves. The waves can reinforce or cancel each other as they move.

When they reinforce, the resultant wave is maximum; when they cancel, the re-
sultant wave is minimum. In a conductor that has a finite length, such as an antenna,
the points at which the maxima and minima of the resultant wave occur (Fig. 5-6C)
are stattonary. In other words, the maximum and minimum points stand still, al-
though both the incident and reflected waves are moving. The resultant wave stands
still on the line, only its amplitude being subject to change. Because of this effect, the
resultant is referred to as a standing wave.

The development of the standing wave on an antenna by actual addition of the
traveling waves is illustrated in Fig. 5-7. At the instant pictured in A, the incident and
reflected waves just coincide. The result is a standing wave having twice the ampli-
tude of either traveling wave. In B, the waves move apart in opposite directions, and
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the amplitude of the resultant decreases, but the points of maximum and minimum
do not move.

When the traveling waves have moved to a position of 180° phase difference, the
resultant is zero along the entire length of the antenna, as shown in C. At this instant,
there can be no current flow in the antenna. The continuing movement of the trav-
eling waves, shown in D, builds up a resultant in a direction opposite to that in A. The
in-phase condition of the traveling waves results in a standing wave, in E, equal in
amplitude, but 180° out of phase with the standing wave in A.

If the progressive pictures of the standing wave are assembled on one set of axes,
the result is as in Fig. 5-8. The net effect of the incident and reflected waves is appar-
ent. The curves are lettered with reference to Fig. 5-7. As the traveling waves move
past each other, the standing wave changes only its amplitude. The fixed minimum
points are called nodes, and the curves representing the amplitude are called loops.

The concept of the standing wave can be applied to the half-wave antenna with
reference to either current or voltage distribution at any instant. This application is
possible because there are traveling waves of both voltage and current. Because volt-
age and current are out of phase on the half-wave antenna, the standing waves also
are found to be out of phase.
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Voltage and current distribution on half-wave antenna

When an RF transmitter is feeding a half-wave antenna, positive and negative charges
move back and forth along the antenna (Figs. 5-9 and 5-10). The first picture shows
the position of the charges at some arbitrary time, 7. The RF charges being observed
are at the ends of the antenna, and there is a maximum difference in potential be-
tween the ends, A and B. The remaining illustrations show the instantaneous positions
of the charges at regular intervals of 22.5° throughout a complete cycle.

To the right of each instantaneous position of the charges are curves represent-
ing the current and voltage at that particular time for any point on the antenna.
For example, at time 7|, the positive and negative charges are at points A and B on
the antenna. The voltage between these points represents a maximum difference of
potential. The current, being 90° out of phase in respect to the voltage, is every-
where zero. These distribution curves are standing waves derived in the same man-
ner as those covered in the previous paragraph.

The next illustration shows the position of the charges at time T',. The standing
wave of current is a relative maximum at the center of the antenna. This current loop
has nodes that remain at the ends of the antenna, and it is, therefore, 90° out of
phase with the standing wave of voltage.

At T, and Ty, the charges move closer together, and the standing wave of voltage
slowly decreases in amplitude. Conversely, the current loop increases in magnitude.
When the charges meet after 90° of the RF cycle (7)), the effect is that of having the
positive and negative charges cancel. The voltage loop accordingly is zero every-
where on the antenna, and the current loop rises to its maximum value, unimpeded
by any charge on the antenna.

At time T, the charges have passed each other, each charge having moved past
the center point of the antenna. The polarity of the voltage loops is reversed, and
they build up in the opposite direction, keeping the node always at the center point
of the antenna. The reversal of polarity is shown in the charge positions at T;, T, and
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T;. The separation of the charges also is accompanied by a decrease in the amplitude
of the current loop.

From T, to T, the charges move out to the ends of the antenna. During this time,
the voltage loops increase and the current loops decrease in amplitude. At time 7,
which occurs 180° after 7} in the RF cycle, the charges have moved to opposite ends
of the antenna. Compare the picture in 7|, to the picture in 7¢. It is seen that the neg-
ative charge is now at point A and the positive charge at point B. Because the posi-
tions of the charges have been reversed from 7 to T§, the voltage loops in T, are 180°
out of phase, compared with the loops in 7.

From Ty to T, in Fig. 5-10, the movement of the charges is shown in the oppo-
site direction, the current loop reaching a maximum at 7,. When the entire RF cy-
cle is completed at time T, the charges have returned to the positions that they
occupied at T},. The distribution curves of voltage and current also are in their origi-
nal conditions. The entire process then is repeated for each RF cycle.

Standing waves of voltage and current The distribution curves of the current
and voltage are standing waves. This means that they are the resultants obtained by
adding two traveling waves. The two traveling waves are associated with the positive
and negative charges. The wave caused by the negative charge can be called the 77-
cident wave and the wave caused by the positive charge the reflected wave. This,
however, is clearer when the concept of negative and positive charges is used.

The positive charge, taken at time 7, in Fig. 5-9, produces a traveling wave of
voltage, shown by the dashed line in Fig. 5-11A. The negative charge at the opposite
end of the antenna produces an identical traveling wave (dash-dot curve). These
two add together to produce the T, voltage distribution curve, which is the resultant
wave of Fig. 5-9A. Both of these waveforms are identical, being the standing wave
of voltage at time T,,. All of the following distribution curves of Fig. 5-11 are pro-
duced in the same manner. They are the standing wave resultants caused by the
traveling waves accompanying the charges.

In Fig. 5-11B, each of the traveling waves has moved 45°, the positive traveling
wave moving to the right and the negative traveling wave moving to the left. This
time corresponds to 7, in Fig. 5-9. The standing wave produced corresponds to the
voltage distribution curve at 7,,. The standing waves of current are produced in the
same manner. The current curves at D, E, and F of Fig. 5-11 correspond to times 7,
T,,and T, of Fig. 5-9.

Standing waves of voltage In Fig. 5-12A, voltage standing waves occurring at
different times are brought together on one axis, AB, representing a half-wave an-
tenna. Essentially, these are the same curves shown progressively in Figs. 5-9 and
5-10 as voltage distribution curves. They can be used to determine the voltage at any
point on the antenna, at any instant of time. For example, if it is desired to know the
variations of voltage occurring at point ¥ on the antenna over the RF cycle, the vari-
ations are graphed in respect to time, as shown in Fig. 5-12B. At 7|, the voltage at ¥
is maximum. From 7|, through 77, the voltage decreases, passing through zero at T',.
The voltage builds up to a maximum in the opposite direction at T, returning
through zero to its original position from 7§ to T'.

Between T}, and T, therefore, an entire sine-wave cycle, Y, is reproduced. This
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is also true of any other point on the antenna, with the exception of the node at X.
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5-12 Standing waves of voltage at a point on the antenna.

The peak amplitude of the sine wave produced at any point depends on its position
on the antenna. The nearer the point is to either end, the greater its peak amplitude.

Standing waves of current The standing waves of current occurring at vari-
ous times through the RF cycle are assembled on a single axis in Fig. 5-13. This axis,
AB, represents the half-wave antenna. If the current variations at point Y from 7 to
T4 are graphed in respect to time, the result is the sine wave in Fig. 5-13B. This is
true for any point along the antenna with the exception of the nodes at the ends. The
current has its greatest swing at X, the center of the antenna. Comparison of the
voltage variation curve (Fig. 5-12A) with the current variation curve (Fig. 5-13A)
shows the voltage curve leading the current curve by 90° at Y. This relation can be
expected on any half-wave device.
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Measurement of standing waves In Fig. 5-14, the standing waves of voltage
E and current [ are indicated along the antenna. There are current nodes at A and B
and a voltage node at X. These standing waves are found on any half-wave antenna.
A meter that indicates the effective value (0.707 of peak) of the ac signal can be used
to measure the standing waves present on the half-wave antenna.

Velocity of propagation and antenna length

In free space, electromagnetic waves travel at a constant velocity of 300,000 km (or
approximately 186,000 mi) per second. The RF energy on an antenna, however,
moves at a velocity considerably less than that of the radiated energy in free space
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because the antenna has a dielectric constant greater than that of free space. Because
the dielectric constant of free space (air or vacuum) is approximately 1, a dielectric
constant greater than 1 retards electromagnetic-wave travel.

Because of the difference in velocity between the wave in free space and the
wave on the antenna, the physical length of the antenna no longer corresponds to
its electrical length. The antenna is a half-wavelength electrically, but somewhat
shorter than this physically. This is shown in the formula for the velocity of electro-
magnetic waves,

V=fA [5.1]

where V is the velocity, f is the frequency, and A is the wavelength. Since the fre-
quency of the wave remains constant, a decrease in the velocity results in a decrease
in the wavelength. Therefore, the wave traveling in an antenna has a shorter wave-
length than the same wave traveling in free space, and the physical length of the an-
tenna can be shorter.

The actual difference between the physical length and the electrical length of the
antenna depends on several factors. A thin wire antenna, for example, has less effect
on wave velocity than an antenna with a large cross section. As the circumference of
the antenna increases, the wave velocity is lowered, as compared with its free-space
velocity. The effect of antenna circumference on wave velocity is illustrated in the
graph of Fig. 5-15.

Other factors are involved that lower wave velocity on the antenna. Stray capaci-
tance, for example, increases the dielectric constant and lowers wave velocity. This ca-
pacitance can be caused by the line connecting the antenna to the transmitter, the
insulators used to give physical support to the antenna, or nearby objects made of
metallic or dielectric materials. The change in velocity resulting from stray capacitance
is called end effect because the ends of the antenna are made farther apart electrically
than they are physically. End effect is counteracted by making the physical length
about 5 percent shorter than the electrical length, as expressed in the formula

492
L=09(—
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where L is the physical length in feet and f is the frequency in megahertz. This for-
mula is accurate for all practical purposes in determining the physical length of a
half-wavelength antenna at the operating frequency.
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The capacitive end effect also slightly changes the standing waves of voltage and
current. When the standing waves are measured, it is found that the nodes have some
value and do not reach zero, because some current is necessary to charge the stray ca-
pacitance. The standing waves measured in Fig. 5-16 show the results of end effect.
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Resonance, resistance, and impedance

The antenna is a circuit element having distributed constants of inductance, capaci-
tance, and resistance, which can be made to form a resonant circuit. The half-wave
antenna is the shortest resonant length of antenna. However, antennas which are
two or more half-wavelengths can also be resonant. Such antennas are said to oper-
ate on harmonics. If an antenna is four half-wavelengths at the transmitter fre-
quency, it is being operated at the fourth harmonic of its lowest resonant frequency.
In other words, this antenna is a half-wavelength at one-quarter of the frequency
of operation. An antenna operating on the third harmonic is shown in Fig. 5-7.

Resistance A current flowing in the antenna must contend with three kinds of
resistance. With the antenna considered as a radiator of energy, the power expended
in the form of radiation can be thought of as an / ZRt loss. R, is called the radiation
resistance. With the antenna considered as a conductor, a certain amount of energy
is dissipated in the form of heat. In this / ZRO loss, R, is the ohmic resistance. There
is also an 7R loss because of the leakage resistance of dielectric elements, such as
insulators. This R usually is included in the ohmic resistance.

The purpose of the antenna is to dissipate as much energy as possible in the
form of radiation. The energy dissipated by the radiation resistance, therefore, is
the useful part of the total power dissipated. Because the actual power loss depends
on the ohmic resistance, this resistance should be kept as low as possible. In the half-
wave antenna, the radiation resistance is large compared to the ohmic resistance,
and most of the available energy is radiated. The half-wave antenna is, therefore, a
very efficient radiator for most purposes.

For a half-wave antenna fed at the center point, the radiation resistance is equal
to 73 Q. The reference point is the center of the antenna at the time of peak current
flow. Ohmic resistance is referred to this point. The total resistance is of importance
in matching the antenna to a transmission line.

Impedance Because the half-wave antenna has different conditions of voltage
and current at different points, and because impedance is equal to the voltage across
a circuit divided by the current through it, the impedance will vary along the length
of the antenna. If £ is divided by I at each point of the voltage and current curves in
Fig. 5-16, the result is the impedance curve, Z. The impedance is about 73 € at the
center point and rises to a value of about 2500 Q at the ends.

The impedance of the half-wave antenna usually is considered to be the imped-
ance as seen by the transmitter at the input terminals. This impedance consists of
both resistance and reactance. If the antenna is cut to a length of exact resonance,
the reactance is zero and the impedance is purely resistive. However, if the antenna
is longer or shorter than resonance, reactance is present. When the antenna is made
shorter, capacitive reactance is present; when the antenna is made longer, inductive
reactance is present.

The impedance at the antenna input terminals is important in terms of power ef-
ficiency. If the transmitter is feeding a nonresonant antenna, a power loss is caused
by the reactive component of the antenna impedance. Conversely, if the frequency
of the transmitter is changed, the electrical length of the antenna also changes. If the
frequency is made somewhat higher, the electrical length is made greater, and in-
ductive reactance is added to the impedance. If the frequency is lowered, the elec-
trical length is shortened, and capacitive reactance is added to the impedance.
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CHAPTER

High-trequency
dipole and other
doublet antennas

A MYTH AROSE IN RADIO COMMUNICATIONS CIRCLES SOME TIME AGO. PEOPLE CAME TO
believe (especially in the ham and CB communities) that large antenna arrays are
absolutely necessary for effective communications, especially over long distances.
Overlooked, almost to the point of disdain, were effective (but simple) antennas that
can be erected by inexperienced people and made to work well. The simple dzpole,
or doublet, is a case in point. This antenna is also sometimes called the Hertz, or
hertzian, antenna because radio pioneer Heinrich Hertz reportedly used this form
in his experiments.

The half-wavelength dipole is a balanced antenna consisting of two radiators
(Fig. 6-1) that are each a quarter-wavelength, making a total of a half-wavelength.
The antenna is usually installed horizontally with respect to the earth’s surface, so it
produces a horizontally polarized signal.

In its most common configuration (Fig. 6-1), the dipole is supported at each end
by rope and end insulators. The rope supports are tied to trees, buildings, masts, or
some combination of such structures.

The length of the antenna is a half-wavelength. Keep in mind that the physical
length of the antenna, and the theoretical electrical length, are often different by
about 5 percent. A free-space half-wavelength is found from

492
F

MHz

L= ft [6.1]

In a perfect antenna, that is self-supported many wavelengths away from any ob-
ject, Eq. 6.1 will yield the physical length. But in real antennas, the length calculated
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L
z

I = Insulator — 75 Q Coaxial cable
R = Rope (etc)

6-1 Simple half-wave dipole antenna.

above is too long. The average physical length is shortened by up to about 5 percent
because of the velocity factor of the wire and capacitive effects of the end insulators.
A more nearly correct approximation (remember that word, it's important) of a
half-wavelength antenna is

46
FMHZ

L ft [6.2]

where

L is the length of a half-wavelength radiator, in feet
F\y, 18 the operating frequency, in megahertz

Example Calculate the approximate physical length for a half-wavelength di-
pole operating on a frequency of 7.25 MHz.

Solution:
L= ;ﬁ ft
MHz
= % ft = 64.55 ft
or, restated another way:
L =641t6.6in

It is unfortunate that a lot of people accept Eq. 6.2 as a universal truth, a kind of
immutable law of The Universe. Perhaps abetted by books and articles on antennas
that fail to reveal the full story, too many people install dipoles without regard for
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reality. The issue is resonance. An antenna is a complex RLC network. At some fre-
quency, it will appear like an inductive reactance (X = +jX,), and at others it will
appear like a capacitive reactance (X = —jX,). At a specific frequency, the reac-
tances are equal in magnitude, but opposite in sense, so they cancel each other out:
X, =X = 0. At this frequency, the impedance is purely resistive, and the antenna is
said to be resonant.

The goal in erecting a dipole is to make the antenna resonant at a frequency that is
inside the band of interest, and preferably in the portion of the band most often used by
the particular station. Some of the implications of this goal are covered later on, but for
the present, assume that the builder will have to custom-tailor the length of the an-
tenna. Depending on several local factors (among them, nearby objects, the shape of
the antenna conductor, and the length/diameter ratio of the conductor) it might prove
necessary to add, or trim, the length a small amount to reach resonance.

The dipole feedpoint

The dipole is a half-wavelength antenna fed in the center. Figure 6-2 shows the volt-
age (V) and current (1) distributions along the length of the half-wavelength radia-
tor element. The feedpoint is at a voltage minimum and a current maximum, so you
can assume that the feedpoint is a current antinode.

At resonance, the impedance of the feedpoint is R = V/I. There are two resis-
tances that make up R . The first is the ohmic losses that generate nothing but heat
when the transmitter is turned on. These ohmic losses come from the fact that con-
ductors have electrical resistance and electrical connections are not perfect (even
when properly soldered). Fortunately, in a well-made dipole these losses are almost
negligible. The second contributor is the radiation resistance R_ of the antenna.
This resistance is a hypothetical concept that accounts for the fact that RF power is
radiated by the antenna. The radiation resistance is the fictional resistance that
would dissipate the amount of power that is radiated away from the antenna.

— 2500
(end)

6-2 Graph of current, voltage, E — __

and impedance along
73 Q
* (center)

half-wavelength dipole.

l< Mo >|
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For example, suppose we have a large-diameter conductor used as an antenna,
and it has negligible ohmic losses. If 1000 W of RF power is applied to the feedpoint,
and a current of 3.7 A is measured, what is the radiation resistance?

R = fiz 6.3]
1000 W

T @372 (641

- 730 [6.5]

It is always important to match the feedpoint impedance of an antenna to the
transmission-line impedance. Maximum power transfer always occurs (in any sys-
tem) when the source and load impedances are matched. In addition, if some applied
power is not absorbed by the antenna (as happens in a mismatched system), then
the unabsorbed portion is reflected back down the transmission line toward the
transmitter. This fact gives rise to standing waves, and the so-called standing wave
ratio (SWR or VSWR) discussed in Chap. 3. This is a problem to overcome.

Matching antenna feedpoint impedance seems to be simplicity itself because the
free-space feedpoint impedance of a simple dipole is about 73 Q, seemingly a good
match to 75-Q coaxial cable. Unfortunately, the 73-Q feedpoint impedance is almost
a myth. Figure 6-3 shows a plot of approximate radiation resistance (R,) versus
height above ground (as measured in wavelengths). As before, we deal in approxi-
mations in Fig. 6-3; in this case, the ambiguity is introduced by ground losses.

Despite the fact that Fig. 6-3 is based on approximations, you can see that radi-
ation resistance varies from less than 10 Q, to around 100 Q, as a function of height.
At heights of many wavelengths, this oscillation of the curve settles down to the free-
space impedance (72 Q). At the higher frequencies, it might be possible to install a
dipole at a height of many wavelengths. In the 2-m amateur radio band (144 to 148
MHz), one wavelength is around 6.5 ft (i.e., 2 m x 3.28 ft/m), so “many wavelengths”
is relatively easy to achieve at reasonably attainable heights. In the 80-m band (3.5
to 4.0 MHz), however, one wavelength is on the order of 262 ft, so “many wave-
lengths” is a practical impossibility.

There are three tactics that can be followed. First, ignore the problem alto-
gether. In many installations, the height above ground will be such that the radiation
resistance will be close enough to present only a slight impedance mismatch to a
standard coaxial cable. The VSWR is calculated (among other ways) as the ratio:

1Z >R:
R ’

2.7, <R
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R,
VSWR = 7 [6.7]

o

where

7 is the coaxial-cable characteristic impedance
R_is the radiation resistance of the antenna

Consider an antenna mounted at a height somewhat less than a quarter-wave-
length, such that the radiation resistance is 60 Q. Although not recommended as
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good engineering practice (there are sometimes practical reasons) it is nonetheless
necessary to install a dipole at less than optimum height. So, if that becomes neces-
sary, what are the implications of feeding a 60-Q antenna with either 52- or 75-Q
standard coaxial cable? Some calculations are revealing:

For 75-Q coaxial cable:

ZO
VSWR = — 6.8
3 [6.8]
75 Q
= — = 12 :1 .
60O 5 [6.9]
For 52-Q coaxial cable:
R,
VSWR = — [6.10]
ZO
60 Q
=——=1.15:1 A1
52 Q 2 [6.11]

In neither case is the VSWR created by the mismatch too terribly upsetting.

The second approach is to mount the antenna at a convenient height, and use an
impedance matching scheme to reduce the VSWR. In Chap. 23, you will find infor-
mation on various suitable (relatively) broadbanded impedance matching methods
including Q-sections, coaxial impedance transformers, and broadband RF trans-
formers. “Homebrew” and commercially available transformers are available to cover
most impedance transformation tasks.

The third approach is to mount the antenna at a height (Fig. 6-3) at which the
expected radiation resistance crosses a standard coaxial cable characteristic imped-
ance. The best candidate seems to be a height of a half-wavelength because the ra-
diation resistance is close to the free-space value of 72 Q, and is thus a good match
for 75-Q coaxial cable (such as RG-11/U or RG-59/U).

The dipole radiation pattern

The radiation patterns of various antennas are covered in this book. Some basic the-
ory of patterns is repeated at each section, not to fill space, but rather to drive home
a point and refresh reader memories. We keep harking back to the concepts direc-
tivety and gagn (which are actually different expressions of the same thing).

Antenna theory recognizes a point of reference called the isotropic radiator.
This device is a theoretical construct consisting of a spherical point source of RF ra-
diation in all directions (see Chap. 2). It is truly ommnidirectional (“all directions”)
because it creates an ever-expanding sphere as the RF wavefront propagates out-
ward. Antenna gain is a measure of how the antenna focuses available power away
from a spherical wavefront to a limited number of directions (two, in the case of the
dipole). Thus are related the concepts directivity and gain.
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Always keep in mind that directivity and gain are specified in three dimen-
sions. Too many times, people simplify the topic too much by publishing only part of
the radiation pattern (azimuth aspect). In other words, the reader is given a pattern
viewed from above that shows the directivity in the horizontal plane. But a signal
does not propagate away from an antenna in an infinitely thin sheet, as such presen-
tations seem to imply; rather, it has an elevation extent in addition to the azimuth
extent. Thus, proper evaluation of an antenna takes into consideration both hori-
zontal and vertical plane patterns.

Figure 6-4 shows the radiation pattern of a dipole antenna in free space “in the
round.” In the horizontal plane (6-4A), when viewed from above, the pattern is a “figure
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6-4 Idealized dipole radiation pattern.
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8” that exhibits bidirectional radiation. Two main “lobes” contain the RF' power from the
transmitter, with sharp nulls of little or no power off the ends of the antenna axis. This
pattern is the classical dipole pattern that is published in most antenna books.

Also shown, however, is the vertical plane pattern for a dipole antenna in free
space. Note that when sliced in this aspect the radiation pattern is circular (Fig. 6-4B).
When the two patterns are combined in the round, you can see the three-dimensional
doughnut-shaped pattern (Fig. 6-4C) that most nearly approximates the true pattern
of an unobstructed dipole in free space.

When a dipole antenna is installed close to the earth’s surface, not in free space,
as is the case at most stations, the pattern is distorted from that of Fig. 6-4. Two ef-
fects must be taken into consideration. First, and most important, is the fact that the
signal from the antenna is reflected from the surface and bounces back into space.
This signal will be phase-shifted both by the reflection and by the time required for
the transit to occur. At points where the reflected wave combines in phase with the
radiated signal, the signal is reinforced; in places where it combines out of phase, the
signal is attenuated. Thus, the reflection of the signal from the ground alters the pat-
tern from the antenna. The second factor is that the ground is lossy, so not all of the
signal is reflected; some of it heats the ground underneath the antenna. Thus, the
signal is attenuated at a greater rate than the inverse square law, so it further alters
the expected pattern.

Figure 6-5 shows patterns typical of dipole antennas installed close to the earth’s
surface. The views in this illustration correspond to Fig. 6-4B, in that they are look-
ing at the vertical plane from a line along the antenna axis. Therefore, the antenna is
represented by R in each case shown. Figure 6-5A shows the case for a dipole
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X

G
f B
6-5 Vertical extent of dipole antenna at (A) % wavelength, (B) % wavelength, and (C) % wavelength
above ground.
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installed at 1/8 wavelength above the surface. For this antenna, most of the RF en-
ergy is radiated almost straight up (not very useful). This type of antenna is basically
limited to ground wave and very short skip (when available). The second case (Fig.
6-5B) shows the pattern when the antenna is a quarter wavelength above the earth’s
surface. Here the pattern is flattened, but it still shows considerable energy in the
vertical direction (where it is useless). Finally, you can see the pattern obtained
when the antenna is installed a half-wavelength above the surface. In this case, the
pattern is best for long-distance work because energy is redirected away from
straight-up into lobes at relatively shallow angles.

Tuning the dipole antenna

There are two issues to address when tuning an antenna (any antenna, not just the
dipole): resonance and 1mpedance matching. Although frequently treated in the
literature as the same issue, they are not. This section deals mostly with the process
of tuning the antenna to resonance. Although not all forms of antenna are resonant,
the dipole s an example of a resonant antenna.

There is a lot of misinformation abroad concerning the tuning of antennas. Per-
haps much of what is believed comes from the fact that VSWR is used as the indi-
cator of both impedance matching and resonance. Quite a few people honestly, but
erroneously, believe that the VSWR can be “tuned out” by adjusting the length of
the feedline. That myth probably derives from the fact that voltage or current sens-
ing instruments are used for VSWR measurement, and these are affected by trans-
mission line length. But that fact is caused by a weakness in the instruments, not by
radio physics.

There is only one proper way to tune a dipole antenna: adjust the length of the
antenna elements, not the transmission line. It was in order to make these adjust-
ments that we purposely did not initially tell you to solder the electrical connections
at the center insulator.

Resonance The indicator of resonance is the minimum point in the VSWR
curve. Figure 6-6 shows a graph of VSWR vs. frequency for several different cases.
Curve A represents a disaster: a high VSWR all across the band. The actual value of
VSWR can be anything from about 3.5:1 to 10:1, or thereabouts, but the cause is
nonetheless the same: the antenna is either open or shorted; or it is so far off reso-
nance as to appear to be open or shorted to the VSWR meter.

Curves B and C represent antennas that are resonant within the band of inter-
est. Curve B represents a broadbanded antenna that is relatively flat all across the
band and does not exhibit excessive VSWR until the frequency is outside of
the band. Curve C is also resonant within the band, but this antenna has a much
higher @ than curve B. In the naive sense, the broadbanded antenna is best, but
that statement is true only if the broadness is not purchased at the expense of
efficiency. Losses tend to broaden the antenna, but also reduce its effectiveness.
So, if broad bandedness is purchased at the risk of increased loss, then it is less
than desirable.

Curves D and E are resonant outside the band of interest. The curve marked D
is resonant at a frequency on the low side of the band, so the dipole is too long. In
this case, you need to shorten the antenna a bit to raise the resonant point inside
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6-6 VSWR versus frequency for several cases.

the band. Curve E represents an antenna that is resonant outside the upper limit
of the band, so this antenna is too short, and must be lengthened. Because this sit-
uation is possible, the antenna elements are typically made longer than needed
when they are first cut.

How much to cut? That depends on two factors: how far from the desired fre-
quency the resonant point is found, and which band is being used. The latter re-
quirement comes from the fact that the “frequency per unit length” varies from
one band to another. Look at an example of how to calculate this figure. The pro-
cedure is simple:

o=

Calculate the length required for the upper end of the band.

Calculate the length required for the bottom end of the band.

Calculate the difference in lengths for the upper and lower ends of the band.
Calculate the width of the band in kilohertz by taking the difference between
the upper frequency limit and the lower frequency limit.

Divide the length difference by the frequency difference; the result is in kilo-
hertz per unit length.

Example 6-1 Calculate the frequency change per unit of length for 80 and
for 15 m.
Solution For 80 m (3.5 to 4.0 MHz):
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468

1. L. = =117f

™ 4 MHz T

468
2. Ly = 35 Mz -~ 133.7 ft
3. Difference in length: 133.7 ft — 117 ft = 16.7 ft
4. Frequency difference: 4000 kHz — 3500 kHz = 500 kHz
frequenc

5. Calculate — v SO0KHZ gy g

unit length = 16.7 ft
For 15 m (21.0 — 21.45 MHz):

468
1. Lft = m =21.82 ft
468
2. Lft = T =22.29ft

@

Difference in length: 22.29 ft — 21.82 ft = 0.47 ft
4. Convert to inches: 0.47 ft x 12 in/ft = 5.64 in
5. Frequency difference: 21,450 kHz — 21,000 kHz = 450 kHz

frequency 450 kHz
unit length = 5.64 in

At 80 m, the frequency change per foot is small, but at 15 m small changes can
result in very large frequency shifts. You can calculate approximately how much to
add (or subtract) from an antenna under construction from this kind of calculation.
If, for example, you design an antenna for the so-called “net frequency” on 15 m
(21,390 kHz), and find the actual resonant point is 21,150 kHz, the frequency shift
required is 21,390 — 21,150, or 240 kHz. To determine how much to add or subtract
(as a first guess):

6. Calculate

= 80 kHz/in

1. The factor for 15 m is 80 kHz/in, which is the same as saying 1 in/80 kHz.
2. The required frequency shift is 240 kHz.
3. Therefore:
1in
80 kHz
=3in [6.13]

Length change = 240 kHz x

[6.12]

Each side of the antenna must be changed by half of the length calculated above,
or 1.5 in. Because the first resonant frequency is less than the desired frequency, the
length should be shortened 1.5 in. Once the length is correct, as proven by the VSWR
curve, the connections at the center insulator are soldered and made permanent,
and the antenna rehoisted to the operating level.

Impedance matching The difference between resonance and impedance
matching is seen in the value of the VSWR minimum. While the minimum indicates
the resonant point, its value is a measure of the relationship between the feedpoint
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impedance of the antenna and the characteristic impedance of the transmission line.
Earlier in this chapter you learned that

1.Z, >R,
Z
VSWR = -2 [6.14]
RT
2. Z <R:
R
VSWR = Z—“’ [6.15]
where

Z, is the coaxial-cable characteristic impedance
R_is the radiation resistance of the antenna

Although knowledge of the VSWR will not show which situation is true, you can
know that there is a high probability that one of them is true, and you can experi-
ment to find which is the case. Of course, if the VSWR is less than about 1.5:1 or 2:1,
then forget about it—the improvement is not generally worth the expense and cost.
When coupled to a transmitter that is equipped with the tunable output network
(most tube-type transmitters or final amplifiers), then it can accommodate a rela-
tively wide range of reflected antenna impedances. But modern solid-state final am-
plifiers tend to be a little more picky about the load impedance. For these
transmitters, a coax-to-coax antenna tuning unit (ATU) is needed.

Other dipoles

Thus far, the dipoles covered in this chapter have been the classic form, in which a
half-wavelength single-conductor radiator element is connected to a coaxial trans-
mission line. This antenna is typically installed horizontally at a half-wavelength
above the earth’s surface (or wherever convenient if that is impossible). This section
looks at other forms of the dipole. Some of these dipoles are in every way the equal
of the horizontal dipole, and others are basically compensation antennas in that they
are used when a proper dipole is not practical.

Inverted-vee dipole

The inverted-vee dipole is a half-wavelength antenna fed in the center like a dipole.
By the rigorous definition, the inverted-vee is merely a variation on the dipole
theme. But in this form of antenna (Fig. 6-7), the center is elevated as high as possi-
ble from the earth’s surface, but the ends droop to very close to the surface. Angle a
can be almost anything convenient, provided that a > 90 degrees; typically, most in-
verted-vee antennas use an angle of about 120 degrees. Although essentially a com-
pensation antenna for use when the dipole is not practical, many operators believe
that it is essentially a better performer on 40 and 80 m in cases where the dipole can-
not be mounted at a half-wavelength (64 ft or so).

By sloping the antenna elements down from the horizontal to an angle (as shown
in Fig. 6-7), the resonant frequency is effectively lowered. Thus, the antenna will



Other dipoles 153

Coaxial
cable to
transmitter

Insulated /

support

I = Insulator
S = Support stake
R = Rope

6-7 Inverted-vee dipole.

need to be shorter for any given frequency than a dipole. There is no absolutely rig-
orous equation for calculation of the overall length of the antenna elements. Al-
though the concept of “absolute” length does not hold for regular dipoles, it is even
less viable for the inverted-vee. There is, however, a rule of thumb that can be fol-
lowed for a starting point: Make the antenna about 6 percent shorter than a dipole
for the same frequency. The initial cut of the antenna element lengths (each quarter
wavelength) is

L=220 g [6.16]
FMHZ

After this length is determined, the actual length is found from the same cut-
and-try method used to tune the dipole in the previous section.

Bending the elements downward also changes the feedpoint impedance of the
antenna and narrows its bandwidth. Thus, some adjustment in these departments is
in order. You might want to use an impedance matching scheme at the feedpoint, or
an antenna tuner at the transmitter.

Sloping dipole (“sloper” or “slipole”)

The sloping dipole (Fig. 6-8) is popular with those operators who need a low angle
of radiation, and are not overburdened with a large amount of land to install the
antenna. This antenna is also called the sloper and the slipole in various texts. The
author prefers the term “slipole,” in order to distinguish this antenna from a sloping
vertical of the same name. Whatever it is called, however, it is a half-wavelength di-
pole that is built with one end at the top of a support, and the other end close to the
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6-8 “Slipole” or “sloper.”

ground, and being fed in the center by coaxial cable. Some of the same comments as
obtained for the inverted-vee antenna also apply to the sloping dipole, so please see
that section also.

Some operators like to arrange four sloping dipoles from the same mast such
that they point in different directions around the compass (Fig. 6-9). A single four-
position coaxial cable switch will allow switching a directional beam around the com-
pass to favor various places in the world.

Broadbanded dipoles

One of the rarely discussed aspects of antenna construction is that the length/diame-
ter ratio of the conductor used for the antenna element is a factor in determining the
bandwidth of the antenna. In general, the rule of thumb states that large cross-sec-
tional area makes the antenna more broadbanded. In some cases, this rule suggests
the use of aluminum tubing instead of copper wire for the antenna radiator. On the
higher-frequency bands that is a viable solution. Aluminum tubing can be purchased
for relatively small amounts of money, and is both lightweight and easily worked with
ordinary tools. But, as the frequency decreases, the weight becomes greater because
the tubing is both longer and (for structural strength) must be of greater diameter.
On 80 m, aluminum tubing is impractical, and at 40 m it is nearly so. Yet, 80 m is a sig-
nificant problem, especially for older transmitters, because the band is 500 kHz wide,
and the transmitters often lack the tuning range for the entire band.

Some other solution is needed. Here are three basic solutions to the problem of
wide-bandwidth dipole antennas: folded dipole, bowtie dipole, and cage dipole.
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Figure 6-10A shows the folded dipole antenna. This antenna basically consists
of two half-wavelength conductors shorted together at the ends and fed in the mid-
dle of one of them. The folded dipole is most often built from 300-Q television an-
tenna twin-lead transmission line. Because the feedpoint impedance is nearly 300 Q,
the same type of twin lead can also be used for the transmission line. The folded di-
pole will exhibit excellent wide-bandwidth properties, especially on the lower bands.

A disadvantage of this form of antenna is that the transmitter has to match the
300-Q balanced transmission line. Unfortunately, most modern radio transmitters
are designed to feed coaxial-cable transmission line. Although an antenna tuner can
be placed at the transmitter end of the feedline, it is also possible to use a 4:1 balun
transformer at the feedpoint (Fig. 6-10B). This arrangement makes the folded dipole
a reasonable match to 52- or 75-Q coaxial-cable transmission line.

Another method for broadbanding the dipole is to use two identical dipoles fed
from the same transmission line, and arranged to form a “bowtie” as shown in Fiig. 6-11.
The use of two identical dipole elements on each side of the transmission line has the
effect of increasing the conductor cross sectional area so that the antenna has a slightly
improved length/diameter ratio.

The bowtie dipole was popular in the 1930s and 1940s, and became the basis for
the earliest television receiver antennas ('TV signals are 3 to 5 MHz wide, so they require
a broadbanded antenna). It was also popular during the 1950s as the so-called Wonder
Bar antenna for 10 m. It still finds use, but it has faded somewhat in popularity.

The cage diople (Fig. 6-12) is similar in concept, if not construction, to the
bowtie. Again, the idea is to connect several parallel dipoles together from the same
transmission line in an effort to increase the apparent cross-sectional area. In the
case of the cage dipole, however, spreader disk insulators are constructed to keep
the wires separated. The insulators can be built from plexiglass, lucite, or ceramic.
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They can also be constructed of materials such as wood, if the wood is properly
treated with varnish, polyurethene, or some other material that prevents it from be-
coming waterlogged. The spreader disks are held in place with wire jumpers (see in-
set to Fig. 6-12) that are soldered to the main element wires.

A tactic used by some builders of both bowtie and cage dipoles is to make the el-
ements slightly different lengths. This “stagger tuning” method forces one dipole to
favor the upper end of the band, and the other to favor the lower end of the band.
The overall result is a slightly flatter frequency response characteristic across the
entire band. On the cage dipole, with four half-wavelength elements, it should be
possible to overlap even narrower sections of the band in order to create an even
flatter characteristic.

Shortened coil-loaded dipoles

The half-wavelength dipole is too long for some applications where real estate is at a
premium. The solution for many operators is to use a coil-loaded shortened dipole
such as shown in Fig. 6-13. A shortened dipole (i.e., one which is less than a half-
wavelength) is capacitive reactance. There is no reason why the loading coil cannot
be any point along the radiator, but in Figs. 6-13A and 6-13B they are placed at 0 per-
cent and 50 percent of the element length, respectively. The reason for this proce-
dure is that it makes the calculation of coil inductances easier, and it also represents
the most common practice.

Figure 6-13C shows a table of inductive reactances as a function of the per-
centage of a half-wavelength, represented by the shortened radiator. It is likely that
the percentage figure will be imposed on you by the situation, but the general rule
is to pick the largest figure consistent with the available space. For example, sup-
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6-13 Shortened or loaded dipole. (A) inductors at feedpoint; (B) inductors midway along elements; (C)
chart of reactances for coils; (D) commercially available coils; (E) homemade coil based on commer-
cial coil stock.



Other dipoles 159

pose you have about 40 ft available for a 40-m antenna that normally needs about
65 ft for a half-wavelength. Because 39 ft is 60 percent of 65 ft, you could use this
value as the design point for this antenna. Looking on the chart, a 60 percent an-
tenna with the loading coils at the midpoint of each radiator element wants to see
an inductive reactance of 700 Q. You can rearrange the standard inductive reac-
tance equation (X, = 6.28 F'L) to the form

X, x10°

uH = W [6.17]

where

L,y is the required inductance, in microhenrys
F'is the frequency, in hertz (Hz)
X, is the inductive reactance calculated from the table in Fig. 6-13C.

Example 6-2 Calculate the inductance required for a 60 percent antenna op-
erating on 7.25 MHz. The table requires a reactance of 700 Q for a loaded dipole with
the coils in the center of each element (Fig. 6-15B).

Solution:

X, x 10¢

Yl [6.18]
(700) (106

- 6.19
(6.28) (7,250,000) [6.19]

7x108
T 46x107 [6.20]
=154 uH [6.21]

The inductance calculated above is approximate, and it might have to be altered
by cut-and-try methods.

The loaded dipole antenna is a very sharply tuned antenna. Because of this fact,
you must either confine operation to one segment of the band, or provide an antenna
tuner to compensate for the sharpness of the bandwidth characteristic. However, ef-
ficiency drops, markedly, far from resonance even with a transmission line tuner.
The function of the tuner is to overcome the bad effects on the transmitter, but it
does not alter the basic problem. Only a variable inductor in the antenna will do that
trick (at least one commercial loaded dipole once used a motor-driven inductor at
the center feedpoint).

Figures 6-13D and E show two methods for making a coil-loaded dipole antenna.
Figure 6-13D shows a pair of commercially available loading coils especially designed
for this purpose. The ones shown here are for 40 m, but other models are also avail-
able. The inductor shown in Fig. 6-13E is a section of commercial coil stock con-
nected to a standard end or center insulator. No structural stress is assumed by the
coil—all forces are applied to the insulator, which is designed to take it.
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Inductance values for other length antennas can be approximated from the
graph in Fig. 6-14. This graph contains three curves for coil-loaded, shortened
dipoles that are 10, 50, and 90 percent of the normal half-wavelength size. Find
the proposed location of the coil, as a percentage of the wire element length, along
the horizontal axis. Where the vertical line from that point intersects with one of the
three curves, that intersection yields the inductive reactance required (see along
vertical axis). Inductances for other overall lengths can be “rough-guessed” by in-
terpolating between the three available curves, and then validated by cut and try.

Tunable dipoles

Dipoles are resonant antennas, so they naturally tend to prefer one frequency over the
others. The VSWR will be quite low at the resonant point (assuming no feedline mis-
match problems), and will rise at frequencies above and below resonance. If the an-
tenna is a high-@ model, then the effect is quite profound, and it might render the
antenna nearly useless at frequencies on the other end of the same band (especially
where modern transmitters equipped with VSWR shutdown circuitry are used). Figure
6-15 shows a method for overcoming this problem. Here is how it works.

An antenna that is too long for the desired resonant frequency will act induc-
tively (i.e., it will show a feedpoint impedance of the form Z = K + jX, ). To counter-
act the inductive reactance component +7.X, it is necessary to add a bit of capacitive
reactance —/X . This approach is taken in tuning certain antenna forms and it can be
used with dipoles to make the antenna tunable over a range of about 15 percent of
the frequency.

The tunable dipole of Fig. 5-15 is longer than other dipoles and it has an overall
length of

L= [6.22]

Note that the velocity constant is 505, rather than the 468 that is used with or-
dinary dipoles.

The required capacitive reactance, which is used to electrically shorten the an-
tenna, is provided by C,. In one effective design that I've tested, the capacitor was a
500-pF transmitting variable type. When the Heath Company was making kits, they
offered an antenna tuner based on this idea. It was a motor-driven 500-pF variable
capacitor inside of a weather-resistant metal-shielded case. The Heath tuner can be
used on inverted vees and dipoles (if a center support is provided). A low-voltage
(which is necessary for safety reasons) dc motor drives the shaft of the capacitor to
tune the antenna to resonance.

Stacked dipoles

Figure 6-16 shows a double dipole (i.e., two half-wavelength dipole antennas
spaced a half-wavelength apart). The transmission lines are connected in parallel at
the receiver. This antenna provides about 3-dB gain over a single dipole, and it adds
a bit of fade protection because two side-by-side antennas provide a bit of space di-
versity (see the end of Chap. 2 for information on diversity reception).
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6-16 Phased dipoles provide a 3-dB gain over single dipole.

The two dipoles are supported by a common structure consisting of ropes (R)
and end insulators (I) to support masts on the ends. In the center, a half-wavelength
space is taken up by a rope so that the structure is maintained. The space is deter-
mined by

Space;,, = 492 [6.23]
) Fy,
and, for the dipoles,
Length, = 468 [6.24]
FMHZ

The stacked dipole gets a bit lengthy on low-frequency bands, but is easily
achievable by most people on the upper HF bands.
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The feedlines for the two dipoles can be connected directly in parallel and fed
from the transmitter, provided that the antenna tuning unit will support one-half the
normal expected impedance. Alternatively, a box can be provided that includes a
matching transformer for 1:2 ratio. These can be built like a balun transformer on a
toroidal core. A trifilar winding is used. Alternatively, a phasing box can be built that
will allow altering the directionality of the antenna by 90°. This is done by using the
switching circuit to reverse the sense of L.

Off-center-fed full-wave doublet (OCFD) antennas

An antenna that superficially resembles the Windom is the off-center-fed doublet
(OCFD) antenna of Fig. 6-17. It is a single-band antenna, although at harmonics it
will begin to act as a resonant, standing wave, longwire antenna. The overall length
is one wavelength long:

_ 936
feet — F

MHz

L [6.25]

This antenna works best at heights of at least A/2 above ground, so practical con-
siderations limit it to frequencies above about 10 MHz (i.e., 30-m band). The feed-
point of the antenna is placed at a distance of A/4 from one end, and is a good match
for 75-Q coaxial cable. A 1:1 balun transformer at the feedpoint is highly recom-
mended. The pattern of a 1A antenna is a four-lobe “cloverleaf,” with the major lobes
being about 53° from the wire. The gain is about 1 dB.
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6-17 Off-center-fed 1-wire antenna.
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Off-center-fed nonresonant sloper (OCEFS)

Perhaps more viable for many people is the nonresonant off-center-fed sloper
(OCFS) antenna of Fig. 6-18. This antenna consists of a wire radiator that must be
longer than 3A/2 at the lowest frequency of operation. The feedpoint is elevated at
least /4 above ground at the lowest operating frequency. The antenna is fed with
75-Q coaxial cable. The shield of the coax is connected to a A/4 resonant radial
(counterpoise ground). There should be at least one radial (more is better) per band
of operation.

The far end of the radiator element is sloped to ground, where it is terminated in
a 270-Q noninductive resistor. The resistor should be able to dissipate up to one-
third of the power level applied by the transmitter.

Double extended Zepp antenna

The double extended Zepp antenna (Fig. 6-19) provides a gain of about 2 dB over a
dipole at right angles to the antenna wire plane. It consists of two sections of wire,
each one of a length

~ 600
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L

[6.26]
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6-18 Terminated sloper antenna.
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6-19 Double extended Zepp antenna.

Typical lengths are 20.7 ft on the 10-m band, 28 ft on the 15-m band, 42 ft on the
20-m band, and 84 ft on the 40-m band.

The double extended Zepp antenna can be fed directly with 450-Q twin lead, es-
pecially if a balanced antenna tuner is available at the receiver. Alternatively, it can
be fed from a quarter-wavelength matching section (made of 450-Q twin lead, or
equivalent open air parallel line), as shown, and a balun if coax is preferred. The
length of the matching section should be

103

L2fcct = F
MHz

[6.27]

The double extended Zepp will work on several different bands. For example, a
20-m-band double extended Zepp will work as a Zepp on the design band, a dipole on
frequencies below the design band, and as a four-lobed cloverleaf antenna on fre-
quencies above the design band.

Collinear “Franklin” array antenna

Perhaps the cheapest approach to very serious antenna gain is the collinear Franklin
array shown in Fig. 6-20. This antenna pushes the dipole and double extended Zepp
concepts even farther. It consists of a half-wavelength dipole that is center-fed with a
4:1 balun and 75-Q coaxial cable. At each end of the dipole, there is a quarter-wave-
length phase reversal stub that end-feeds another half-wavelength element. Each el-
ement is a half-wavelength (A/2) long, and its length can be calculated from

A 492
5 = F [6.28]

MHz

The phase reversal stubs are a quarter-wavelength long, or one half the length calcu-
lated by Eq. 6.28.
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6-20 Wire collinear antenna.

The version of the “Collinear” shown in Fig. 6-20 has a gain of about 3 dB. There
is no theoretical reason why you can’t extend the design indefinitely, but there is a
practical limit set by how much wire can be held by your supports, and how much
real estate you own. A 4.5-dB version can be built by adding another half-wavelength
section at each end, with an intervening quarter-wavelength phase reversal stub in
between each new section, and the preceding section. Once you get longer than five
half-wavelengths, which provides the 4.5-dB gain, the physical size becomes a bit of
a bother for most folks.

The TCFTFD dipole

The tilted, center-fed, terminated, folded dipole (TCFTFD, also called the T2FD or
TTFD) is an answer to both the noise pickup and length problems that sometimes af-
fect other antennas. For example, a random-length wire, even with antenna tuner,
will pick up considerable amounts of noise. A dipole for 40 m is 66 ft long.

This antenna was first described publicly in 1949 by Navy Captain C. L. Coun-
tryman, although the U.S. Navy tested it for a long period in California during World
War II. The TCFTFD can offer claimed gains of 4 to 6 dB over a dipole, depending on
the frequency and design, although 1 to 3 dB is probably closer to the mark in prac-
tice, and less than 1 dB will be obtained at some frequencies within its range (espe-
cially where the resistor has to absorb a substantial portion of the RF power). The
main attraction of the TCFTFD is not its gain, but rather its broad bandedness.

In addition, the TCFTFD can also be used at higher frequencies than its design
frequency. Some sources claim that the TCEFTED can be used over a 5 or 6:1 fre-
quency range, although my own observations are that 4:1 is more likely. Nonetheless,
a 40-m antenna will work over a range of 7000 to 25,000 kHz, with at least some de-
cent performance up into the 11-m Citizen’s Band (27,000 kHz).

The basic TCFTFD (Fig. 6-21) resembles a folded dipole in that it has two par-
allel conductors of length L, spaced a distance W apart, and shorted together at the
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6-21 TTFD antenna.

ends. The feedpoint is the middle of one conductor, where a 4:1 balun coil and
75-Q coaxial-cable transmission line to the transceiver are used. A noninductive,
390-Q resistor is placed in the center of the other conductor. This resistor can be a
carbon-composition (or metal-film) resistor, but it must not be a wirewound resistor
or any other form that has appreciable inductance. The resistor must be able to dis-
sipate about one-third of the applied RF power. The TCFTFD can be built from or-
dinary no.14 stranded antenna wire.

For a TCFTFEFD antenna covering 40 through 11 m, the spread between the con-
ductors should be 19% in, while the length L is 27 ft. Note that length L includes
one-half of the 19-in spread because it is measured from the center of the antenna
element to the center of the end supports.

The TCFTFED is a sloping antenna, with the lower support being about 6 ft off the
ground. The height of the upper support depends on the overall length of the an-
tenna. For a 40-m design, the height is on the order of 50 ft.

The parallel wires are kept apart by spreaders. At least one commercial TCEFTED
antenna uses PVC spreaders, while others use ceramic. You can use wooden dowels
of between 1-in and %-in diameter; of course, a coating of varnish (or urethane
spray) is recommended for weather protection. Drill two holes, of a size sufficient to
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pass the wire, that are the dimension W apart (19 in for 40 m). Once the spreaders
are in place, take about a foot of spare antenna wire and make jumpers to hold the
dowels in place. The jumper is wrapped around the antenna wire on either side of
the dowel, and then soldered.

The two end supports can be made of 1 X 2 in wood treated with varnish or ure-
thane spray. The wire is passed through screw eyes fastened to the supports. A sup-
port rope is passed through two holes on either end of the 1 x 2 and then tied off at
an end insulator.

The TCFTFD antenna is noticeably quieter than the random-length wire an-
tenna, and somewhat quieter than the half-wavelength dipole. When the tilt angle is
around 30°, the pattern is close to omnidirectional. Although a little harder to build
than dipoles, it offers some advantages that ought not to be overlooked. These di-
mensions will suffice when the “bottom end” frequency is the 40-m band, and it will
work well on higher bands.

Vee-sloper antenna

The vee-sloper antenna is shown in Fig. 6-22. It is related to the vee beam (covered
in Chap. 9), but it is built like a sloper (i.e., with the feed end of the antenna high
above ground). The supporting mast height should be about half (to three-fourths)
of the length of either antenna leg. The legs are sloped downward to terminating

A
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6-22 Vee-sloper antenna.
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resistors at ground level. Each wire should be longer than 1A at the lowest operating
frequency. The terminating resistors should be on the order of 270 © (about one-half
of the characteristic impedance of the antenna), with a power rating capable of dis-
sipating one-third of the transmitter power. Like other terminating resistors, these
should be noninductive (carbon composition or metal film).

The advantage of this form of antenna over the vee beam is that it is vertically
polarized, and the resistors are close to the earth, so they are easily grounded.

Rhombic inverted-vee antenna

A variation on the theme is the vertically polarized rhombic of Fig. 6-23. Although
sometimes called an 7nverted vee—not to be confused with the dipole variant of the
same name—this antenna is half a rhombic, with the missing half being “mirrored” in
the ground (similar to a vertical). The angle at the top of the mast (®) is typically
> 90°, and 120 to 145° is more common. Each leg (A) should be >\, with the longer
lengths being somewhat higher in gain, but harder to install for low frequencies. A
requirement for this type of antenna is a very good ground connection. This is often
accomplished by routing an underground wire between the terminating resistor
ground and the feedpoint ground.

Multiband fan dipole

The basic half-wavelength dipole antenna is a very good performer, especially when
cost is a factor. The dipole yields relatively good performance for practically no in-

Direction of
reception

6-23 Inverted-vee antenna.
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vestment. A standard half-wavelength dipole offers a bidirectional figure-8 pattern
on its basic band (i.e., where the length is a half-wavelength), and a four-lobe clover-
leaf pattern at frequencies for which the physical length is 3A/2. Thus, a 40-m half-
wavelength dipole produces a bidirectional pattern on 40 m, and a four-lobe
cloverleaf pattern on 15 m.

The dipole is not easily multibanded without resorting to traps (covered in
Chap. 8). One can, however, tie several dipoles to the same center insulator or balun
transformer. Figure 6-24 shows three dipoles cut for different bands, operating from
a common feedline and balun transformer: A1-A2, B1-B2, and C1-C2. Each of these
antennas is a half-wavelength (i.e., L, , = 468/F ;. ).

There are two points to keep in mind when building this antenna. First, try to
keep the ends spread a bit apart, and second, make sure that none of the antennas
is cut as a half-wavelength for a band for which another is 3A/2. For example, if you
make A1-A2 cut for 40 m, then don’t cut any of the other three for 15 m. If you do,
the feedpoint impedance and the radiation pattern will be affected.

The counterpoise longwire

The longwire antenna is an end-fed wire more than 2A long. It provides consider-
able gain over a dipole, especially when a very long length can be accommodated. Al-
though 75- to 80-m, or even 40-m longwires are a bit difficult to erect at most
locations, they are well within reason at the upper end of the HF spectrum. Low-VHF
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6-24 Multiband dipole antenna.
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band operation is also practical. Indeed, I know one fellow who lived in far southwest
Virginia as a teenager, and he was able to get his family television reception for very
low cost by using a TV longwire (channel 6) on top of his mountain.

There are some problems with longwires that are not often mentioned. Two
problems seem to insinuate themselves into the process. First, the Zepp feed is a bit
cumbersome (not everyone is enamored of parallel transmission line). Second, how
do you go about actually grounding that termination resistor? If it is above ground,
then the wire to ground is long, and definitely not at ground potential for RF. If you
want to avoid both the straight Zepp feed system employed by most such antennas,
as well as the resistor-grounding problem, then you might want to consider the
counterpoise longwire antennas shown in Fig. 6-25.

A Ao
) >2\ a
Rope EI 7 2 R1 El  Rope
4:1 balun
transformer Radiator
Coax to
transmitter
EI = end insulator
R = rope
R, = termination resistor
(noninductive)

6-25A Longwire with A/4 radials used as counterpoise ground at feedpoint and terminating resistor.
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6-25B Balun transformer feed for longwire antenna.
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A counterpoise ground is a structure that acts like a ground, but is actually elec-
trically floating above real ground (and it is not connected to ground). A groundplane
of radials is sometimes used as a counterpoise ground for vertical antennas that are
mounted above actual earth ground. In fact, these antennas are often called ground
plane verticals. In those antennas, the array of four (or more) radials from the shield
of the coaxial cable are used as an artificial, or counterpoise, ground system.

In the counterpoise longwire of Fig. 6-25A, there are two counterpoise grounds
(although, for one reason or another, you might elect to use either, but not both).
One counterpoise is at the feedpoint, where it connects to the “cold” side of the
transmission line. The parallel line is then routed to an antenna tuning unit (ATU),
and from there to the transmitter. The other counterpoise is from the cold end of the
termination resistor to the support insulator. This second counterpoise makes it
possible to eliminate the earth ground connection, and all the problems that it might
entail, especially in the higher end of the HF spectrum, where the wire to ground is
of substantial length compared with 1A of the operating frequency.

A slightly different scheme used to adapt the antenna to coaxial cable is shown
in Fig. 6-25B. In this case, the longwire is a resonant type (nonterminated). Nor-
mally, one would expect to find this antenna fed with 450-Q parallel transmission
line. But with a A/4 radial acting as a counterpoise, a 4:1 balun transformer can be
used to effect a reasonable match to 75-Q coaxial cable. The radial is connected to
the side of the balun that is also connected to the coaxial cable shield, and the other
side of the balun is connected to the radiator element.
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CHAPTER

Vertically polarized
HF antennas

IN PREVIOUS CHAPTERS, YOU HAVE FOUND THAT THE POLARITY OF AN ANTENNA IS THE
direction of the electrical (E) field. Because the transmitted signal is an orthogonal
electromagnetic wave, the magnetic field radiated from the antenna is at right angles
to the electric field. The direction of the electric field, which sets the polarity of the
antenna, is a function of the geometry of the radiator element. If the element is ver-
tical, then the antenna polarity is also vertical. The signal propagates out from the ra-
diator in all directions of azimuth, making this antenna an “omnidirectional” radiator.

Figure 7-1A shows the basic geometry of the vertical antenna: an RF genera-
tor (transmitter or transmission line from a transmitter) at the base of a radiator of
length L. Although most commonly encountered verticals are quarter-wavelength
(L = M/4), that length is not the only permissible length. In fact, it may not even be
the most desirable length. This chapter covers the standard quarter-wavelength
vertical antenna (because it is so popular), and other-length verticals (both
greater and less than quarter-wavelength).

The quarter-wavelength vertical antenna is basically half of a dipole placed ver-
tically, with the “other half” of the dipole being the ground. Because of this fact,
some texts show the vertical with a double-line ghost radiator, or image antenna, in
the earth beneath the main antenna element. Figure 7-1B shows the current and
voltage distribution for the quarter-wavelength vertical. Like the dipole, the quarter-
wavelength vertical is fed at a current loop, so the feedpoint impedance is at a mini-
mum (typically 2 to 37 Q, depending upon nearby objects and design). As a result,
the current is maximum and the voltage is minimum at the feedpoint. As you will
see, however, not all vertical antennas are fed directly at the current loop. As a
result, some designs require antenna tuning units to make them match the antenna
impedance to the transmitter output impedance.

Figure 7-1C and 7-1D show the two basic configurations for the HF vertical
antenna. Figure 7-1C shows the ground-mounted vertical antenna. The radiator
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M, Radiator

7-1C Simple coaxial-fed vertical
antenna. There is a slight
mismatch, but it usually is
within tolerable limits.

Coax to
XMTR

M, Radiator

7-1D Mast-mounted vertical
uses radials as a £¢ Transmission
counterpoise ground.

M, Radials

element is mounted at ground level, but it is insulated from ground. Because the
antenna shown is a quarter-wavelength, it is fed at a current loop with 52-Q coaxial
cable. The inner conductor of the coaxial cable is connected to the radiator element,
and the coaxial cable shield is connected to the ground. As you will see shortly,
the ground system for the vertical antenna is critical to its performance. Normally, the
feedpoint impedance is not 52 Q. but rather is somewhat lower (37 €). As a
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result, without some matching there will be a slight VSWR, but in most cases, the
VSWR is a tolerable tradeoff for simplicity. If the antenna has a feedpoint impedance
of 37 Q, which is the value usually quoted, then the VSWR will be 52 €2/37 €, or 1.41:1.

A vertical mounted above the ground level is shown in Fig. 7-1D. This antenna
is equally as popular as the ground mounted. Amateurs and CB operators find it
easy to construct this form of antenna because the lightweight vertical can be
mounted at reasonable heights (15 to 60 ft) using television antenna slip-up tele-
scoping masts that are reasonably low in cost. A problem with the non-ground-level
vertical antenna is that there is no easy way to connect it to ground. The solution to
the problem is to create a counterpoise (artificial) ground with a system of quarter-
wavelength radials.

In general, at least two radials are required for each band, and even that number
ismarginal. The standard wisdom holds that the greater the number of radials, the bet-
ter the performance. Although that statement is true, there are both theoretical and
practical limits to the number of radials. The theoretical limit is derived from the fact
that more than 120 radials returns practically no increase in operational effectiveness,
and at more than 16 radials, the returned added effectiveness per new radial is less
than is the case for fewer radials. That is, going from 16 to 32 radials (doubling the
number) creates less of an increase in received field strength at a distant point than
going from 8 to 16 radials (both represent doubling the density of the radial system).
The practical limit is 16 radials.

The radials of the off-ground-level vertical antenna can be at any angle. In Fig.
7-1D, they are “drooping radials” (i.e., the angle is greater than 90° relative to the ver-
tical radiator element). Similarly, Fig. 7-1E shows a vertical antenna that is equipped
with radials at exactly 90° (no common antenna has radials less than 90°). Both of
these antennas are called ground plane vertical antennas.

The angle of the vertical’s radials is said to affect the feedpoint impedance and
the angle of radiation of the vertical antenna. Although those statements are un-
doubtedly true in some sense, there are other factors that also affect those para-
meters, and they are probably more important in most practical installations.
Before digging further into the subject of vertical antennas, take a look at the sub-
jects of angle of radiation and gain in vertical antennas.

Angle of radiation

Long-distance propagation in the HF region depends upon the ionospheric phe-
nomena called “skip.” (See Chap. 2 for a more extensive explanation.) In this type
of propagation, the signal leaves the transmitting antenna at some angle a, called
the angle of radiation, and enters the ionosphere where it is refracted back to
earth at a distance D from the transmitting station. The signal in the zone between
the outer edge of the antenna’s ground-wave region and the distant skip point is
weak or nonexistent.

The distance covered by the signal on each skip is a function of the angle of radi-
ation. Figure 7-2 shows a plot of the angle of radiation of the antenna, and the dis-
tance to the first skip zone. The angle referred to along the vertical axis is the angle
of radiation away from the antenna relative to the horizon. For example, an angle of
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7-2 Effect of radiation angle on skip communications.

10° is elevated 10° above the horizon. Shorter distances are found when the angle of
radiation is increased. At an angle of about 30°, for example, the distance per skip is
only a few hundred miles.

Although you might expect on first blush to see a single line on the graph, there is
actually a zone shown (shaded). This phenomenon exists because the ionosphere
is found at different altitudes at different times of the day and different seasons of
the year. Generally, however, in the absence of special event phenomena in the
ionosphere, you can expect from 1500 to 2500 mi per bounce in the HF bands for low
angles of radiation. Note, for example, that for a signal that is only a degree or two
above the horizon the skip distance is maximum.
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At distances greater than those shown in Fig. 7-2, the signal will make multiple
hops. Given a situation where the skip distance is 2500 mi, covering a distance of
7500 mi requires three hops. Unfortunately, there is a signal strength loss on each
hop of 3 to 6 dB, so you can expect the distant signal to be attenuated from making
multiple hops between the earth’s surface and the ionosphere. For maximizing dis-
tance, therefore, the angle of radiation needs to be minimized.

So what is the ideal angle of radiation? It is standard—but actually erroneous—
wisdom among amateur radio operators (and even commercial operators, it turns
out) that the lower the angle of radiation, the better the antenna. That statement is
only true if long distance is wanted, so it reflects a strong bias toward the DX com-
munity. The correct answer to the question is: “It depends on where you want the
signal to go.” For example, I live in Virginia. If [ want to communicate with stations
in the Carolinas or New England, then it would behoove me to select a higher angle
of radiation for radio conditions represented in Fig. 7-2 so that the signal will land
in those regions. But if I wanted to work stations in Europe or Africa or South Amer-
ica, then a low angle of radiation is required. Because of the difference between
performance of high and low angles of radiation, some stations have two antennas
for each band: one each for high and low angles of radiation.

Figure 7-3 shows a signal from a hypothetical antenna located at point 0, in or-
der to show what angle is meant by “angle of radiation.” The beam from the antenna
is elevated above the horizon (represented by the horizontal “tangent to horizon”
line). The angle of radiation a is the angle between the tangent line and the center
of the beam. This angle is not to be confused with the beamwidth, which is also an
angle. In the case of beamwidth, we are talking about the thickness of the main lobe
of the signal between points where the field strength is —3 dB down from the maxi-
mum signal (which occurs at point P); these points are represented by points X and
Yin Fig. 7-3. Thus, angle b is the beamwidth, and angle a is the angle of radiation.

Gain in vertical antennas

Vertical antennas are considered ommnidirectional because they radiate equally
well in all directions. “Gain” in an antenna is not the creation of power, but rather a
simple refocusing of energy from all directions to a specific direction; gain therefore
infers directivity. According to the convention, then, the vertical antenna cannot
have any gain because it radiates in all directions equally . . . gain infers directivity.
Right? No, not really. Let’s develop the theme more carefully.

Again consider the idea of an isotropic radiator (the word Zsotropic means
equal power in all directions). Consider a spherical point source radiator located at
point O in Fig. 7-4. Whatever the level of power available from the transmitter, it will
be spread equally well over the entire surface of the sphere as it radiates out into
space away from point O. If you measure the power distributed over some area A at
a distance R from the source, then the power available will be a fraction of the total
power:

__ total available power x A
avail total surface area of sphere
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Tangent to horizon

X,Y: —3 dB points
P: center beam
Angle a: elevation angle
Angle b: 3-dB beam width

7-3 Side view of vertical extent radiation pattern.

or, in math symbols:

P§
P,= [7.1]

where

P is the power available per solid degree
P _is the total radiated power, in watts
ris the radius of the sphere (i.e., the distance from O to P).

A practical rule of thumb for this problem is to calculate from the surface area of the
sphere. If you perform the right calculations, you will find that there are approximately
41,253 square degrees on the surface of a sphere. By calculating the surface area of the
beam front (also in square degrees), you can find the power within that region.

Now for the matter of gain in a vertical antenna. The vertical is not gainless be-
cause it does not, in fact, radiate equally well in all directions. In fact, the vertical is
quite directional, except in the horizontal (azimuth) plane. Figure 7-5 shows the ra-
diation pattern of the typical free-space vertical radiator. The pattern looks like a gi-
ant doughnut in free space (see solid pattern in Fig. 7-5). When sliced like a bagel,
the pattern is the familiar circular “omnidirectional” pattern. When examined in the
vertical plane, however, the plane looks like a sliced figure-8. The “gain” comes from
the fact that energy is not spread over an entire sphere, but rather it is concentrated
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Y

7-4 Spherical or “isotropic” radiation pattern.

to the toroidal doughnut-shaped region shown. Therefore, the power per unit area
is greater than for the isotropic (truly omnidirectional) case.

Non-quarter-wavelength verticals

The angle of radiation for a vertical antenna, hence the shape of the hypothetical
doughnut radiation pattern, is a function of the length of the antenna. (Note: Length
in terms of vertical antennas is the same as height, and is sometimes expressed in
degrees of wavelength, as well as feet and/or meters.) Figure 7-6A shows the ap-
proximate patterns for three different-length vertical antennas: quarter-wavelength,
half-wavelength, and %-wavelength. Note that the quarter-wavelength antenna
has the highest angle of radiation, as well as the lowest gain of the three cases.
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The %-wavelength antenna is both the lowest angle of radiation and the highest gain
(compared with isotropic).

The patterns shown in Fig. 7-6A assume a perfectly conducting ground under-
neath the antenna. However, that is not a possible situation for practical antennas;
all real grounds are lossy. The effect of ground losses is to pull in the pattern close
to the ground (Fig. 7-6B). Although all of the patterns are elevated from those of
Fig. 7-6A, the relationships still remain: the %-wavelength radiator has the lowest
angle of radiation and highest gain.

The feedpoint impedance of a vertical antenna is a function of the length of the
radiator. For the standard quarter-wavelength antenna, the feedpoint radiation re-
sistance is a maximum of 37 2, with only a very small reactance component. Figure
7-7 shows the approximate feedpoint impedances for antennas from nearly zero
effective length to 120° of length.

Antenna length expressed in degrees derives from the fact that one wavelength
is 360°. Thus, a quarter-wavelength antenna has a length of 360°/4 = 90°. To convert
any specific length from degrees to wavelength, divide the length in degrees by 360.
Thus, for a 90° antenna: 90°/360° = % wavelength. The graph in Fig. 7-7A shows the
antenna feedpoint impedance, both reactance and radiation resistance, for antennas
from 60 to 120°; Fig. 7-7B shows the radiation resistance for antennas from near zero
to 60°. Note that the radiation resistance for such short antennas is extremely small.
For example, an antenna that is 30° long (%« = 0.083 wavelengths) has a resistance
of approximately 3 Q. It is generally the practice on such antennas to use a broadband
impedance-matching transformer to raise the impedance of such antennas to a higher
value (Fig. 7-8).

7-6B Accounting for ground losses.
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The ground system for the vertical antenna

The vertical antenna works well only when placed over a good ground system. Chap-
ter 28 gives details of proper ground systems for all radio antennas, verticals in-
cluded, so only certain specifics are included here. The reader should also examine
Chap. 28, however, in order to get a firmer grasp of the problem.

The usual way to provide a good ground for a vertical is to use a system of radi-
als such as Fig. 7-9A. This case shows a view (from above) of 16 quarter-wavelength
radials arranged to cover the full circle around the antenna. Each radial is a quar-
terwavelength, so it will have a length (in fact) of 246/F,, . All of the radials are
connected together at the base of the antenna, and the ground side of the trans-
mission line is connected to this system. The radials can be placed either on the sur-
face or underground. One friend of the author built an extensive radial system on
the bare dirt when his house was built, so when the sod was installed he had a very
high-quality underground radial system.
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If you decide to use an aboveground radial system, however, be sure to prevent
people from tripping over it. There might be liability implications for people who
trip and injure themselves, even when the person is an intruder or trespasser.

Some experts prefer to place a copper wire screen at the center of the radial
system. The minimum size of this screen is about 2m square (6 x 6 ft). Connect it
to the radials at the points shown using solder. Other experts will drive ground
stakes into the ground at these points. Still another method is shown in Fig. 7-9B.
This case shows a “spider web” of conductors shorting the radials at points a meter
or two from the antenna. Again, some authorities recommend that ground rods be
driven into the earth at the indicated points.

The exact number of radials to use depends in part on practical matters (how
many can you physically install?). Use at least two radials per band, with four per
band preferred for simple, low-cost systems. However, even four is considered a
compromise case. The general rule is: the more the better. But it’s also true that
there is a law of diminishing returns as the number of radials is increased. Figure
7-9C shows the approximate field intensity (mV/m) as a function of the number of
radials. Notice that the field intensity does not increase as rapidly with the number
of radials above 20 or so. Note that the Federal Communications Commission re-
quires AM band (5650 to 1700 kHz) stations to use 120 radials, but that number is not
necessary for amateur stations. A practical upper limit of 16 radials is usually ac-
cepted for amateur radio work, and four radials work quite well.
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7-9A Comprehensive ground system for vertical antenna.

For vertical antennas mounted above ground, there is an optimum height above
ground for the base of the antenna. This height is a quarter-wavelength above the
actual ground plane. Unfortunately, that distance might not be the height above
the surface. Depending upon ground conductivity and groundwater content, the
height can be exactly a quarter-wavelength above the surface or slightly lower. The
point is found from experimentation, and will, unfortunately, vary over the year if
climatic changes are usual.

Variations on the vertical antenna theme

Thus far, the vertical antennas have been standard quarter- or %-wavelength models.
This section looks at several variations on the theme. Consider Fig. 7-10. This antenna
is the vertical half-wavelength dipole. The vertical dipole is constructed in exactly the
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same manner as the horizontal dipole, but is mounted in the vertical plane. In general,
the section of the radiator that is closest to the ground should be connected to the
shield end of the coaxial cable transmission line.

Like the horizontal dipole, the approximate length of the vertical dipole is cal-
culated from

468
= F

MHz

L [7.2]

where

L, is the length, in feet
F\y, 18 the operating frequency, in megahertz

Example Calculate the length of a half-wavelength vertical dipole for opera-
tion on a frequency of 14.250 MHz in the 20-m amateur radio band.
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Note: The 0.8 ft part of this calculated length can be converted to inches by
multiplying by 12: 0.8 x 12 = 9.6 in.
Each leg of the vertical dipole is one half of the calculated length, or

32.8 It

=16.41t
2

The vertical dipole antenna is used in many locations where it is impossible to
properly mount a horizontal dipole, or where a roof- or mast-mounted antenna is
impossible to install because of logistics, a hostile landlord, and/or a homeowners’
association. Some row house and town house dwellers, for example, have been suc-
cessful with the vertical dipole. In the 1950s and 1960s, the vertical dipole was pop-
ular among European amateurs because of space restrictions found in many of
those locations.

The construction of the vertical dipole is relatively straightforward. You must
find or build a vertical support structure. In the case shown in Fig. 7-10, the support
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is a wooden or PVC mast erected for that purpose. Ropes and insulators at either
end support the wire elements from the ends and keep the antenna taut. If the
neighbors are a problem, then try to find some white PVC pipe that will make a fine
flagpole and be patriotic—with a vertical dipole hidden inside of the pipe. In other
cases, if your home is not metal-sided, and if it is high enough, then a support from
the roof structure (or soffits) will make a proper mount.
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One problem with the vertical dipole, and one that liability-conscious people
need to consider, is that a high-impedance current node is found at the ends of a
half- wavelength dipole. Anyone touching the antenna will likely receive a nasty RF
burn (or shock) from this antenna.

A coaxial vertical is similar to the vertical dipole (and, in fact, it can be argued
that it is a form of vertical dipole) in that it uses a pair of vertical radiator elements.
In the case of the coaxial vertical antenna, however, the radiator that is closest to
the ground is coaxial with the transmission line and the main radiator element. An
example is shown in Fig. 7-11A. An insulator at the feedpoint separates the two
halves of the radiator; in most cases, it is of smaller diameter than the coaxial sleeve
(also called the shield pipe in some publications). The reasons for this arrange-
ment are not entirely electrical, for the most part, but mechanical. The coaxial ca-
ble transmission line passes through the sleeve, and is itself coaxial to the sleeve.

The overall length of the coaxial vertical antenna is a half-wavelength, which
consists of two quarter-wavelength sections. Both the radiator and the sleeve are
quarter-wavelength. The length of each is found (approximately) from

234
L,=—— [7.3]
" FMHZ
or
72
Lmeters = FMH [7'4]
7

You should recognize these as similar to the equation used previously to calculate
half-wavelength antennas, but reduced by a factor of 2.

The coaxial vertical antenna was once popular with CB operators, and as such
was called the collinear antenna. In some cases, you can find hardware from these
antennas on the hamfest or surplus markets, and the pieces can be modified for
amateur radio use. In the situation where a 10-m-band antenna is being built, it is a
simple matter to cut the 11-m CB antenna for operation on a slightly higher fre-
quency. In the case of the lower-frequency bands, however, it is a little more diffi-
cult and it is likely that only the insulator and mounting assembly are salvageable.
Keep in mind, however, the fact that adjacent sizes of aluminum tubing are de-
signed such that the inside diameter (ID) of the larger piece is a slip-fit for the out-
side diameter (OD) of the smaller piece. You can, therefore, connect adjacent sizes
of aluminum tubing together without the need for special couplers, etc. With that in
mind, salvaged insulator assemblies can be cut off with just 6 to 10 in of the former
radiator and sleeve, and new radiators from “adjacent size” tubing installed.

The configuration shown in Fig. 7-11A is the manner of construction used by
commercial antenna manufacturers for VHF and CB collinear vertical dipoles, but is
a little difficult for amateurs (unless they happen to own a machine shop) to make
the center insulator. For those people, some other method is indicated before this
antenna is practical.
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Figure 7-11B shows a construction method that has been used by amateurs
with good results. The radiator and shield pipe (sleeve) are joined together in an in-
sulating piece of thick-wall PVC plumbing pipe, Lucite, or plexiglass tubing; 6 to 10
in of tubing are needed.

A gap of about 2 in is left between the bottom end of the radiator pipe and the
top end of the shield pipe in order to keep them electrically insulated from each
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other, and to allow the coaxial cable to be passed through to the outside world. A
hole in the insulator pipe is drilled for this purpose.

The aluminum tubing pieces for the radiator and the sleeve are fastened to the
insulator with at least two heavy machine screws each. One of the machine screws on
each can be used as the electrical connection between the coaxial cable and the pipes,
provided that a larger hole is cut in the insulator at that point to admit the washer
that provides the electrical pathway between the screw head and the aluminum pipe.
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If you depend upon the machine screw touching the pipe at the edges of the hole cut
for it, then there will probably be intermittent connection and all of the aggravation
that ensues.

Mounting of the homebrew coaxial vertical antenna can be a “pain in the neck.”
Normally, this antenna is mounted high in the air above ground, so some form of sup-
port is needed. Fortunately, you can use small-area metal supports connected to the
sleeve for this purpose. Figure 7-11C shows one method for mounting that is popu-
lar. A pair of television antenna standoff mounting brackets are used to support the
sleeve. Those brackets can be bought in sizes from 6 to 24 in. Note that a 2 x 4 piece
of lumber is used between the building wall and the brackets. This wood serves as an
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insulator, so it should be varnished or painted. It is held to the wall with lag bolts,
wing bolts, or some other effective method of anchoring. Keep in mind that the
forces on the brackets increase tremendously during wind storms!

It is possible for the two vertical antennas shown previously to become a shock
hazard to anyone who touches them. Both of these antennas are half-wavelength
radiators and are of the dipole form of construction. The center point is used for
feeding the antenna, so it forms the low-impedance point in the antenna. As a
result, the ends of the antenna, one of which is close to the ground, are the high-
impedance points—hence the voltages at those points within reach of prying hands
playing in the yard can be high. It is wise to either mount the antennas so far above
the ground that they cannot be reached, or build a small nonconductive fence
around the bottom end of the antenna.

Vertical antenna construction

There are two general cases for installing vertical antennas: ground-level-mounted and
non-ground-mounted. This section takes a brief look at both forms of mounting. We will
concentrate on installation of homebrew verticals rather than commercial, because it is
assumed that the vendors of such antennas will provide their own instructions.

The ground-level-mounted vertical is shown in Fig. 7-12. The typical vertical an-
tenna is 8 to 40 ft high. Thus, although the actual weight of the antenna is small, the
forces applied to the mounting structure (especially during windstorms) can be quite
high. Don’t be fooled by the apparent light weight of the antenna in this respect.

The mounting structure for the vertical antenna can be a metal or wooden
fence post buried in the ground. At least 2 ft of the fence post should be above
ground. In the case of Fig. 7-12, a 4 x 4 wooden fence post is used as the mount-
ing, but the principles are similar for all forms of post. A fence post hole is pro-
vided that is at least 2 ft deep. In some cases, it might be possible to use a
1-ft-deep gravel fill topped with back-filled dirt. In other cases, especially where
a steel fence post is used, a concrete plug is placed at the bottom of the hole
over a 4-in layer of gravel.

The antenna radiator element is installed onto the fence post using standoff
insulators. Unfortunately, these insulators are difficult to find, so they might have to
be omitted. Given that varnished or painted wood is not a terribly good conductor,
it is not unreasonable to bolt the radiator directly to the 4 x 4 fence post. Use %s-in
(or larger) bolts, and make them long enough to fit completely through both the an-
tenna element and the 4 x 4 post. Thus, 6-in-, 7-in-, or 8-in-long %s-in bolts are the
candidates for this job. Use at least two bolts, one at the bottom of the antenna
radiator element, and one near the top of the fence post. A third bolt, halfway be-
tween the other two, would not be out of order.

If the antenna is quarter-wavelength, then no matching is generally necessary.
Although the feedpoint impedance is not exactly 52 Q, it is close enough (37 ) to
form a reasonable match for 52-Q coaxial cable (with VSWR = 1.4:1). The center
conductor of the coaxial cable is connected to the radiator element, while the shield
is connected to the ground system. In the example shown in Fig. 7-12, two ground
methods are used. First, an 8-ft ground rod is driven into the earth at the base of the
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antenna; second, a system of quarter-wavelength radials is used. Remember that
the ground system is absolutely essential.

A method for installing a vertical antenna above ground is shown in Fig. 7-13.
In this case, a wooden support (2 x 4 or 4 x 4) is installed in a manner similar to Fig.
7-12, but with a deeper hole to counter the longer length. Alternatively, the wooden
support is affixed to the side of a building wall, shed, or other preexisting structure.
Once the support is arranged, however, the method of attachment of the radiator
element is the same for the previous case, so that will not be repeated here.

Electrical connections to the antenna are also shown in Fig. 7-13. Because the
antenna is above ground level, an electrical counterpoise ground consisting of a sys-
tem of radials is absolutely essential; at least two radials per band must be provided.
A small L bracket is used to support the radials and to provide an SO-239 coaxial
connector for the coax. This connector is a chassis-mounted type with its center
conductor connected to the radiator element. The shield of the connector is con-
nected to the bracket, so it is also connected to the radial system.

In some installations, the antenna support structure will require guy wires to
keep the structure stable. Do not use the radials as guy wires. The type of wire that
normally works well for radials is too soft, and too easily stretched, for guy wire ser-
vice. Use regular steel guy line, available where TV antenna supplies are sold, for
this antenna. Make the lengths nonresonant, and break the guy lines up with egg in-
sulators, if necessary, to achieve the nonresonance.

%-Wavelength verticals

Figure 7-14 shows the configuration for the %-wavelength vertical antenna. Such an
antenna generally gives a lower angle of radiation than the more common quarter-
wavelength radiator, so presumably it works better for long distance.

The radiator of this antenna is made from 0.5-in to 1.5-in aluminum tubing.
Again, remember that adjacent sizes fit together snugly to form longer sections.
The physical length of the %-wavelength radiator is found from

585
L,=—— 7.5
" FMHZ [ ]
or, in meters,
180
metors = F [7'6]

The radials are the usual quarter-wavelength, and are made of no. 12 or no. 14
copper wire. These lengths are found from:

246
Ly=7— [7.7]

MHz
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LIT’I T =
eters FMHZ

The feedpoint impedance of the %-wavelength antenna is about 1600 €2, not a
good match for the ordinary coaxial cables that are routinely available on the ama-
teur market. Some form of impedance matching is needed.

One option is to use a broadbanded RF transformer. These transformers will
work throughout the HF spectrum, and match a wide variety of impedances to the
50-Q standard system impedance.

Another option, especially for a single-band antenna, is to use a coaxial cable
impedance transformer, such as shown in Fig. 7-14. The transformer consists of two
sections of coaxial cable joined together, shown as L, and L, in Fig. 7-14. The
lengths are found from

[7.8]

122
L= [7.9]

MHz
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or
L, = % m [7.10]

and
L,= % ft [7.11]
L,= i m [7.12]

Grounded vertical antennas

The vertical antennas presented thus far in this chapter are called series-fed verti-
cals, because the generator is essentially in series with the radiator element. Such
an antenna must be insulated from ground. The other class of vertical is the shunt-
Sed vertical, which is grounded at one end (Fig. 7-15). There are three methods of
shunt-feeding a grounded vertical antenna: delta, gamma, and omega. All three
matching systems have exactly the same function: to form an impedance transfor-
mation between the antenna radiation resistance, at the feedpoint, and the coaxial
cable characteristic impedance, as well as cancelling any reactance in the system.
The delta feed system is shown in Fig. 7-15A. In this case, a taut feed wire is con-
nected between a point on the antenna, which represents a specific impedance on

7-15A Delta-fed grounded vertical.
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the antenna, and an antenna tuner. This method of feed is common on AM broadcast
antennas (which are usually—perhaps always—verticals). Although you would
think that the sloping feed wire would distort the pattern, that is not the case. The
distortion of the pattern, if any, is minimal, hence it can be neglected.

The gamma feed system is shown in Fig. 7-15B. This method is commonly used
by amateurs to feed Yagi beam antennas, so it is quite familiar in the amateur radio
world. The feed system consists of a variable capacitor to tune the system, and a
matching rod that parallels the antenna radiator element. It is important that the
rod not be anywhere near a quarter-wavelength, or it would become a vertical
antenna in its own right, and in fact would resemble the so-called J-pole antenna.
A review of the gamma match is given in Chap. 12. The omega feed (shown in Fig,.
7-150) is similar to the gamma match except that a shunt capacitor is used.

Conclusion

The vertical antenna is a viable alternative for many situations, especially where
real estate is at a premium. Contrary to popular opinion, the vertical antenna works
well when installed properly and when due consideration has been given to matters
such as the grounding and angle of radiation desired.

7-15B Gamma-fed grounded vertical.
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7-15C Omega-fed grounded vertical.
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CHAPTER

Multiband and
tunable-wire antennas

MOST COMMUNICATIONS OPERATORS REQUIRE MORE THAN ONE BAND, AND THAT MAKES
the antenna problem exactly that—a problem to be solved. Amateur radio, commer-
cial, and military operators are especially likely to need either multiple antennas for
different bands, or a multiband antenna that operates on any number of different
bands. This situation is especially likely on the high-frequency (HF) bands from 3.5
to 29.7 MHz.

Another problem regards the tunability of an antenna. Some amateur bands are
very wide (several hundred kilohertz), and that causes any antenna to be highly vari-
able from one end of the band to another. It is typical for amateurs to design an an-
tenna for the portion of the band that they use most often, and then tolerate a high
VSWR at the other frequencies. Unfortunately, when you see an antenna that seems
to offer a low VSWR over such a wide range, it is almost certain that some problem
exists that reduces the @, and the antenna efficiency, to broaden the response. How-
ever, it is possible to tune an antenna for a wide band. It is also possible (now that
amateurs have new HF bands) to use a single antenna between them, and then tune
the difference out. For example, designing a single antenna for 21/24 MHz, 14/18
MHz, or 7/10 MHz should prove possible.

In this chapter we will take a look at both problems: the multiband and the tun-
able antenna.

Multiband antennas

Although a triband Yagi or quad beam antenna will undoubtedly work better than a
wire antenna (when installed correctly!), the low-budget amateur operator need not
lament any supposed inability to “get out” on wire antennas. To quote an old saying;:
“‘Better’ is the enemy of ‘good enough.’” Or, to put it in terms of Carr’s law: “If it’s
‘good enough’ then don’t waste a lot of energy fretting over making it ‘better’ unless
you really want to make it a lot better.”

Copyright 2001 - the McGraw-Hill Companies 203
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Trap dipoles

Perhaps the most common form of multiband wire antenna is the trap dipole
shown in Fiig. 8-1A. In this type of antenna, one (or more) pairs of parallel resonant
traps are placed in series with the quarter-wavelength elements of the dipole. The
purpose of the traps is to block their own resonant frequency, while passing all
other frequencies.

In the example of Fig. 8-1A, a 10-m trap isolates the first 8 ft or so (quarter-
wavelength on 10 m) so that the antenna resonates on that band. A 40-m or 15-m
signal, on the other hand, passes through the traps and uses the whole length of the
antenna. (Note: A half-wavelength 40-m dipole works as a 3/2-wavelength antenna
on 15 m.)

The overall length of the trap dipole will be a little less than the natural “non-
trap” length for the lowest frequency of operation. At the low frequencies, the
traps add a little inductance to the circuit so that the resonant point is lower than
the natural resonant frequency. In general, most trap dipoles are just a few per-
cent shorter than nontrap dipoles at the same band. The actual amount of short-
ening depends upon the values of the components in the traps, so consult the
data for each trap purchased. Where more than one pair of traps is used in the
antenna, make sure they are of the same brand and are intended to work
together.

Another solution to this problem is shown in Fig. 8-1B. This type of antenna ac-
tually has two or more half-wavelength dipoles fed from the same transmission line.
In this illustration, a total of three dipoles are fed from the same 75-Q transmission
line. There is no theoretical limit to how many dipoles can be accommodated, al-
though there is certainly a practical limit. For one thing, there is a mechanical limit
to how many wires are supportable (or desirable) hanging from any given support.
There is also an electrical limit, although it is less defined. Having a lot of dipoles in-
creases the possibility of radiating harmonics and other spurious emissions from
your transmitter.

The 75-Q coaxial cable is connected to the center feedpoint of the multidipole
either directly or through a 1:1 balun transformer, as shown in Fig. 8-1B. Each an-

8-1A Trap dipole for multiband

Operation. (Courtesy of Hands-On Electronics and
Popular Electronics)

A=10-meter segment
A+B=15-meter/40-meter segment
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1:1 BALUN A

8-1B Multiband dipole consists of several dipoles fed from a common feedline.

tenna (A-A, B-B, or C-C) is a half-wavelength. Therefore, the overall length is found
approximately from the standard dipole expressions:

Overall length (A +A,B + B, or C + C):

468
L,=—— 8.1
" FMHZ [ ]
or, for each element alone (A4, B, or C):
234
L,=—— 8.2
" FMHZ [ ]

As always, close to the earth’s surface, these equations are approximations, and
are not to be taken too literally. Some experimentation will probably be necessary to
optimize resonance on each band. Also, be aware that the drooping dipoles (B and C
in this case) may act more like an inverted-vee antenna (see Chap. 7) than a straight
dipole, so the equation length will be just a few percent too short. In any event, a lit-
tle spritzing with this antenna will yield results.

Some amateurs build the multiple dipole from four- or five-wire TV rotator lead.
That type of wire is used to control antenna rotators, and has either four or five par-
allel wires in a flat arrangement similar to lamp cord. Cut each wire to the length re-
quired for a band, and strip off any unused portions.

Another possibility is the link-tuned dipole shown in Fiig. 8-1C. In this situation, a
single conductor is used for each half of the dipole, or actually inverted vee. The con-
ductors are broken into segments A, B, and C (or more, if desired). Each segment is
separated from the two adjacent sections by inline insulators (standard end insula-
tors are suitable). Segment A is a quarter-wavelength on the highest frequency band
of operation, A + B is a quarter-wavelength on the next highest band of operation, and
A + B + Cis a quarter-wavelength on the lowest frequency band of operation.

The antenna is “tuned” to a specific band by either connecting, or disconnecting,
a similar wire (see inset) jumper across the insulator that breaks the connection be-
tween the segments. Either a switch or an alligator clip jumper will short out the in-
sulator to effectively lengthen the antenna for a lower band. Some amateurs use
single-pole 110-Vac power line switches to jumper the insulator. Although I have not
tried this method, it should work.
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Insulator

8-1C Multiband inverted vee uses shorting links to change bands.

A big disadvantage to this type of multiband antenna is that you must go out into
the yard and manually switch the links to change bands, which probably explains
why other antennas are a lot more popular, especially in northern latitudes.

Tuned feeder antennas

Figure 8-2A shows the tuned feeder type of antenna. This antenna can be used from
80 through 10 m, but it requires a special tuner and a length of parallel transmission
line. There are two ways to get parallel transmission line: make it or buy it. Using no.
14 or 12 wire, and specially made insulators (also called spreaders), you can make
300-, 450-, or 600-Q parallel transmission line. But that's a pain in the ptusch be-
cause you can also buy parallel line rather cheaply. I paid $16 for 100 ft of 450-Q
line recently.

One form of parallel line is ordinary TV-type twin lead, which has an impedance
of 300 Q. This line will take up to about 250 W, although some people use it at higher
powers (not recommended!). The antenna of Fig. 8-2A uses 450-Q parallel line. You
can buy insulated 450-Q twin lead (see Fig. 8-2B) that can be handled as easily as TV
twin lead—and a lot more easily than open (uninsulated) parallel line.

The G5RV multiband dipole

Figure 8-3 shows the popular GBRV antenna. Although not without some problems,
this antenna is very popular. It can be used either as a horizontal dipole, a sloper, or
an inverted-vee antenna (which is how I used it). The dipole elements are each 51 ft
long. The feedline can be either 300- or 450-Q twin lead. For 300-Q cases, use 29 ft
of line, and for 450-Q line, use 34 ft. One end of the parallel transmission line is con-
nected to the antenna, and the other end is connected to a length of 50-Q coaxial
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cable. Although most articles on the GBRV claim that any length of 50-Q line will
work, J. M. Haerle (HF Antenna Systems: The Easy Way) recommends that the
50-Q segment should be at least 65 ft long,

Haerle is a little caustic in his comments on the G5RV, but his criticism is well
taken. If you don't have a parallel transmatch, then the GBRV will work (especially if
your rig can tolerate a 3:1 VSWR on some selected frequencies). Otherwise, use the
antenna of Fig. 8-2A (or a transmatch with the G5RV).
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Figure 8-4 shows the once-popular end-fed Zepp antenna. This antenna is a
“monopole” in that it uses a half-wavelength radiator, but it is fed at a voltage loop
rather than a current loop (i.e., the end of the antenna rather than the center). A
450- or 600-Q parallel transmission line is used to feed the Zepp antenna. Although
the line can theoretically be any length, practicality dictates a quarter-wavelength
because of the fact that the antenna is fed at a high RF voltage point.

The Zepp (as shown) is a single-band antenna unless the transmission line is fed
with a good, widerange transmatch, or other antenna tuner unit. The antenna tuner
required is a balanced type, although a standard transmatch with a 4:1 balun trans-
former at the output will also work well. Using the Zepp on many bands is easy, but
keep in mind that it is voltage-fed, and (at frequencies for which the parallel line is
not an odd integer multiple of a quarter-wavelength) there will be a high-voltage
node at the transmatch. That raises the possibility of “RF in the shack”—*hot” snip-
pets of RF on the grounded chassis of station equipment (including microphones,
where it is uncomfortable when touched to the lips).

Feeding parallel transmission line

Parallel transmission line is balanced with respect to ground, but coaxial cable is
unbalanced to ground (i.e., one side of the coax is usually grounded). As a result,
the standard amateur transmitter output will not drive parallel (balanced) feedline
properly. You need to do one of two things: (1) buy (or build) an antenna tuner that
is balanced on the output and unbalanced on the input or (2) convert a standard
"coax-to-coax" transmatch or other form of antenna coupler to “coax-to-balanced”
configuration. In some cases you can use a 4:1 balun transformer at the output of the
coaxial cable tuner. Keep in mind, however, that some tuner manufacturers recom-
mend against this practice. If you use the standard tee-network (or SPC) transmatch

Rope Rope
\ l< ) >|
T
Insulator

Parallel
feeders

Coax to XMTR

VSWR meter

8-4 End-fed Zepp antenna.
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then it is possible to make a balun for this purpose from some no.12 formvar- or
enamel-covered wire and either a ferrite toroid or a short piece of PVC plumbing
pipe. Figure 8-5 shows a balun coil construction project. Use 12 turns of no.12 form-
var or enameled wire over a 1-in outside diameter piece of PVC pipe or tubing.

Next, we have the so-called longwire antenna. I use the term so-called because
not all long wire antennas are truly longwires. A true longwire is longer than two
wavelengths at the lowest frequency of operation. In Fig. 8-6 we see a longwire, or
“random-length,” antenna fed from a tuning unit. If the antenna length L is greater
than a quarter-wavelength, then the tuner consists of a single series capacitor (see
below); and if it is shorter than a quarter-wavelength, the tuner is a series inductor.
The standard tuner for this type of antenna, regardless of length, is a simple L-sec-
tion coupler (also shown), which can be selected for L-section, series-L or series-C
operation.

The Windom antenna (Fig. 8-7) has been popular since the 1920s. Although
Loren Windom is credited with the design, there were actually a number of contrib-
utors. Coworkers with Windom at the University of Illinois were John Byrne, E. F.
Brooke, and W. L. Everett, and they are properly cocredited. The designation of Win-
dom as the inventor was probably due to the publication of the idea (credited to Win-
dom) in the July 1926 issue of QST magazine. Additional (later) contributions were
rendered by G2BI and GM1IAA (Jim Maclntosh). We will continue the tradition of
crediting Loren Windom, with the understanding that others also contributed to this
antenna design.

The Windom is a roughly half-wavelength antenna that will also work on even
harmonics of the fundamental frequency. The basic premise is that the antenna ra-
diation resistance varies from about 50 Q to about 5000 Q, depending upon the

——— Coaxial
Connect only . output
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connected to = parallel line is
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8-6 Random-length (a.k.a., if erroneously, “longwire”) antenna.

selected feedpoint. When fed in the exact center, a current loop, the feedpoint im-
pedance will be 50 Q; similarly, end feeding the antenna finds a feedpoint impedance
of about 5000 Q. In Fig. 8-7A the feedpoint is tapped away from the center at a point
that is about one-third the way from one end, at a point where the impedance is
about 600 Q.

The Windom antenna works well—but with some caveats. For example, the an-
tenna has a tendency to put “RF in the shack” because of the fact that it is voltage-
fed. Second, there is some radiation loss from the feedline. Finally, the antenna
works poorly on odd harmonics of the fundamental frequency.

The antenna tuning unit can be either a parallel resonant, link-coupled LC tank
circuit (see inset to Fig. 8-TA); or a reversed pi network. In the case of the Windom,
the pi network is turned around backward from the usual configuration: C, is at the
low-impedance end of the network, so it is larger than C,. Design a pi network (see
programs at end of book) to match 50 Q on the transmitter end and 600 Q on the an-
tenna end.

A reasonable compromise Windom that reduces feedline radiation losses is
shown in Fig. 8-7B. In this antenna a 4:1 balun transformer is placed at the feed
point, and this in turn is connected to 75-Q coaxial transmission line to the trans-
mitter. A transmatch, or similar antenna tuner, is then connected between the trans-
mitter and the transmission line.
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CHAPTER

Longwire
directional antennas

YOU'VE HEARD IT DOZENS OF TIMES: THE RANDOM-LENGTH LONGWIRE ANTENNA IS THE
“perfect” solution to awkward antenna problems. Whether it’s a lack of real estate,
cranky landlords, or a profound lack of dollars, the random-length longwire will do the
job for you. Right? Well, now, that depends on who you ask, and what they did to make
it work— or not work. One person says the longwire is not worth a plugged nickel;
another is very ho-hum about it because his “kinda works”; still another is enthusias-
tic because hers is installed correctly and it works better than anything “since sliced
pickle and liverwurst sandwiches.” Over the years my various living arrangements
have forced me to use longwires at many QTHs, as well as on Field Day. Why does the
random-length longwire have such a varied reputation? Before we answer that ques-
tion let’s find out (for those who came in late) just what is a longwire antenna.

As an aside, let me point out that random-length wire antennas (less than 2A)
are not true longwire antennas. However, common (if erroneous) usage compels
the inclusion of both types.

Longwire antennas

Longwire antennas are any of several types of resonant and nonresonant antennas.
Any given longwire antenna may be both resonant and nonresonant, depending upon
the operating frequencies used. In the “old days,” when I was first starting in amateur
radio, most resonant longwires were resonant over all HF bands because those bands
were harmonically related to each other. But with the addition of the 10-, 18-, and
24-MHz band segments, that relationship no longer holds true for all cases.

Figure 9-1 shows the classic random length, nonresonant longwire antenna. It
consists of a wire radiator that is at least a quarter-wavelength long, but is most of-
ten longer than a quarter-wavelength. The specific length is not critical, but it must
be greater than a quarter-wavelength at the lowest frequency of operation an-
ticipated. If you have a 90-ft wire, it will work on all HF bands above 3.5 MHz. In
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9-1 Random-length antenna.

most installations, the wire is no.12 and no.14 copperweld, or hard-drawn copper
wire. I have successfully used both no.12 and no.14 house wire, but because it is
solid (not stranded) it is not the best material. Stranded wire lasts longer in the
wind, because solid wire fatigues and breaks quicker.

The longwire antenna is capable of providing gain over a dipole and a low angle
of radiation (which is great for DX operators!). But these advantages are only found
when the antenna is several wavelengths long, so it occurs only on typical HF anten-
nas in the 21- through 29-MHz bands.

The longwire is end-fed, and therefore has a high impedance, except in those
cases where the radiator happens to be quarter-wavelength. Because of this fact, it
is necessary to use an antenna tuner between the low-impedance transmitter out-
put (usually limited to 50- to 75-Q impedances) and the antenna. You can buy any
of several commercial antenna tuners, or make one yourself. Figure 9-2 shows a
typical antenna tuner for longwires. It is an L-section coupler consisting of a series
inductance and a shunt capacitance, both variable. The inductor can be home-
made, or it can be made from a B&W miniductor (3029 is suitable). Alternatively,
you can buy a used roller inductor from a hamfest. If you opt for the homemade or
miniductor alternatives, then an alligator clip lead (short!) connected to one end
of the coil can be used to short out unneeded turns when adjusting the inductance.
I prefer the roller inductor method, because it allows the whole “shootin’ match” to
be installed inside a shielded cabinet, helping the TVI/BCI (television interfer-
ence/broadcast interference) situation.
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The capacitor (also available from the same sources) should be 150-pF to 250-
pF maximum capacitance high-voltage variable. So-called transmitting variables are
usually ok if the plate spacing is at least % in.

Tuning of the longwire is simplicity itself. If the tuner does not have a built-in
VSWR meter, then install one in the line between the transmitter output and the
tuner input. Adjust both L, and C, (they are a bit interactive so do it several times)
for the lowest VSWR. If you use the alligator clip method, turn off the darn trans-
matter before adjusting the clip position—RE burns are nasty!

So what’s the problem?

Ok, so we have decided to install a longwire. How do we make it work? First, make
sure that it is long enough. The bare minimum lengths for HF bands are 70 ft for
3.5 MHz and up, 34 ft for 7 MHz and up, and so on. In general, the longer the better.
The second problem is a good ground. The importance of a good ground cannot be
underestimated, and it accounts for about 99 percent of the difference in reported
performance of longwires.

A good ground consists of a short wire to either one very long ground rod or mul-
tiple ground rods spaced a couple feet apart. An important factor is the length of
the ground wire. It must be considerably less than a quarter-wavelength. Use no.10
stranded wire (several parallel lengths) or braid.

When [ was in college I lived on the second floor of a whacky student boarding
house in Norfolk, VA. The ground was 24 ft away, and that made “short ground wire”
a joke—and my longwire nearly inoperative. But I figured out a way around the
problem. A quarter-wave radial was dropped out the window (see Fig. 9-3). Use
more than one radial if possible. In one case, when the landlord was particularly
cranky, I tacked the radial to the baseboard of my room (insulated on standoffs at the
far end to protect against the high RF voltages present). It worked well!



216 Longwire divectional antennas

A new product also comes to the rescue of those reader-hams who cannot put up
a good longwire. The MFJ Enterprises (Box 494, Mississippi State, MS, 39762, 1-800-
647-1800) model MFJ-931 artificial RF ground is installed in the ground line (see Fig.
9-4) and is used to tune the ground wire. Adjust the capacitance and inductance con-
trols for maximum ground current as shown on the built-in meter. Be sure to follow
the instructions, however, because high RF voltages can appear on a nonresonant
ground wire. I wish I'd had one of these when I was in that whacky boarding house;

discussing existentialist poetry can’t hold a candle to DXing.
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When is a long wire a longwire?

For many years, the longwire has been a popular form of antenna. It is cheap, it is
easy to construct, and—although reports vary—it has the potential to perform well.
Properly constructed, it has a lot of utility. But what is a real longwire antenna? In
past columns, I have used the term to mean an antenna such as Fig. 9-1. This form of
antenna is popularly called a longwire if it is more than a quarter-wavelength. I and
other authors have used the term longwire to mean this antenna, but that’s not rig-
orously correct. A true longwire is an antenna that is many wavelengths long, or to
be a little more rigorous, an antenna that is more than two wavelengths long. Al-
though I will still use the term longwire for both forms of longwire antenna, proper
rigor requires Fig. 9-1 to be called a “random-length antenna.”

True longwire antennas

Figure 9-5 shows the true resonant longwire antenna. It is a horizontal antenna, and
if properly installed, it is not simply attached to a convenient support (as is true with
the random length antenna). Rather, the longwire is installed horizontally like a di-
pole. The ends are supported (dipole-like) from standard end insulators and rope.
The feedpoint of the longwire is one end, so we expect to see a voltage antinode
where the feeder is attached. For this reason we do not use coaxial cable, but rather
either parallel transmission line (also sometimes called open-air line or some such
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9-5 End-fed longwire with suitable tuner.
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name), or 450-Q twin lead. The transmission line is excited from any of several types
of balanced antenna tuning unit (see Fig. 9-5). Alternatively, a standard antenna
tuning unit (designed for coaxial cable) can be used if a 4:1 balun transformer is
used between the output of the tuner and the input of the feedline.

What does “many wavelengths” mean? That depends upon just what you want
the antenna to do. Figure 9-6 shows a fact about the longwire that excites many
users of longwires: It has gain! Although a two-wavelength antenna only has a slight
gain over a dipole; the longer the antenna, the greater the gain. In fact, it is possible
to obtain gain figures greater than a three-element beam using a longwire, but only
at nine or ten wavelengths.

16 L

Antenna length (wavelengths)

0 1 2 3 4 5 6 7 8 9 10

Gain relative to dipole (dB)

9-6 Antenna length versus gain over dipole.
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What does this mean? One wavelength is 984/F, . ft, so at 10 m (29 MHz) one
wavelength is about 34 ft; at 75 m (3.8 MHz) one wavelength is 259 ft long. In order
to meet the two-wavelength criterion a 10-m antenna need only be 68 ft long, while
a 75-m antenna would be 518 ft long! For a ten-wavelength antenna, therefore, we
would need 340 ft for 10 m; and for 75 m, we would need nearly 2,600 ft. Ah me,
now you see why the longwire is not more popular. The physical length of a nonter-

minated resonant longwire is on the order of

492(N - 0.025)
feet — F

MHz

L [9.1]

(N is number of half-wavelengths in the radiator elements.)

Of course, there are always people like my buddy (now deceased) John
Thorne, K4ANFU. He lived near Austin, TX on a multiacre farmette that has a 1400-
ft property line along one side. John installed a 1300 ft longwire and found it
worked excitingly well. He fed the thing with homebrew 450-Q parallel (open-air)
line and a Matchbox antenna tuner. John’s longwire had an extremely low angle of
radiation, so he regularly (much to my chagrin on my small suburban lot) worked
ZL, VK, and other Southeast Asia and Pacific basin DX, with only 100 W from a
Kenwood transceiver.

Oddly enough, John also found a little bitty problem with the longwire that text-
books and articles rarely mention: electrostatic fields build up a high-voltage dc
charge on longwire antennas! Thunderstorms as far as 20 mi away produce serious
levels of electrostatic fields, and those fields can cause a buildup of electrical charge
on the antenna conductor. The electric charge can cause damage to the receiver.
John solved the problem by using a resistor at one end to ground. The “resistor” is
composed of ten to twenty 10-MQ resistors at 2 W each. This resistor bleeds off the
charge, preventing damage to the receiver.

A common misconception about longwire antennas concerns the normal radia-
tion pattern of these antennas. I have heard amateurs, on the air, claim that the max-
imum radiation for the longwire is

1. Broadside (i.e., 90°) with respect to the wire run or
2. In line with the wire run

Neither is correct, although ordinary intuition would seem to indicate one or the
other. Figure 9-7 shows the approximate radiation pattern of a longwire when
viewed from above. There are four main lobes of radiation from the longwire (A, B,
C, and D). There are also two or more (in some cases many) minor lobes (& and F")
in the antenna pattern. The radiation angle with respect to the wire run (G-H) is a
function of the number of wavelengths found along the wire. Also, the number and
extent of the minor lobes is also a function of the length of the wire.
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Nonresonant single-wire longwire antennas

The resonant longwire antenna is a standing wave antenna, because it is untermi-
nated at the far end. A signal propagating from the feedpoint, toward the open end,
will be reflected back toward the source when it hits the open end. The interference
between the forward and reflected waves sets up stationary standing current and
voltage waves along the wire.

A nonresonant longwire is terminated at the far end in a resistance equal to its
characteristic impedance. Thus, the incident waves are absorbed by the resistor,
rather than being reflected. Such an antenna is called a traveling wave antenna.
Figure 9-8 shows a terminated longwire antenna. The transmitter end is like the feed
system for other longwire antennas, but the far end is grounded through a termi-
nating resistor | that has a resistance R equal to the characteristic impedance Z_ of
the antenna (i.e., R = Z ). When the wire is 20 to 30 ft above the ground, Z  is about
500 to 600 Q.

The radiation pattern for the terminated longwire is a unidirectional version of
the multilobed pattern found on the unterminated longwires. The angles of the
lobes vary with frequency, even though the pattern remains unidirectional. The di-
rectivity of the antenna is partially specified by the angles of the main lobes. It is in-
teresting to note that gain rises almost linearly with nA, while the directivity
function changes rapidly at shorter lengths (above three or four wavelengths the
rate of change diminishes considerably). Thus, when an antenna is cut for a certain
low frequency, it will work at higher frequencies, but the directivity characteristic
will be different at each end of the spectrum of interest.

A two-wavelength (2)) pattern is shown in Fig. 9-7. There are four major lobes
positioned at angles of +36° from the longwire. There are also four minor lobes—
the strongest of which is -5 dB down from the major lobes—at angles of +75° from
the longwire. Between all of the lobes, there are sharp nulls in which little reception
is possible. As the wire length is made longer, the angle of the main lobes pulls in
tighter (i.e., toward the wire). As the lobes pull in closer to the wire, the number of
minor lobes increases. At 5A, there are still four main lobes, but they are at angles
of +22° from the wire. Also, the number of minor lobes increases to 16. The minor lobes
are located at +47°, +62°, +72° and +83° with respect to the wire. The minor
lobes tend to be -5 to —10 dB below the major lobes. When the longwire gets very
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9-8 Longwire (greater than 2A) antenna is terminated in a resistance (typically 400 to 800 Q).
Radials under the resistor improve the grounding of the antenna.

much longer than 5A, the four main lobes begin to converge along the length of the
wire, and the antenna becomes bidirectional. This effect occurs at physical lengths
greater than about 20.

In general, the following rules apply to longwire antennas:

e On each side of the antenna, there is at least one lobe, minor or major, for each
half-wavelength of the wire element. For the overall element, there is one lobe
for every quarter-wavelength.

e [f there are an even number of lobes on either side of the antenna wire, then
half of the total number of lobes are tilted backward, and half are tilted for-
ward; symmetry is maintained.

e If there are an odd number of lobes on either side of the wire, then one lobe
on either side will be perpendicular to the wire, with the other lobes distrib-
uted either side of the perpendicular lobe.

Vee beams and rthombic beams

Longwire antennas can be combined in several ways to increase gain and sharpen
directivity. Two of the most popular of these are the vee beam and the rhombic an-
tennas. Both forms can be made in either resonant (unterminated) or nonresonant
(terminated) versions.

Vee beams The vee beam (Fig. 9-9A) consists of two equal-length longwire
elements (wire 1 and wire 2), fed 180° out of phase with each other, and spaced
to produce an acute angle between them. The 180° phase difference is inherent in
connecting the two wires of the vee to opposite conductors of the same parallel con-
ductor feedline.
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9-9A Radiation pattern of vee beam antenna consists of the algebraic sum of the two longwire
patterns that make up the antenna.

The unterminated vee beam (Fig. 9-9A) has a bidirectional pattern that is created
by summing together the patterns of the two individual wires. Proper alignment of the
main lobes of the two wires requires an included angle, between the wires, of twice
the radiation angle of each wire. If the radiation angle of the wire is 8, then the appro-
priate included angle is 2f. To raise the pattern a few degrees, the 2 angle should be
slightly less than these values. It is common practice to design a vee beam for a low
frequency (e.g., 75-/80- or 40-m bands), and then to use it also on higher frequencies
that are harmonics of the minimum design frequency. A typical vee beam works well
over a very wide frequency range only if the included angle is adjusted to a reasonable
compromise. It is common practice to use an included angle that is between 35° and
90°, depending on how many harmonic bands are required.

Vee beam patterns are based on an antenna height that is greater than a half-
wavelength from the ground. At low frequencies, such heights will not be practical, and
you must expect a certain distortion of the pattern because of ground reflection effects.

Gain on a vee beam antenna is about 3 dB higher than the gain of the single-wire
longwire antenna of the same size, and it is considerably higher than the gain of a
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dipole (see Fig. 9-9B). At three wavelengths, for example, the gain is 7 dB over a di-
pole. In addition, there may be some extra gain because of mutual impedance
effects—which can be about 1 dB at 5A and 2 dB at 8A.

Nonresonant vee beams Like the single-wire longwire antennas, the vee beam
can be made nonresonant by terminating each wire in a resistance that is equal to
the antenna’s characteristic impedance (Fig. 9-10). Although the regular vee is a
standing wave antenna, the terminated version is a traveling wave antenna and is
thus unidirectional. Traveling wave antennas achieve unidirectionality because the
terminating resistor absorbs the incident wave after it has propagated to the end of
the wire. In a standing-wave antenna, that energy is reflected backwards toward the
source, so it can radiate oppositely from the incident wave.

Rhombic beams The rhombic beam antenna, also called the double vee,
consists of two vee beams positioned end-to-end with the tips connected. The uni-
directional, nonresonant (terminated) rhombic is shown in Fig. 9-11. The untermi-
nated resonant form gives approximately the same gain and directivity as a vee
beam of the same size. The nonresonant rhombic has a gain of about 3 dB over a
vee beam of the same size (see Fig. 9-9 again).

Two angles are present on the rhombic antenna. One-half of the included an-
gle of the two legs of one wire is the t2lt angle (¢), while the angle between the
two wires is the apex angle (6). A common rhombic design uses a tilt angle of
70°, a length of 6A for each leg (two legs per side), and a height above the ground
of 1.1A.

Rhombic & Vee-Beam Gain over Dipole

10

Gain (dBd)
@

I/
/

Wavelengths

9-9B Gain versus length of vee beam and rhombic beam antennas.
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The termination resistance for the nonresonant rhombic is 600 to 800 Q, and
must be noninductive. For transmitting rhombics, the resistor should be capable of
dissipating at least one-third of the average power of the transmitter. For receive-
only rhombics, the termination resistor can be a 2-W carbon composition or metal-
film type. Such an antenna works nicely over an octave (2:1) frequency range.

Beverage or “wave” antennas

The Beverage or wave antenna is considered by many people to be the best receive
antenna available for very low frequency (VLF), AM broadcast band (BCB), medium
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wave (MW), or tropical band (low HF region) DXing. The Beverage was used by RCA
at its Riverhead, Long Island (NY) station in 1922, and a technical description by Dr.
H. H. Beverage (for whom it is named) appeared in QST magazine for November
1922, in an article titled “The Wave Antenna for 200-Meter Reception.” In 1984, an
edited and updated version of the 1922 article appeared in the same magazine. In
1921, Paul Godley, under sponsorship of the American Radio Relay League, journeyed
to Scotland to erect a receiving station at Androssan. His mission was to listen for am-
ateur radio signals from North America. As a result of politicking in the post—-World
War I era, hams were consigned to the supposedly useless shortwave (A <200 m), and
it was not clear that reliable international communications were possible. Godley went
to Scotland to see if that could happen; he reportedly used a wave antenna for the task
(today, called the Beverage).

The Beverage antenna is a longwire of special design, more than one wavelength
(12) long (Fig. 9-12), although some authorities maintain that >0.5A is minimally suf-
ficient. The Beverage provides good directivity and good gain, but is not very efficient.
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As a result, it is preferred for receiving, and is less useful for transmitting. This is an
example of how different attributes of various antennas make the Law of Reciprocity
an unreliable sole guide to antenna selection. Unlike the regular longwire, which is of
a different design, the Beverage is intended to be mounted close to the earth’s surface
(typically < 0.1A); heights of 8 to 10 feet is the usual prescription.

Figure 9-12 shows the basic single-wire Beverage antenna. It consists of a single
conductor (no.16 to no.8 wire, with no.14 being most common) erected about 8 to 10 ft
above ground. Some Beverages are unterminated (and bidirectional), but most of them
are terminated at the far end in a resistance R equal to the antenna’s characteristic im-
pedance Z . The receiver end is also terminated in its characteristic impedance, but
generally requires an impedance matching transformer to reduce the antenna imped-
ance to the 50-Q standard impedance used by most modern transmitters.

The Beverage works best in the low-frequency bands (VLF through MW),
although at least some results are reportedly relatively easy to obtain up to 25 m
(11.5 MHz). Some questionably successful attempts have been made at making
Beverage antennas work as high as the 11-m Citizens Band or the 10-m ham band
(29.7 MHz).

The Beverage antenna works on vertically polarized waves arriving at low angles of
incidence. These conditions are normal in the AM BCB, where nearly all transmitting
antennas are vertically polarized. In addition, the ground- and sky-wave propagations
found in these bands (VLF, BCB, and low HF) are relatively consistent. As the fre-
quency increases, however, two factors become increasingly dominant. First, the likeli-
hood of horizontal polarization increases because of the size of a wavelength at those
frequencies. The polarization of the received signal not only changes in those bands, but
does so constantly when conditions are unsettled. It is the strong dependence of the
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9-12 Beverage antenna.
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Beverage on relatively constant vertical polarization that makes me suspect the claims
of Beverage-like performance above the 25- or even 31-m bands.

The Beverage depends on being erected over poorly conductive soil, even
though the terminating resistor needs a good ground. Thus, one source claimed that
sand beaches adjacent to salty marshes make the best Beverage sites (a bit of an
overstatement). Figure 9-13 shows why poorly conductive soil is needed. The E-field
vectors are launched from the transmitting antenna perpendicular to the earth’s sur-
face. Over perfectly conducting soil, the vertical waves would remain vertical. But
over imperfectly conducting soil, the field lines tend to bend close to the point of
contact with the ground. As shown in the inset of Fig. 9-13, the bending of the wave
provides a horizontal component of the E-field vector, and this provides the means
of generating an RF current in the conductor wire.

A debate among Beverage antenna fans regards the best length for the antenna.
Some sources state that the length can be anything greater than or equal to 0.5A, yet
others say greater than or equal tolA is the minimum size. One camp says that the
length should be as long as possible, while others say it should be close to a factor
called the maximum effective length (MEL), which is

100 _4
(Y

MEL = [9.2]

where

MEL is the maximum effective length, in meters
A is the wavelength, in meters
K is the velocity factor, expressed as a percent

Misek, who may well be the leading exponent of the Beverage antenna, uses
numbers like 1.6A to 1.7A over the 1.8- to 7.3-MHz region, and 0.53\ to 0.56A on fre-
quencies lower than 1.8 MHz. Doctor Beverage was once quoted as saying that the
optimum length is 1A.

Like the longwire antenna, the Beverage needs a termination resistor that is
connected to a good ground. This requirement might be harder to meet on Beverage
antennas because they work best over lossy ground, which doesn’t make a very good
ground connection. As in the longwire case, insulated or bare wires, a quarter-wave-
length long, make the best radials. However, a substantial improvement in the
ground is possible using just bare wires measuring 15 to 20 ft long (which is much
less than A/4), buried in the soil just below the surface (far enough to prevent ero-
sion from bringing it to the surface). Many articles and books on Beverages show
ground rods of 2 or 3 ft long, which borders on the ridiculous. Poor soil requires
longer ground rods, on the order of 6 to 8 ft. Copper-clad steel makes the best rods.

In addition to the radials and ground rod, Misek also recommends using a wire
connection between the ground connection at the termination resistor, and the
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9-13 Performance of Beverage antenna over different values of ground conductance.

ground connection at the receiver transformer (see again Fig. 9-12). According to
Misek, this wire helps to stabilize the impedance variations at higher frequencies.

Installation of the Beverage antenna is not overly critical if certain rules are fol-
lowed. The antenna should be installed at a height of 6 to 10 ft off the ground, and it
should be level with the ground over its entire length. If the ground is not flat enough
to make a level installation possible, then try to use a height that is 6 to 10 ft above the
average terrain elevation along its run. A popular installation method is to erect 16-ft
4 x 4 lumber, such that 3 to 4 ft are buried in a concrete-filled posthole. Use lumber
that is treated for outdoor use (i.e., pressure-treated lumber sold for decks and
porches. The wire can be fastened to the 4 x 4 posts using either ceramic standoff
(“beehive”) insulators or electric fence insulators (which some people deem prefer-
able). Try to use one contiguous length of wire for the antenna, if possible, in order to
avoid soldered splices and joints.

One of the Beverage installation difficulties shared with the longwire is the need
to slope down to a point where a termination resistor can be easily installed close to
the ground. While the longwire can be sloped over a large portion of its length, the
Beverage should be sloped downward only over the last 60 ft or so.
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Steerable notch Beverage antennas

A Beverage erected with two wires—parallel to each other, at the same height,
spaced about 12 in apart (Fig. 9-14), with a length that is a multiple of a half-wave-
length—is capable of null steering. That is, the rear null in the pattern can be
steered over a range of 40° to 60°. This feature allows strong, off-axis signals to be
reduced in amplitude so that weaker signals in the main lobe of the pattern can
be received. There are at least two varieties of the steerable wave Beverage (SWB).

If null steering behavior is desired, then a phase control circuit (PCC) will be
required—consisting of a potentiometer, an inductance, and a variable capacitor in
series with each other. Varying both the “pot” and the capacitor will steer the null.
You can select the direction of reception, and the direction of the null, by using a
switch to swap the receiver and the PCC between port A and port B.

02
C T

=12 ft T

9-14 Beverage antenna with a steerable null.
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CHAPTER

Hidden and
limited-space antennas

ONE OF THE MOST SIGNIFICANT IMPEDIMENTS TO AMATEUR RADIO OPERATORS, CB
operators, and shortwave listeners is the space available for their antennas. In
many thousands of other cases, the limitation is less one of space, but of regula-
tors. More and more subdivisions are built with covenants on the deed that pro-
hibit the buyer from installing outdoor antennas. Once limited to townhouse
developments, where that breed of contemptible vermin (called the Homeowners
Committee) routinely intruded on the affairs of people who mistakenly think they
“own” their townhouse (ownership implies right of use, which is limited by the
covenants). These onerous covenants are now routinely placed on single-family
dwellings as well. In fact, it is the single most serious threat to amateur commu-
nications people in the country today. Other homeowners are no longer angered
by the restriction on antennas because their television reception is now carried to
them via cable systems in most parts of the country. Even where cable is not avail-
able, most users can install a moderately sized television antenna in their attic, or
use rabbit ears. In other cases, the townhouse community will install a single mas-
ter TV antenna and then distribute signals to each unit. The result is that the am-
ateur radio operator, CB operator, and shortwave listener are left to fend for
themselves without assistance from neighbors.

In this chapter we will examine some of the alternatives available to those read-
ers who have either a limited space situation (such as a small city lot), or are unable
to move out of a subdivision where there are stupid rules against outdoor antennas.
The suggestions contained in this chapter are not universal, and indeed the author
recommends that you adapt, as well as adopt, these recommendations, and come up
with some of your own. Creativity within the constraints of the laws of physics gov-
erning radio antennas is encouraged.

Copyright 2001 - the McGraw-Hill Companies 231



232  Hidden and limited-space antennas

Hidden antennas

A hidden antenna is one that is either completely shielded from view or disguised as
something else. Alternatively, you could also include in this category antennas that
are in semiopen view, but which are not too obvious (except to the trained and dili-
gent eye). Some people have opted for “hidden” longwires made of very fine wire
(no. 26 enameled wire is popular). The user will install the wire in the open, high off
of the ground (as in an apartment installation), and operate without anyone know-
ing the difference. One chap used no. 22 wire suspended between two 16-story
apartment house buildings that were 100 yards apart. He had one of the best work-
ing longwires in town until a windy day when the whole thing came down. No one
was injured; but had someone been hurt, there might have been a lawsuit. Hidden
antennas must be designed with an eye toward causing others no harm. It is neither
ethical nor smart to place others at risk in enjoying our hobbies.

The dipole is a popular antenna with both shortwave listeners and amateur ra-
dio operators. Indeed, for the CB operator who wants to get on the air from an apart-
ment or townhouse (or restricted single-family home), the dipole can represent a
respectable alternative.

As you learned in Chap. 6, the dipole is a horizontal wire (or pipe) antenna that
is a half-wavelength long and fed in the center (ideally) with 75-Q coaxial cable. In
the “townhouse” dipole, it is possible to build the antenna entirely inside the attic of
the building. The length of the dipole is given approximately by

468
ft F

MHz

L [10.1]

If you do some quick calculations you will find that antennas for the 10-, 13-, 15-,
and (possibly) even 18- and 20-m bands, will fit entirely inside the typical townhouse
attic. This statement is also true of the 11-m citizen’s band antenna: It will fit inside
the standard townhouse attic. But what about the lower frequency bands?

Figure 10-1 shows a possible solution to the use of the lower frequencies in the
townhouse situation. The two quarter-wavelength arms of the dipole are ideally in-
stalled in line with each other, as was shown in the chapter on horizontal antennas.
But in a sticky situation we can also install the dipole with the arms bent to accom-
modate the space available. In this example, only one of many possible methods for
accomplishing this job is shown. Here each quarter-wavelength section is composed
of two legs, AB and CD, respectively. Ideally, segments B and C are the longest di-
mensions. Also, if possible, make segments A and D equal lengths. Another method
is to reverse the direction of one end leg, say for example D, and run it to the other
corner of the building over the peak of the roof.

The author is almost hesitant to offer only one drawing, despite space con-
straints, in the fear that readers will take the offered pattern as the only authorized
version, or solution. In reality, you might not be able (for a variety of reasons) to use
the exact pattern shown (so ad lib a little bit).

How about performance? Will the constrained dipole of Fig. 10-1 work as well as
aregular dipole installed a wavelength or two off the ground and away from objects?
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One possible
solution

House

10-1 Installing dipole in attic.

In a word: no. But that is not the problem being solved; getting on the air at all is the
present problem. You will find that the pattern of the constrained dipole is distorted
compared with that of the regular dipole. In addition, the feedpoint impedance is not
going to be 73 Q (except if by fluke), so you will be required to use an antenna tuner
of some kind. You are well advised to read the chapter on antenna instruments and
measurements so that you can be prepared to figure out any feed problems that crop
up—as well they might.

The wire used in the constrained dipole (or other forms of attic antenna) should
be mounted on TV-type screw-in standoff insulators. Almost any outlet that sells TV
antennas, or installation parts, will have them. These standoff insulators are also
available in many hardware stores, and department stores that sell TV antennas or
“Harry and Harriet Homeowner” supplies, in addition to electronics parts suppliers.
Do not simply tape the wire to the wooden underside of your roof. The reason is sim-
ple: in a poorly tuned antenna, voltages can get high enough at the ends to produce
corona effects; arcing could be a fire hazard. Also, use insulated wire to avoid acci-
dental contact in the event that someone is in the attic when you are operating. Be
aware that the insulation might affect the propagation velocity of signals in the wire,
so it will slightly alter the required length.
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Another alternative for the attic antenna, and one that avoids some of the prob-
lems of corona effects, is the nonresonant loop shown in Fig. 10-2. Although speci-
fied as a top view, the loop can be installed in the configuration that best uses the
space. In fact, the best performance will be bidirectional when the loop is installed
vertically. In this case, a large loop (as large as can be accommodated in the space
available) is installed in the attic. Again, use standoff insulators and insulated wire
for the installation.

The giant loop is fed with parallel line, and is tuned with a balanced antenna tun-
ing unit. As was true with the constrained dipole, the performance is not to be
equated with the performance of more regular antennas; but, with the prospect of
not being on the air at all . . . ! Once again we have a compromise antenna for a com-
promising situation.

Another ploy is the old “flagpole trick” shown in Fig. 10-3. Some developments al-
low homeowners to vent their patriotism by installing flagpoles—and flagpoles can be
disguised antennas. In the most obvious case, you can install a brass or aluminum flag-
pole and feed it directly from an antenna tuning unit. For single-band operation, espe-
cially on the higher frequencies, you can delta-feed the “flagpole” unobtrusively, and
call your flagpole a vertical antenna. But that is not always the best solution.

Figure 10-3 shows two methods for creating a flagpole antenna, and both de-
pend on using white PVC plumbing pipe as the pole. The heavier grades of PVC pipe

Large wire
loop
(Top view)

10-2 Large loop antenna.

Parallel line

Tuner > Coax to
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are self-supporting to heights of 16 to 20 ft, although lighter grades are not self-
supporting at all (hence are not usable).

Figure 10-3A shows the use of a PVC flagpole in which a no. 12 (or no. 14) wire is
hidden inside. This wire is the antenna radiator. For some frequencies, the wire will be
resonant, and for others, it will surely be nonresonant. Because of this problem an an-
tenna tuning unit is used either at the base of the antenna or inside at the transmitter.

RUL el

Taut
| #14 or #12 wire
hidden inside
10-3A Flagpole antenna made PVC
from thick-walled / plumbing
PVC pipe. pipe
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-q Tuner p— to
XMTR
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If the wire is too long for resonance (as might happen in the higher bands), then place
a capacitor in series with the wire. Various settings may be required, so use a multi-
section transmitting variable that has a total capacitance selectable to more than 1000
pF. Alternatively, use a vacuum variable capacitor of the same range.

In cases where the antenna is too short for resonance, as will occur in the lower
bands, insert an inductance in series with the line to “lengthen” it. Another alterna-
tive is to use an L-section tuner at the feedpoint.

A good compromise situation is the use of a 16-ft length of “flagpole” pipe with a
16-foot wire embedded inside. The 16-foot wire is resonant at 20 m, so it will perform
like a vertical antenna at those frequencies. The tuner will then accommodate fre-
quencies above and below 20 m.

Another alternative is the version shown in Fig. 10-3B. In this case the wire ra-
diator is replaced with a section of aluminum tubing. A wooden or plastic insert is
fashioned with a drill and file to support the aluminum tubing inside the PVC tubing.
One way to make the support is to use a core bit in an electric drill to cut out a disk
that fits snugly inside the PVC tubing. Rat out the center hole, left by the core bit pi-
lot, to the outside diameter of the aluminum tubing. The support can be held in place
with screws from the outside, or simply glued in place.

The problem of operating with a hidden antenna is a serious challenge. But with
some of these guidelines and a little creativity, you can get on the air and enjoy your
amateur radio hobby.

Limited-space antennas

Many people live in situations where it is permissible to install an outdoor antenna,
but it is not practical to install a full-size antenna. I once lived in a house that was 16
ft wide and 37 ft long, on a 33 x 100-ft lot. Very few full-sized antennas could be in-
stalled on that lot because of the space constraints. Beam antennas were out because
county laws required that the antenna not hang over the property line. Although ver-
tical antennas were possible, there was a period of time when I used other antennas
that were easier to install. In this chapter, you will examine some of the options open
to those with limited space for amateur radio, CB, or SWL antennas.

Once again we return the simple dipole as the basis for our discussion. In Fig.
10-4, you see several alternatives for installing an outdoor antenna in a limited space. In
Fig. 10-4A, the slanted dipole (or slipole) antenna uses the standard dipole configura-
tion, but one end is connected to the high point of the building, while the other is an-
chored near the ground. The coaxial cable is connected to the midpoint of the antenna
in the usual manner for regular dipoles. If the end of the dipole is within reach of peo-
ple on the ground, then they may get a nasty RF burn if the antenna is touched while
you are operating. Take precautions to keep people and pets away from this lower end.

Another method is the vee dipole shown in Fig. 10-4B. In a regular dipole in-
stallation, the ends of the antenna are along the same axis (in other words, at an
angle of 180°). In the example of Fig. 10-4B, however, the angle between the ele-
ments is less than 180°, but greater than 90°. In some cases we might want to bend
the elements, rather than install them in a vee shape. Figure 10-4C shows an an-
gled dipole with four segments. For the best performance (but not as good as that
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of a regular dipole), make A = D and B = C. In all three examples, Figs. 10-4A
through 10-4C, you can expect to find the length needed for resonance varies
somewhat from the standard 468/F);, value, and that the feedpoint impedance is
other than 73 Q. Also, the pattern will be distorted with respect to the regular di-
pole. Although these antennas do not work as well as a properly installed dipole,
the performance is sufficient to allow successful operation.



238 Hidden and limited-space antennas

o House, tree or

other structure

Insulator

_—Insulator

Ground /

10-4A Sloper dipole.

Another limited-space wire antenna is the (so-called) half-slope shown in Fig.
10-4D. Although single-band versions are often seen, the example in Fig. 10-4D is a
multiband version. Resonant traps separate the different band segments. This an-
tenna operates like the vertical, but it is not omnidirectional. Also, the feedpoint im-
pedance will be different from the regular vertical situation. If the impedance varies
too much for comfort, insert an antenna tuner, such as the Transmatch, in the coax-
ial line between the transmitter and the antenna.

Figure 10-5 shows another antenna that’s useful for limited-space situations. Al-
though it is easily constructed from low-cost materials, the antenna is also sold by
several companies under various rubrics including “cliff-dweller,” “apartment
house,” “townhouse,” or “traveler’s” antennas. The antenna consists of a 4- to 16-ft
section of aluminum or copper tubing. Some of the commercial antennas use a tele-
scoping tubing that can be carried easily in luggage. As was true with the longwire,
the window-sill antenna is tuned to resonance with an L-section coupler.

The L-section coupler must be tuned to produce the lowest possible VSWR, so
either an RF power meter or a VSWR meter must be installed in the coaxial cable be-
tween the transmitter and the tuner. Again, a good ground (or radial system) will

”
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greatly improve the operation of this antenna. The performance should be consider-
ably less than that of a good longwire, but it will work DX for you even on lower fre-
quencies. Once again it is not the best antenna made, but it will get you on the air.

Figure 10-6 shows the use of a mobile antenna for a fixed or portable location. I
used this type of antenna at one QTH to good effect. Mount a mobile antenna, such
as the Hustler, on the window sill, or other convenient mount (at least one amateur
radio operator uses one mounted on the roof of the house). Grounding is essential
for this antenna, as was also true for the longwire and window-sill antenna (Fig.
10-5). The operation of this antenna is improved by installing at least two radials per
band as a counterpoise ground. My installation worked well, even though only two
radials were present.

A directional rotatable dipole is shown in Fig. 10-7. This antenna is made from a
pair of mobile antennas connected “back-to-back” on a horizontal length of 1 x 2
lumber and fed in the center with a coaxial cable. The end pieces of the mobile an-
tenna set the resonance, and you must recognize that adjusting one requires a coun-
tervailing adjustment of the other as well.

Two examples of helically wound antennas are shown in Fig. 10-8. In this type
of antenna, an insulating mast is wound with a half-wavelength of antenna wire. The
overall length of the antenna is considerably less than a half-wavelength, except at
the highest frequencies. In order to dissipate the high voltages that tend to build up
at the ends of these antennas, a capacitance hat is used. These “hats” are either disks
(pie tins work well) or rods of conductor about 16 to 24 in long. The version shown
in Fig. 10-8A is a vertical antenna, and like other verticals, it must be installed over
either a good ground or a counterpoise ground. The version shown in Fig. 10-8B is hor-
izontally polarized.
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CHAPTER

Directional phased
vertical antennas

THE VERTICAL ANTENNA IS A PERENNIAL FAVORITE WITH RADIO COMMUNICATIONS
users. The vertical is either praised, or cursed, depending upon the luck of the
owner. “DXability” is usually the criterion for judging the antenna’s quality. Some
amateurs can’t get out of their backyards with a vertical, and they let everyone
within earshot know that such and such a brand is no good. Yet, another person rou-
tinely works New Zealand or Australia on 15 m using exactly the same brand of ver-
tical. The proper installation of vertical antennas is dealt with in another chapter, so,
for the present, let’s look at another problem attributed to vertical antennas.

That problem is that vertical antennas are omnidirectional in the azimuth aspect;
that is, they send out and receive equally well from all directions. Some people moan
that this pattern dissipates their power, and gives them a weaker signal “out where it
counts” (true). However, the main disadvantage of the omnidirectional pattern is noise
(QRN and QRM). “QRN” is natural noise from thunderstorms and other sources.
“QRM” is man-made noise, and can consist of other stations or the many assorted forms
of electrical filth that pollute the airwaves. All forms of noise, however, have one thing
in common: they are directional with respect to the station. In other words, if you could
null signals coming from the direction of the noise source (or undesired station), you
would be able to hear desired stations much better. A directional antenna performs this
task, so let’s look at some vertically polarized directional antennas.

Although most amateurs seem to think that the effective radiated power (ERP) in-
crease that the directional antenna gives them is the real reason to own one, the main
benefit is actually on receive. Think about it for a moment. With anywhere from 100 to
1500 W available, the increase or decrease in signal strength (due to the directivity of
the antenna) results in a minimal difference on the receive end, especially during good
DX conditions. If we rotate the directional pattern, to null out interference, then we
usually find that the change in our signal strength perceived by the other guy is small;
the S meter reading of the desired station is minimally affected; but the amplitude of
the interference source is greatly attenuated! The overall effect is an apparent increase

Copyright 2001 - the McGraw-Hill Companies 245



246 Directional phased vertical antennas

in the other guy’s signal, even though the S meter tells a slightly different story. The im-
provement of signal-to-noise ratio (SNR) is tremendously improved.

Directivity and phasing

So, how does a vertical antenna owner get the benefit of directivity without the kilobuck
investment that a beam or quad costs? The usual solution is to use phased verticals. AM
broadcast stations, with more than one tower, are using this type of system (although
for different reasons than hams). The idea is to place two or more antennas in close
proximity and feed them at specific phase angles to produce a desired radiation pattern.
A lot of material is available in the literature on phased vertical antenna systems, and it
is far too much to be reproduced here. There are “standard patterns” dating from be-
fore World War II that are created with different spacings and different phase angles of
feed current. In this chapter, we will consider only one system.

Figure 11-1 shows the patterns for a pair of quarter-wavelength vertical antennas
spaced a half-wavelength (180°) apart. Without getting into complex phase shifting
networks, there are basically two phasings that are easily obtained: 0° (antennas in
phase) and 180° (antennas out of phase with each other).

When the two antennas (A and B) are fed in phase with equal currents (Fig. 11-
1A), the radiation pattern (shown somewhat idealized here) is a bidirectional figure 8
that is directionally perpendicular to the line of centers between the two antennas; this
pattern is called a broadside pattern. A sharp null exists along the line of centers (A-B).

When the antennas are fed out of phase with each other by 180° (Fig. 11-1B),
the pattern rotates 90° (a quarter way around the compass) and now exhibits direc-
tivity along the line of the centers (A-B); this is the “end fire” pattern. The interfer-
ence cancelling null is now perpendicular to line A-B.

It should be apparent that you can select your directivity by selecting the phase
angle of the feed currents in the two antennas. Figure 11-2 shows the two feeding

11-1A Pattern of two radiators
in-phase, spaced a
half-wavelength apart.
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11-1B Pattern of two radiators out of
phase, spaced a half-wavelength
apart.
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11-2A Feeding a phased array antenna in phase.

systems usually cited for in-phase (Fig. 11-2A) and out-of-phase (Fig. 11-2B) sys-
tems. Figure 11-2A shows the coax from the transmitter coming to a coax tee con-
nector. From the connector to the antenna feedpoints are two lengths of coax (L,
and L,) that are equal to each other, and identical. Given the variation between
coaxial cables, I suspect that it would work better if the two cables were not merely
the same length (L, = L,), but also that they came from the same roll.

The second variation, shown in Fig. 11-2B, supposedly produces a 180° phase
shift between antenna A and antenna B, when length L, is an electrical half-wave-
length. According to a much-publicized theory, the system of Fig. 11-2B ought to
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11-2B Feeding a phased array antenna out of phase.

produce the pattern of Fig. 11-1B—yet experience shows this claim is false. It seems
that there are several problems with the system in Fig. 11-2B.

First, coax has a property called velocity factor (V,), which is the fraction of the
speed of light at which signals in the cable propagate. The V,,is a decimal fraction on
the order of 0.66 to 0.90, depending upon the type of coax used. Unfortunately, the
physical spacing between A and B is a real half-wavelength (L, = 492/F), but the ca-
ble length is shorter by the velocity factor [L, = (V,, x 492) /F].

Consider an example. A 15-m phased vertical antenna system will have two
11-ft radiators, spaced 22 ft apart (approximately, depending upon exact fre-
quency). If we use foam coax, with 1, = 0.80, the cable length is 0.8 x 22 ft, or
17.6 ft. In other words, despite lots of publicity, the cable won't fit between the
towers!

Second, the patterns shown in Fig. 11-1 are dependent upon one condition: the
antenna currents are equal. If both of them are the same impedance, and are fed
from the same transmitter, then it is reasonable to assume that the currents are
equal—right? No, wrong! What about coax loss? Because of normal coax loss, which
increases at higher frequencies, the power available to antenna B in Fig. 11-1B is less
than the power available to antenna A. Thus, the pattern will be somewhat distorted,
because the current produced in B is less than the current in A, when they should be
equal.

The first problem is sometimes fixed by using unequal lengths for cables L, and
L, (Fig. 11-2A), and using it for the out-of-phase case. For example, if we make L,
one-quarter wavelength and L, three-quarter wavelength (Fig. 11-2C), antenna A is
fed with a 90° phase lag (relative to the tee connector signal), while antenna B is fed
with a 270° phase shift. The result is still a 180° phase difference. Unfortunately, we




Directivity and phasing 249

M2

A

M4 3Ny

Coax
to
XMTR

11-2C Corrected feed for a phased array antenna.

have not solved the current level problem, and may have actually made it worse by
adding still more lossy cable to the system.

There is still another problem that is generic to the whole class of phased verti-
cals. Once installed, the pattern is fixed. This problem doesn’t bother most point-to-
point commercial stations, or broadcasters, because they tend to transmit in only one
direction. But amateurs are likely to need a rotatable pattern. Neither the antennas in
Fig. 11-1A nor that in Fig. 11-1B is rotatable without a lot of effort—like changing the
coax feeds, or physically digging up the verticals and repositioning them.

Fortunately, there is a single solution to all three problems. Figure 11-3 shows a
two-port phasing transformer made from a toroidal balun kit. Use the kind of kit that
makes a 1:1 balun transformer. Although we are not making a balun, we will need
enough wire to make three windings, and that is the normal case for 1:1 baluns. Ami-
don Associates and others make toroidal balun kits.

Wind the three coils in trifilar style, according to the kit instructions. The dots in
Fig. 11-3 show the “sense” of the coils, and they are important for correct phasing;
call one end the “dot end” and the other end the “plain end” to keep them separate.
If the dot end of the first coil is connected to J, (and the transmitter), then connect
the dot end of the second coil to the 0° output (J,, which goes to antenna A). The
third coil is connected to a DPDT RF relay or switch. In the position shown,
causes the antennas to be 180° out of phase. In the other position, the “sense” of the
third coil is reversed, so the antennas are in phase.

Another phasing method is shown in Fig. 11-4. In this scheme, two convenient,
but equal, lengths of coaxial cable (L, and L,) are used to carry RF power to the an-
tennas. One segment (L) is fed directly from the transmitter’s coaxial cable (L,),
while the other is fed from a phasing switch. The phasing switch is used to either by-
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11-3A Phasing transformer circuit.

pass or insert a phase-shifting length of coaxial cable (L,). For 180° phasing use the
following equation to find the length (L,):

492V,
F,

MHz

L=

ft [11.1]

where

L is the length of L 4 in feet
V. is the velocity factor (a decimal fraction)
Fy, 1s the operating frequency, in megahertz

Some people use a series of switches to select varying amounts of phasing shift
from 45° to 270°. Such a switch allows them to select any number of other patterns
for special situations.

360° directional array

The phased vertical antenna concept can be used to provide round-the-compass
control of the antenna pattern. Figure 11-5A shows how three quarter-wavelength
verticals (arranged in a triangle that is a half-wavelength on each side) can be used
to provide either end-fire or broadside patterns from any pair (A-B, A-C, or B-C).
Any given antenna (A, B, or C) will be grounded, fed at 0°, or fed with 180°. The
table in Fig. 11-6B shows the relative phasing for each direction that was labelled in
Fig. 11-5A. Either manual phase changing or switch-operated phase changing can be
used, although the latter is preferred for convenience. Some international showcase
broadcasters use antenna arrays formed into two or more concentric circles of verti-
cal elements, with one element at the center. Selection of elements and phasing de-
termines directivity and gain.
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11-4 Phase-shifting antenna circuit.
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NW2

NE2
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11-5A Three-element phased array.
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Ant Ant Ant
Direction A B C
N-S 0° 0° GND
NE1-SW1 0° GND 180°
NE2-SW2 GND 0° 0°
E-W 0° 180° GND
SE1-NW1 0° GND 0°
SE2-NW2 GND 0° 180°

11-5B Table of feed phasing
for the three-element
array. Ant = antenna.
GND = ground
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CHAPTER

Directional beam
antennas

THE DIRECTIONAL BEAM ANTENNA DOES SEVERAL JOBS. FIRST, IT PROVIDES AN APPARENT
increase in radiated power, because it focuses available transmitter power into a sin-
gle (or at worst limited) direction. For this reason, a bidirectional dipole has a gain
of approximately 2 dB over an isotropic radiator. Add one or more additional ele-
ments, and the focusing becomes nearly unidirectional, which increases the effec-
twe radiated power (ERP) even more. Second, the beam increases the received
signal available at the inputs of the receiver. Antennas are generally reciprocal, so
they will work for receiving as they do for transmitting. Finally, the directivity of the
beam antenna allows the operator to null interfering stations. In fact, it is the last at-
tribute of the beam that is most useful on today’s crowded bands. All in all, if your
funds are too little to provide both increased RF power and a good antenna system,
then spend what is available on the antenna—not on the power.

In this chapter we will focus on directional antennas that can be built relatively
easily. It is assumed that most readers who want a triband multielement Yagi will
prefer to buy a commercial product, rather than build a homebrew model. The ma-
terial herein concentrates on homebrew projects that are within the reach and
capabilities of most readers. The first of these is not a beam antenna at all, but
rather a rotatable dipole.

Rotatable dipole

The dipole is a bidirectional antenna with a figure-8 pattern (when viewed from
above). The dipole is a half-wavelength and is usually installed horizontally, although
vertical half-wavelength dipoles are known. Although the length of the dipole is too
great for rotatability at the lower bands, it is within reason for the higher band. For
example, the size of the halfwave dipole is approximately 16 ft on 10 m and 22 ft on
15 m. Even the 33-ft length on 20 m is not unreasonable for amateur constructors.
The length of the dipole is found from
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468
L= ft [12.1]

MHz
This length is approximate because of end effects and other phenomena, so
some “cut and try” is required.
Example 12-1 Find the length of a dipole antenna for a frequency of 24.930
MHz in the 12-m amateur radio band.
Solution:

468

L= 2 ft

MHz

- 468 g7t

24.930 MHz

The half-wave dipole is fed in the center by coaxial cable. Each element of the
dipole is one-half of the overall length (or, in the example given, about 9.4 ft).

Figure 12-1 shows a rotatable dipole that can be designed for use on 15, 12, and
10 m. The radiator elements are made from 10-ft lengths of %-in aluminum tubing.
The tubing is mounted on “beehive” standoff insulators, which in turn are mounted
on a 4-ft length of 2 X 2 lumber. The lumber should be varnished against weathering. In
areal pinch, the elements can be mounted directly to the lumber without the insulators,
but this is not the recommended practice.

The mast is attached to the 2 X 2 lumber through any of several means. The pre-
ferred method is the use of a 1-in pipe flange. These devices are available at hardware
stores under the names floor flange and right-angle flange.

The 10-ft lengths of pipe are the standard lengths available in hardware stores,
so it was selected as being closest to the required 22 ft for 15 m. A 0.14-pH loading
coil is used at the center, between the elements, in order to make up for the short
length. The dimensions of the coil are 4 to 5 turns, 0.5-in diameter, 4-in length. For low
power levels, the coil can be made of no. 10 (or no. 12) solid wire—and, for higher lev-
els, %-in copper tubing.

There are two basic ways to feed the antenna, and these are shown in details
A and B in Fig. 12-1. The traditional method is to connect the coaxial cable (in parallel)
across the inductor. This method is shown in Fig. 12-1, detail A. A second method is to
link couple the coil to the line through a one- to three-turn loop (as needed for imped-
ance matching). This is the method that would be used for a toroidal inductor.

Lower frequencies can be accommodated by changing the dimensions of the
coil. The coil cannot be scaled, simply because the relative length of the antenna
changes as the frequency changes. But it is possible to cut and try by adding turns to
the coil, one turn at a time, and remeasuring the resonant frequency. Adding induc-
tance to the coil will make the antenna usable on 17 m and 20 m, as well as on 15 m.

Another method for building a rotatable dipole for lower frequencies is to in-
crease the element lengths. On 17 m, the overall length is approximately 27.4 ft, so
each element length is 13.7 ft long. This length can be achieved by either of two
methods. First, adjacent sizes of aluminum tubing are designed so that the smaller
will be a slip-fit inside of the larger. What constitutes “adjacent sizes” depends on the
wall thickness, but for one common brand, the %-in is adjacent to the %-in size. You
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L % 0.14 pH @15 m
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K 1 in Pipe flange
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A B

12-1 Rotatable dipole antenna. Inset A shows conventional feed; inset B shows transformer feed.

can use two smaller lengths to make the larger lengths of pipe, and cut it to size. This
method is only available to those readers who have a commercial or industrial met-
als distributor nearby, because the 16-ft lengths are not generally available from
hardware stores.

Bands higher than 15 m (i.e., 12 and 10 m) can be accommodated by using the
10-ft lengths of tubing, but without the inductor. The tubing is cut to the desired
half-wavelength size and used directly.

Yagi beam antennas

A Yagr antenna is one member of a class of directional beam antennas that are pop-
ular in the HF bands. Figure 12-2 shows the pattern (viewed from above) typical of
the beam antenna. The antenna is located at point P and fires signals in the direction
shown by the arrow. The beamwidth of the antenna is the angle a between the points
on the main lobe that are —3 dB down from the center point C.
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Direction of
propagation

f

Main lobe

-3 dB

12-2 Pattern of beam antenna.
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Backlobe

—-3dB

A perfect beam antenna will have only the main lobe, but that situation occurs only
in dreams. All real antennas have both sidelobes and backlobes, also shown in Fig. 12-2.
These lobes represent wasted power transmitted in the wrong direction during trans-
mission and interference opportunities while receiving. The goal of the antenna
designer is to increase the main lobe while decreasing the sidelobes and backlobes.

Figure 12-3 shows, schematically, the basic Yagi-Uda antenna (usually called
simply Yag?). The driven element is a simple half-wavelength dipole fed in the
center. There are two additional elements: reflectors and directors. These are
called parasitic elements because they are not directly excited by RF, but rather,
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they receive energy radiated from the driven element and then reradiate it. The
reflector is placed behind the driven element, and is typically about 4 percent
longer than the driven element. The director is placed in front of the driven ele-
ment (relative to the direction of propagation). The director is typically about 4
percent shorter than the driven element. Although there is no fixed rule regard-
ing the number of either reflectors or directors, it is common practice to use a sin-
gle director and a driven element for two-element beams, and a single reflector
and a single director, in addition to the driven element, for three-element beams.
Again, additional reflectors can be added for four- and more element beams, but
standard practice calls for addition of directors instead.
The length of the elements is given by

K
L= ft [12.2]
MHz
where
L is the length, in feet
F , is the frequency, in megahertz

MH
K is a constant

The spacing of the elements is typically from 0.15 to 0.308 wavelengths, al-
though 0.2 and 0.25 are the most common values.

Direction of

propagation

Director D1

\

Driven
element y DR
-0 O

Feedpoint \

Reflector " R

12-3 Basic Yagi-Uda antenna.
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Example Calculate the approximate element lengths for a three-element 15-
m beam designed to operate on a frequency of 21.39 MHz.
Solution:

K
1. Driven element (K = 478): L= 7 ft

MHz

B 478 N
~21.39 MHz

22.34 ft

K
2. Reflector (K = 492): L= ft
F
MHz
492
~ 21.39 MHz

=231t

K
3. Director (K = 461.5): L= ft
F
MHz
_ 461.5 ft

21.39 MHz
=21.581t

K
4. Element Spacing (K = 142): L= 7 1t

MHz

142
21.39 MHz
=6.64 1t

The elements of a rotatable beam antenna can be built in a manner similar to the
rotatable dipole described earlier. In the beam antenna, however, a boom is needed
between the elements to support them. The boom can be made of metal or wood. In
the case of a metal boom, the driven element must be insulated from the boom, even
though the parasitic elements can be mounted directly to it. In general, it is usually
better to use wood as a matter of convenience. Metal boom antennas can be obtained
from commercial sources. The wood boom is easy to build and maintain, even though
a little less durable than a metal boom.

The feedpoint impedance of a dipole is on the order of 72 Q in free space, al-
though the actual impedance will vary above and below that figure for antennas
close to the earth’s surface. In addition, adding parasitic elements reduces the im-
pedance even more. The feedpoint impedance of the antenna is too low to be
directly fed with coaxial cable, so some means of impedance matching is needed.
Some people feed the antenna through an impedance matching balun transformer.
Figure 12-4 shows the gamma match system. The driven element of the Yagi is not
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broken in the center, as in the case of the simple dipole. The outer conductor, or
shield, of the coaxial cable is connected to the center point of the driven element.
The center conductor is connected to the gamma match element. The dimensions of
the gamma match are

1. Gamma match length: /10
2. Gamma match director: D/3
3. Spacing of gamma match from driven element: L/70

where
L is the length of the driven element
D is the diameter of the driven element

The capacitor in series with the center conductor of the coaxial cable has a value
of approximately 8 pF per meter of wavelength at the lowest frequency in the band
of operation, or approximately,

0—2400 F 12.3
=7 p [12.3]

MHz

The capacitor must be a high-voltage transmitting variable type. In general, the
gamma match capacitors are either air or vacuum variables.

There are three aspects to the adjustment of the Yagi antenna. Resonance is de-
termined by the length of the element. The length is increased or decreased in order
to find the resonant point. This point can be determined by the use of a noise bridge,
VSWR meter or other means. The capacitor, and the shorting bar/clamp, are ad-
justed to match the impedance of the antenna to the transmission line impedance.
For the dimensions shown, the coaxial cable should be 52 Q (RG-58 or RG-8).

[t is not necessary to use tubing or pipes for the antenna elements in order to obtain
the benefits of the Yagi beam antenna. An example of a wire beam is shown in Fig. 12-5.
The wire beam is made as if it were two half-wavelength dipoles, installed parallel to and
about 0.2 to 0.25 wavelengths apart from each other. Although multielement wire beams
are possible, the two-element version is the most common. Perhaps the most frequent

L |
g
D é Shorting clamp
£+ = L |
Insulator ¢ LI70 .
L=_K C
——— Feet
Fyuz
L/10 ’l
C= 8pF
Meter(N)

12-4 Gamma feed provides impedance matching.
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use of the wire beam antenna is on the lower bands (e.g., 40 m and 75/80 m) where ro-
tatable beams are more difficult to build.

20-m ZL-special beam

The antenna shown in Fig. 12-6 is a close relative of the Yagi beam. It consists of a
pair of folded dipoles, mounted approximately 0.12 wavelengths apart. The elements
are 30.5 ft in length, and the spacing is 7.1 ft. The elements can be built from alu-
minum tubing if the antenna is to be rotatable. Alternatively, for a fixed antenna, the
elements can be made of 300-Q television-type twin lead. If the tubing type of con-
struction is selected, then make the size of the tubing, and its spacing, sufficient for
300-Q parallel transmission lines, according to

28
7 =276 log [12.4]
© d
Insulators Insulators
R |=< 0.96L > R
/ ope X‘:J [/ p ope
Insulators Insulators
Rope L Driven element Z Rope
L /
’ L .
(Top view)
12-5 Wire beam useful for low frequencies.
30.5' >|

1A
L1y

BALUN %
Coax

/___ Connections

7.2' of twisted

300-Q
cable

7.1”

12-6 ZL-special beam antenna.



Cubical quad beam antenna 263

where
Z is the impedance of the line (300 Q)
S'is the center-to-center spacing of the parallel conductors on the elements
d is the diameter of the conductors

The two half-wavelength elements of the ZL-special are fed 135° out of phase
with each other. The feedline is connected to one of the dipoles directly; and then to
the other through a length of 300-Q twin lead that has an electrical length of about
45° (\/8).

The feedpoint impedance is on the order of 100 to 150 Q, so it will make a good
match to either 52- or 75-Q coaxial cable if a 2:1 impedance matching transformer is
used.

Cubical quad beam antenna

The cubical quad antenna is a one-wavelength square wire loop. It was designed in
the mid-1940s at radio station HCJB in Quito, Ecuador. HCJB is a Protestant mis-
sionary shortwave radio station with worldwide coverage. The location of the station
is at a high altitude. This fact makes the Yagi antenna less useful than it is at lower
altitudes. According to the story, HCJB originally used Yagi antennas. These anten-
nas are fed in the center at a current loop, so the ends are high-voltage loops. In the
thin air of Quito, the high voltage at the ends caused corona arcing, and that arcing
periodically destroyed the tips of the Yagi elements. Station engineer Clarence
Moore designed the cubical quad antenna (Fig. 12-7) to solve this problem. Because
it is a full-wavelength antenna, each side being a quarter wavelength, and fed at a
current loop in the center of one side, the voltage loops occur in the middle of the
adjacent sides—and that reduces or eliminates the arcing. The elements can be fed
in the center of a horizontal side (Figs. 12-7A and 12-8A), in the center of a vertical
side (Fig. 12-8B), or at the corner (Fig. 12-8C).

The antenna shown in Fig. 12-7A is actually a quad loop rather than a cubical
quad. Two or more quad loops, only one of which needs to be fed by the coax, are
used to make a cubical quad antenna. If only this one element is used, then the an-
tenna will have a figure-8 azimuthal radiation pattern (similar to a dipole). The quad
loop antenna is preferred by many people over a dipole for two reasons. First, the
quad loop has a smaller “footprint” because it is only a quarter-wavelength on each
side (A in Fig. 12-7A). Second, the loop form makes it somewhat less susceptible to
local electromagnetic interference (EMI).

The quad loop antenna (and the elements of a cubical quad beam) is mounted
to spreaders connected to a square gusset plate. At one time, carpets were wrapped
around bamboo stalks, and those could be used for quad antennas. Those days are
gone, however, and today it is necessary to buy fiberglass quad spreaders. A number
of kits are advertised in ham radio magazines.

The details for the gusset plate are shown in Fiig. 12-7B. The gusset plate is made
of a strong insulating material such as fiberglass or ¥-in marine-grade plywood. It is
mounted to a support mast using two or three large U bolts (stainless steel to pre-
vent corrosion). The spreaders are mounted to the gusset plate using somewhat
smaller U bolts (again, use stainless steel U bolts to prevent corrosion damage).
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12-8 Feed options for the quad.

There is a running controversy regarding how the antenna compares with other
beam antennas, particularly the Yagi. Some experts claim that the cubical quad has
a gain of about 1.5 to 2 dB higher than a Yagi (with a comparable boom length be-
tween the two elements). In addition, some experts claim that the quad has a lower
angle of radiation. Most experts agree that the quad seems to work better at low
heights above the earth’s surface, but the difference disappears at heights greater
than a half-wavelength.

The quad can be used as either a single-element antenna or in the form of a
beam. Figure 12-9 shows a pair of elements spaced 0.13 to 0.22 wavelengths apart.
One element is the driven element, and it is connected to the coaxial-cable feedline
directly. The other element is a reflector, so it is a bit longer than the driven element.
A tuning stub is used to adjust the reflector loop to resonance.

Because the wire is arranged into a square loop, one wavelength long, the actual
length varies from the naturally resonant length by about 3 percent. The driven
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\ Driven element

Reflector

12-9 Quad beam antenna.

O O

Tuning stub

0.13NA =S5 = 0.22\

element is about 3 percent longer than the natural resonant point. The overall
lengths of the wire elements are

1005
1. Driven element: L= ft [12.5]
F
MHz
1030
2. Reflector: L= ft [12.6]
MHz
) 975
3. Director: L= ft [12.7]

MHz

One method for the construction of the quad beam antenna is shown in
Fig. 12-10. This particular scheme uses a 12 X 12-in wooden plate at the center,
bamboo (or fiberglass) spreaders, and a wooden (or metal) boom. The construc-
tion must be heavy-duty in order to survive wind loads. For this reason, it is prob-
ably a better solution to buy a quad kit consisting of the spreaders and the center
structural element.
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More than one band can be installed on a single set of spreaders. The size of the
spreaders is set by the lowest band of operation, so higher frequency bands can
be accommodated with shorter loops on the same set of spreaders.

This quad antenna is an example of a multielement, large loop antenna. Additional
information on large loops, but not in a beam antenna array, is found in Chap. 14.

Inverted bobtail curtain (Thorne array)

The bobtail curtain antenna is a fixed array consisting of three individual quarter-
wavelength elements spaced a half-wavelength apart, and fed from the top by a

Boom

12-10 Quad construction.

Mast
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shorting element or wire. The tnverted bobtazl curtain, or Thorne array, consists
of an upside dowmn bobtail curtain as shown in Fiig. 12-11. The radiator elements are
each a quarter-wavelength long. Their lengths are found from

246
L=——1t [12.8]

MHz

The lengths of spacing between the elements are exactly twice above the value,
or

492
L= ft [12.9]

MHz

The antenna is fed at the base of the center element, through a parallel resonant
tuner. The capacitor is a 100- to 200-pF transmitting variable, while the inductor is
set to resonate at the band desired (with the capacitor at half to three-quarters full
capacitance). A loop or link coupling scheme connects the tuner to the transmission
line.

An alternate feed method (Fig. 12-12) worked out by the late J. H. Thorne
(K4NFU/5), feeds the end elements from the shield of the coaxial cable, and the cen-
ter element of the array is fed from the center conductor of the coaxial cable. A coax-
ial impedance-matching section is used between the cable transmitter and the
antenna feedpoint.

Do) >

-~
| >
T
| >
—~—
| >

12-11 Inverted bobtail curtain.
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CHAPTER

Antennas for
shortwave reception

ALTHOUGH MOST OF THIS BOOK ADDRESSES ANTENNAS FOR TRANSMITTING, THERE IS A
certain body of material that pertains purely to receiving antennas. This material
also needs to be addressed, and that is the function of this chapter. There are two
readers in mind for this chapter. First, and foremost, is the shortwave listener
(SWL). Second, however, is the amateur radio operator who wants to either use a
separate receiving antenna on the main station receiver or use an ancillary receiver
(common among DXers).

The law of reciprocity

Antennas possess a property called reciprocity. That is a fancy way of saying that an
antenna works on reception the same way it does for transmission. Although articles
occasionally appear in the literature claiming an HF' or VHF design which violates the
law of reciprocity, to date all have depended on either variable definitions, false
premises, or faulty measurements. There is even a school of thought that falsely
argues against antenna reciprocity based on an ionospheric anomaly in which prop-
agation depends on the direction traveled (see the end of Chap. 2). The bottom line
of reciprocity, for the SWL, is that every antenna described in this book can be also
used with equal results on receive. For example, a half-wavelength dipole works
equally well as a receiver antenna, or as a transmitter antenna.

Which properties are important?

Selecting a receiver antenna is a function of several factors. Assuming that you
want more than a simple longwire (which we will deal with shortly), you will want
to home in on the properties desired for your particular monitoring application. Is
the antenna to be fixed or rotatable? Do you want omnidirectional or directional re-
ception? In which plane? What about gain?
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What about gain? What is gain, for that matter? The concept of antenna gain de-
rives from the fact that directional antennas focus energy. Two kinds of gain figure
are often quoted: gain referenced to a dipole antenna on the same frequency, and
gain relative to a theoretical construct called an ¢sotropic radiator. In the isotropic
case, the reference radiator to which the antenna is compared is a spherical point
source that radiates equally well in all directions. The dipole exhibits a figure-8 radi-
ation and reception pattern.

The gain of an antenna is merely the ratio (usually expressed in decibels) of the
power radiated in a given direction by two antennas (i.e., the reference antenna and
the test antenna). If an antenna gain is listed as “8-dB gain over isotropic,” this
means that, in the direction specified, the power radiated is 8 dB higher than the
same total power applied to an isotropic radiator.

So, of what use is antenna gain? Two answers immediately present themselves.
First, by accumulating more signal, the antenna essentially makes your receiver
more sensitive. Note that the gain of the antenna does not create a higher powered
signal, it merely increases the apparent signal power by focusing energy from a given
direction. And, note well that gain implies directivity. Any antenna that claims to
provide gain, but that is truly omnidirectional in all planes, is a fraud. The funda-
mental assumption is that gain implies divectivity.

The concept of directivity (hence also of gain) is often taken to mean horizon-
tal directivity, which is the case of a dipole antenna. But all forms of antenna radi-
ate in three-dimensional space. Azimuth angle of radiation, and elevation angle of
radiation, are both important. Certain 2-m vertical antennas are listed as “gain an-
tennas,” yet the pattern in the horizontal direction is 360°—implying omnidirec-
tional behavior. In the vertical plane, however, lost energy is compressed into a
smaller range of elevation angles, so gain occurs by refocusing energy that would
have been radiated at a higher than useful angle.

The second application of directivity is in suppressing interfering signals. On
the regular AM and FM broadcast bands, channelization permits receiver selectiv-
ity to overcome adjacent channel interference in most cases. But in the HF amateur
radio and international broadcast bands, channelization is either nonexistent,
poorly defined, or ignored altogether. In these cases, interfering “adjacent” channel
signals can wipe out a weaker, desired station. Similarly, with cochannel interfer-
ence (i.e., when both stations are on the same frequency), two or more signals
compete in a “dog fight” that neither will ever totally win. Consider Fiig. 13-1A. As-
sume that two 9540-kHz signals, S| and S, arrive at the same omnidirectional ver-
tical antenna. Either both signals will be heard, or the stronger signal will drown
out the weaker signal.

Now, consider Fig. 13-1B. Here, a dipole is used as the receiving antenna, so a lit-
tle directivity is obtained. The main lobes of the dipole are wide enough to provide
decent reception of signal S|, even though the antenna is positioned such that S| is
not along the maximum line (dotted). But the positioning shown places the interfer-
ing cochannel signal (S,) in the null off the ends of the dipole, so it weakens it con-
siderably. The result will be enhanced reception of S . In Fig. 13-1B, the idea is not
to exploit the ability of the gain antenna to increase the level of S. Indeed, by plac-
ing the antenna as shown, we are not getting S| levels as high as might otherwise be
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13-1A Omnidirectional antenna
picks up cochannel inter-

fering signals equally well.
/g/ S

13-1B Directional antenna can
discriminate against
unwanted signal.
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possible. The idea here is to place the unwanted signal (S,) into the “notch” in order
to make it considerably weaker. Note that the notch is sharper than the peak of the
main lobe. If the dipole is placed on a mast, with an antenna rotator, this ability is in-
creased even more.

Another antenna parameter, of considerable interest, is angle of radiation a,
which (by reciprocity) also means angle of reception. Because HF propagation over
long distances is created by skip phenomena, the angle at which the signal hits the
ionosphere becomes extremely important. Figure 13-2 shows two situations from
the same station. Signal S| has a high angle of radiation («a,), so its skip distance (D,)
is relatively short. On signal S,, however, the angle of radiation (a,) is low, so the skip
distance (D,) is much longer than D,.

So which situation do you want in your antenna? The impulsive answer would be
the long distance angle of radiation (a.,), but that is often wrong. The correct answer
is: “It depends!” The desired angle of radiation is a function of whether you want to
receive a station from point A or point B.

The angle of radiation of the antenna is fixed by its design, that is, by antenna
physics. The desired angle is a function of the ionospheric properties at the time of
interest, and the operating frequency. For this reason, some well-equipped radio
hobbyists have several antennas, of differing properties, to enhance their listening.

Connection to the receiver

It’s simply too naive to state, I suppose, but let’s do it anyway: An antenna must be
properly connected to the receiver before it can be effective. If your antenna uses
coaxial cable, and the receiver accepts coax, then no discussion is needed: Attach

{onosphere

13-2 Skip phenomena dependence on angle of radiation.
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the proper coax connector and plug in. But in other cases, non-coaxial-cable anten-
nas are used.

There are two major forms of antenna input connector used on shortwave re-
ceivers. One form uses two (or three) screws intended for either wrapped wire leads
or spade lugs, while the other is one or more varieties of coaxial connector. This sec-
tion covers how each type is connected to a single-wire antenna lead-in.

Consider first the screw-type connector (Fig. 13-3A). Depending upon the de-
sign, there will be either two or three screws. If only two screws are found, then
one is for the antenna wire and the other is for the ground wire. These screws will
be marked something like “A/G” or “ANT/GND,” or with the schematic symbols for
antenna and ground.

Three-screw designs are intended to accommodate balanced transmission lines
such as twin lead, or parallel ladder line. Shortwave listeners can sometimes use or-
dinary ac line cord (called 2ipcord) as an antenna transmission line. Zipcord has an
impedance that approximates the 75-Q impedance of a dipole. When parallel lines of
any type are used, connect one lead to Al and the other to A2. Of course, the ground
terminal (G) is connected to the earth ground.

For single-lead antenna lines connect a jumper wire or bar (i.e., a short piece of
bare no. 22 solid hookup wire) between A2 and G. This jumper converts the bal-
anced input line to unbalanced. The A2/G terminal is connected to earth ground,
while Al is connected to the single-lead antenna wire.

\/. Al A2 G
Antenna §
wire /

/

Jumper

. .

13-3A Connection of wire antenna to balanced antenna terminals on receiver.
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On receivers that use an SO-239 coaxial connector, we can use either of two tech-
niques to connect a single-lead wire. First, we can obtain the mating PL-259 plug, and
solder the antenna lead to the center conductor pin. The PL-259 connector is then
screwed into the mating SO-239 chassis connector. Regardless of the type of coaxial
connector, however, the mate can be used for the antenna lead wire. But for SO-239
connectors another alternative is also available. Figure 13-3B shows a “banana plug”
attached to the lead wire and inserted into the receptacle of the SO-239.

DANGER!

Certain low-cost receivers, especially older vacuum-tube models, have a so-called
ac/dc or transformerless internal dc power supply. On most receivers, the dc com-
mon is the chassis, which also serves as the RF signal common. But on ac/dc mod-
els the neutral wire of the ac power line serves as the dc common, and it is kept
floating as a “counterpoise” ground above the chassis ground used by the RF sig-
nals. A capacitor (C, in Fig. 13-4) sets the chassis and counterpoise ground at 0-
V RF potential, while keeping the counterpoise isolated for dc and 60 Hz ac. A
danger exists if either the ac plug is installed backwards or someone plugs the
socket in the wall incorrectly (often happens!). Evenif C| is intact, a nasty shock
can be felt by touching the antenna ground (G or GND) terminal. The capac-
itive reactance of C| is about 2.7 MQ for 60-Hz ac, so at least a “bite” is going to
happen. But if that capacitor is shorted, which is likely on older receivers, then
the bite is considerably worse, and might even prove fatal. The problem, in that
case, is that reversed ac line polarity will set the hot line from the ac socket on the
ground lead. The least to expect is massive fireworks and a possible fire hazard;
the most to expect is a fire, and your possible electrocution.

The usual advice given to owners of such radios is to make sure that C’1 is in-
tact before using the radio. I prefer a better solution: buy, install, and use a
120:120 Vac isolation transformer to isolate your receiver from the ac power lines.
Such a transformer is standard practice in repair shops, and it should also be stan-
dard practice in your house.

S0O-239

13-3B Connection of wire antenna to coaxial
input receiver.

Wire
Banana plug
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13-4 Dangerous form of antenna/receiver circuitry.

Wire antennas

This section reviews simple wire antennas that are suitable for the reception of
shortwave signals, although not necessarily for transmitting. Once again, you are re-
minded that the law of reciprocity permits you to use any transmitting antenna
found in other chapters for receiving also.

Figure 13-5 shows the common receiving longwire. The antenna element should
be 30 to 150 ft in length. Although most texts show it horizontal to the ground (and
indeed, a case can be made that performance is better that way), it is not strictly
necessary. If you must slope the wire, then it is doubtful that you will notice any re-
ception problems.

The far end of the wire is attached to a supporting structure through an insulator
and a rope. The support structure can be another building, a tree, or a mast installed
especially for this purpose. Chapter 28 deals with antenna construction practices.

Wind will cause motion in the antenna wire and its supporting structure. Over
time, the wind movement will fatigue the antenna wire and cause it to break. Also, if
a big enough gust of wind (or a sustained storm) comes along, then even a new an-
tenna can either sag badly or break altogether. You can do either of two things to re-
duce the problem. First, as shown in Fig. 13-5, a door spring can be used to provide
a little variable slack in the wire. The spring tension is selected to be only partially
expanded under normal conditions, so wind will increase the tension, and stretch
the spring. Make sure that the spring is not too strong to be stretched by the action
of wind on the antenna, or no good is accomplished.
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Mast, tree or
30 to 150 feet other support

antenna wire
Rope \

House

Screw

Insulator

Insulator / Screw

eyelet

Doorspring
or
counterweight

Window

RX |

Ground
wire

Ground rod

13-5 Longwire SWL antenna.

Another tactic is to replace the spring with a counterweight that is heavy enough
to keep the antenna nearly taut under normal conditions, but not so heavy that it
fails to move under wind conditions. In other words, the antenna tension should ex-
actly balance the counterweight under normal conditions, and not be too great that
it stretches the antenna wire excessively.

The antenna wire should be either no. 12 or no. 14 hard-drawn copper, or Copper-
weld stranded wire. The latter is actually steel-core wire, but has a copper coating
on the outside. Because of skin effect, RF signals flow only in the outer copper coat-
ing. Soft-drawn copper wire will stretch and break prematurely, so it should be
avoided.

The downlead of the antenna must be insulated, and it should also be stranded
wire (which breaks less easily than solid wire). Again, no. 12 or no. 14 wire should be
used, although no. 16 would be permissible. The point where the downlead and an-
tenna are joined should be soldered to prevent corrosion of the joint. Mechanical
strength is provided by proper splicing technique (see Fig. 13-6). Do not depend on
the solder for mechanical strength, for it has none.

There are several ways to bring a downlead into the building. First, if you can
tolerate a slight crack in the junction of the sash and sill, then run the wire under-
neath the sash and close the window. Alternatively, you can buy a flat strap connec-
tor to pass under the window. This method is electrically the same as running the
lead, but is mechanically nicer. Chapter 28 deals with several methods, and should
be consulted.

Grounding

The ground lead should be a heavy conductor, such as heavy wire or braid. The
shield stripped from RG-8 or RG-11 coaxial cable is suitable for most applications.
For reception purposes only, the ground may be a cold-water pipe inside the house.
Do not use the hot-water pipes (which are not well grounded) or gas pipes (which
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Insulated downlead

13-6 Construction details.

are dangerous to use). Also, be aware that residential air conditioner liquid lines look
like copper cold-water pipes in some cases. Don’t use them. Chapter 29 deals with
grounding.

The lightning arrester is a safety precaution, and it must be used! Its purpose is
to supply an alternative path to ground in the event of a lightning strike. Although at
least one text calls the arrester optional, it is not. Besides the obvious safety reasons
(which are reason enough), there are also legal and economic reasons for using
the arrester. Your local government building and/or fire codes might require a light-
ning arrester for outdoor antennas. Also, your insurance company might not honor
your homeowner’s policy if the lightning arrester (required by local code) is not
used. The antenna lightning arrester is not optional, so use it.

WARNING! DO NOT EVER ATTEMPT TO INSTALL AN ANTENNA BY CROSS-
ING A POWER LINE! EVER! NO MATTER WHAT YOU BELIEVE OR WHAT YOUR
FRIENDS TELL YOU, IT’S NEVER SAFE AND IT COULD KILL YOU.

The rest of this discussion touches on antennas, other than the receiver long-
wire. Because construction details are similar, we will not repeat them. You are, by
the way, encouraged to also read Chap. 28 to glean more details on antenna con-
struction methods.

The flattop antenna

The “flattop” antenna is shown in Fig. 13-7. This antenna is a relative of the longwire,
with the exception that the downline is at the approximate center of the antenna
section. The flattop should be at least a half-wavelength (492/F| ) at the lowest fre-
quency of operation. The advantage of the flattop is that it allows the maximum use
of space in the configuration shown.

Vertical antennas

It is also possible to build shortwave listener antennas in vertical polarization.
Figure 13-8 shows one version of this type of antenna. The support (which could
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13-7 Flattop SWL antenna.
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be a tree or building) should have enough height to be at least a quarter-
wavelength on the lowest frequency of operation. The antenna is fed at the base
with coaxial cable. The center conductor of the coax is connected to the antenna
element, and the shield is connected to the ground rod at the base of the structure.
You are encouraged to see Chap. 10, which deals with limited space and hidden an-
tennas, for a different version of this antenna. It is possible to install the wire (or
multiple wires of different lengths) inside of a length of PVC plumbing pipe. The
pipe serves as the support structure, and the conductors are placed inside.

Different lengths of conductor are required for different bands of operation. You
can calculate the length (in feet) required for quarter-wavelength vertical antennas
from L _=246/F . Figure 13-9A shows how several bands are accommodated from
the same feedline on the same support structure. In this particular case eight differ-
ent antenna elements are supported from the same tee bar. Be sure to insulate them
from each other, and from the support structure. Again, PVC piping can be used for
the support. Another method for accommodating several different bands is to tie the
upper ends of the wires to a sloping rope (as in Fig. 13-9B).

Wire directional antenna

A directional antenna has the ability to enhance reception of desired signals, while re-
jecting undesired signals arriving from slightly different directions. Although
directivity normally means a beam antenna, or at least a rotatable dipole, there are cer-
tain types of antenna that allow fixed antennas to be both directive and variable. See
Chap. 7 for fixed but variable directional antennas and Chap. 11 for fixed and non-vari-
able directive arrays. Those antennas are transmitting antennas, but they work equally
well for reception. This section shows a crude, but often effective, directional antenna
that allows one to select the direction of reception with pin plugs or switches.

Consider Fig. 13-10. In this case, a number of quarter-wavelength radiators are
fanned out from a common feedpoint at various angles from the building. At the near
end of each element is a female banana jack. A pair of balanced feedlines from the
receiver (300-Q twin lead, or similar) are brought to the area where the antenna el-
ements terminate. Each wire in the twin lead has a banana plug attached. By select-
ing which banana jack is plugged into which banana plug, you can select the
directional pattern of the antenna. If the receiver is equipped with a balanced an-
tenna input, then simply connect the other end of the twin lead direction to the
receiver. Otherwise, use one of the couplers shown in Fig. 13-11.

Figure 13-11A shows a balanced antenna coupler that is tuned to the frequency of
reception. The coil is tuned to resonance by the interaction of the inductor and the ca-
pacitor. Antenna impedance is matched by selecting the taps on the inductor to which the
feedline is attached. A simple RF broadband coupler is shown in Fig. 13-11B. This trans-
former is wound over a ferrite core, and consists of 12 to 24 turns of no. 26 enameled
wire, with more turns being used for lower frequencies, and fewer for higher frequen-
cies. Experiment with the number of turns in order to determine the correct value. Al-
ternatively, use a 1:1 balun transformer instead of Fig. 13-11B; the type intended for
amateur radio antennas is overkill powerwise, but it will work nicely.
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Ground rod

13-9B Multiband wire vertical SWL antenna: fan style.
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A B See detail

Building

13-10 Directional SWL antenna (view from above).

The antenna of Fig. 13-10 works by phasing the elements so as to null, or en-
hance (as needed), certain directions. This operation becomes a little more flexible
if you build a phasing transformer, as shown in Fig. 13-11C and 13-11D. Windings L ,
L,, and L, are wound “trifilar” style onto a ferrite core. Use 14 turns of no. 26 enam-
eled wire for each winding. The idea in this circuit is to feed one element from coil
L, in the same way all of the time. This port becomes the 0° phase reference. The
other port, B, is fed from a reversible winding, so it can either be in phase or 180° out
of phase with port A. Adjust the DPDT switch and the banana plugs of Fig. 13-10 for
the best reception.
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13-11A Antenna matching tuner.

13-11B Antenna matching transformer.

-
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C

13-11C Phase-switching antenna matcher.
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13-11D Phasing box permits phasing
antennas 0° to 180°.
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CHAPTER

Large wire loop antennas

THERE ARE TWO BASIC FORMS OF LOOP ANTENNAS: SMALL AND LARGE. THESE TWO TYPES
have different characteristics, work according to different principles, and have dif-
ferent purposes. Small loops are those in which the current flowing in the wire has
the same phase and amplitude at every point in the loop (which fact implies a very
short wire length, i.e., less than 0.2)\). Such loops respond to the magnetic field com-
ponent of the electromagnetic radio wave. A large loop antenna has a wire length
greater than 0.2\, with most being either A/2, 1\, or 2\. The current in a large loop
varies along the length of the wire in a manner similar to other wire antennas.

\/2 large loops

The performance of large wire loop antennas depends in part on their size. Figure 14-1
shows a half-wavelength loop (i.e., one in which the four sides are each N\/8 long). There
are two basic configurations for this antenna: continuous (S, closed) and open
S . open). In both cases, the feedpoint is at the midpoint of the side opposite the switch.

The direction of the main reception, or radiation lobe (i.e., the direction of max-
imum reception), depends on whether S, is open or closed. With S, closed, the main
lobe is to the right (solid arrow); and with S| open, it is to the left (broken arrow). Di-
rection reversal can be achieved by using a switch (or relay) at S,, although some
people opt for unidirectional operation by eliminating S ¥ and leaving the loop either
open or closed.

The feedpoint impedance is considerably different in the two configurations. In
the closed-loop situation (i.e., S, closed), the antenna can be modeled as if it were a
half-wavelength dipole bent into a square and fed at the ends. The feedpoint (X,—X,)
impedance is on the order of 3 kQ because it occurs at a voltage antinode (current
node). The current antinode (i.e., [,,) is at.S o on the side opposite the feedpoint. An
antenna tuning unit (ATU), or RF impedance transformer, must be used to match the
lower impedance of the transmission lines needed to connect to receivers.

The feedpoint impedance of the open-loop configuration (S, open) is low because
the current antinode occurs at X, —X,. Some texts list the impedance as “about 50 Q,”
but my own measurements on several test loops were somewhat higher (about 70 Q).
In either case, the open loop is a reasonable match for either 52- or 75-Q coaxial cable.

Copyright 2001 - the McGraw-Hill Companies 287
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< A L.
8
A A
0X o
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8 OX2 Sl 8
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» Direction of main lobe (S closed)

< -----m-—- - Direction of main lobe (S; open)

14-1 Half-wave square loop antenna with reversal switch.

Neither N2 loop configuration shows gain over a dipole. The figure usually
quoted is —1-dB forward gain (i.e., a loss compared with a dipole), and about 6-dB
front-to-back ratio (FBR). Such low values of FBR indicate that there is no deep
notch (“null”) in the pattern.

A lossy antenna with a low FBR seems like a born loser, and in most cases it is.
But the N2 loop finds a niche where size must be constrained, for one reason or
another. In those cases, the N2 loop can be an alternative. These antennas can be
considered limited-space designs, and can be mounted in an attic, or other limited-
access place, as appropriate.

A simple trick will change the gain, as well as the direction of radiation, of the
closed version of the M2 loop. In Fig. 14-2, a pair of inductors (L, and L,) are in-
serted into the circuit at the midpoints of the sides adjacent to the side containing
the feedpoints. These inductors should have an inductive reactance X B of about 360
Q in the center of the band of operation. The inductance of the coil is
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3.6 X 108
Ly=——"7—J [14.1]
ZTEF’HZ

where
L,y is the coil inductance, in microhenrys (nH)
F, is the midband frequency, in hertz (Hz)

Example Find the inductance for the coils in a loaded half-wavelength closed-
loop antenna that must operate in a band centered on 10.125 MHz.

Solution:

[Note: 10.125 MHz = 10,125,000 Hz]

L 3.6 X 10° .
W om (10,125,000 Hz) M

The coils force the current antinodes toward the feedpoint, reversing the direc-
tion of the main lobe, and creating a gain of about +1 dB over a half-wavelength
dipole.

The currents flowing in the antenna can be quite high, so when making the
coils, be sure to use a size that is sufficient for the power and current levels antici-
pated. The 2- to 3-in B&W Air-Dux style coils are sufficient for most amateur radio
use. Smaller coils are available on the market, but their use is limited to low-power
situations.

X, =370 Q

Maximum <
reception
O X,

Ly
X, =370 Q

YY)

14-2 Use of inductive loading to reduce the size of antenna, and make the pattern more
uniform.
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1\ large loops

If size is not forcing you to a A/2 loop, then a 1\ loop might be just the ticket. It
produces a gain of about +2 dB over a dipole in the directions that are perpen-
dicular to the plane of the loop. The azimuth patterns formed by these antennas
are similar to the figure-8 pattern of the dipole. Three versions are shown: the square
loop (Fig. 14-3), the diamond loop (Fig. 14-4), and the delta loop (a.k.a. D-loop and
triangle—Fig. 14-5). The square and diamond loops are built with A/4 on each
side, and the delta loop is A/3 on each side. The overall length of wire needed to
build these antennas is
1005

- [14.2]

MHz

The polarization of the three loop antennas is horizontal, because of the location
of the feedpoints. On the square loop, moving the feedpoint to the middle of either
vertical side will provide vertical polarization. Similarly, on the diamond loop vertical
polarization is realized by moving the feedpoint to either of the two adjacent apexes.
On the delta loop, placing the feedpoint at either of the two other apexes produces
a diagonal polarization that offers approximately equal vertical and horizontal polar-
ization components.

|l A ;I
1 |
A A
A A
4 4
X1 Xp
\ | o 0 \

> |
A >

14-3 Quarter-wavelength square loop (single-element quad).
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14-4 Bottom-fed loop.

A
3

14-5 Delta loop antenna.
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The feedpoint impedance of the 1\ loop is around 100 €, so it provides a slight
mismatch to 75-Q coax and a 2:1 mismatch to 52-Q coax. A very good match to 52-Q
coax can be produced using the scheme of Fig. 14-6. Here, a quarter-wavelength
coaxial cable matching section is made of 75-Q coaxial cable. The length of this ca-
ble should be

L Eaild [14.3]
feet FMHZ
where
L. is the length, in feet (ft)
V is the velocity factor of the coax
F\y, is the frequency, in megahertz (MHz)
The impedance Z of the cable used for the matching section should be
ZU = ZLZ,s [14’4]

To X; and X9

% matching section
(75 Q coax)
A _ 246V ft
4~ Fyuy
14-6 Quarter-wavelength
coaxial matching sec-
tion.
Y
52() coax to

receiver (any length)

/
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where
Z is the characteristic impedance of the coax used in the matching section, in
ohms
Z . is the feedpoint impedance of the antenna, in ohms
Z_is the source impedance (i.e., the 52-Q characteristic impedance of the line to
the receiver in standard systems)

When Eq. 14.4 is applied to this system, where Z = 52 Q, 7 = 100 Q:
Z =V (100Q)(52 Q) =72Q [14.5]

This is a very good match to 75-Q coaxial cable.

Demiquad loop antenna

The demiquad is a single-element 1\ quad antenna. The length of the antenna is,
like the cubical quad beam antenna (see Chap. 12), one wavelength. Figure 14-7
shows a type of demi-quad based on the tee-cross type of mast.

The impedance-matching section is a quarter-wavelength piece of 75-Q coaxial
cable (RG-58/U or RF-11/U). The length of the matching section is determined from:

L—246V 146
=7 [14.6]

MHz

where
L is the overall length, in feet
F\, is the frequency, in megahertz

V' is the velocity factor of the coaxial cable (typically 0.66, 0.70, or 0.80)

Delta loop

The delta loop antenna, like the Greek uppercase letter “delta” (A) from which it
draws its name, is triangle-shaped (Fig. 14-8). The delta loop is a full wavelength,
with elements approximately 2 percent longer than the natural wavelength (like the
quad). The actual length will be a function of the proximity and nature of the under-
lying ground, so some experimentation is necessary. The approximate preadjust-
ment lengths of the sides are found from:

L 437 ft [14.7]
! FMHZ .
296
s L= [14.8]

The delta loop antenna is fed from 52-Q coaxial cable through a 4:1 balun trans-
former. The delta loop can be built in a fixed location, and will offer a bidirectional
pattern.
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14-7 Demiquad antenna.
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14-8 Delta loop antenna.

Half-delta sloper (HDS)

The half-delta sloper (HDS) antenna (Fig. 14-9) is similar to the full delta loop, ex-
cept that (like the quarter-wavelength vertical) half of the antenna is in the form of
an “image” in the ground. Gains of 1.5 to 2 dB are achievable. The HDS antenna
consists of two elements: a N/3-wavelength sloping wire and a \/6 vertical wire (on
an insulated mast), or a A/6 metal mast. Because the ground currents are very im-
portant, much like the vertical antenna, either an extensive radial system at both
ends is needed, or a base ground return wire (buried) must be provided.

The HDS will work on its design frequency, plus harmonics of the design
frequency. For a fundamental frequency of 5 MHz, a vertical segment of 33 ft and a
sloping section of 66 ft is needed. The lengths for any frequency are found from

A 328

3 F

MHz

[14.9]
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and

[14.10]

The HDS is fed at one corner, close to the ground. If only the fundamental
frequency is desired, then you can feed it with 52-Q coaxial cable. But at har-
monics, the feedpoint impedance changes to as high as 1000 Q. If harmonic oper-
ation is intended, then an antenna tuning unit (ATU) is needed at point A to
match these impedances.

Bisquare loop antenna

The bisquare antenna, shown in Fig. 14-10, is similar to the other large loops, ex-
cept that it is M/2 on each side, making a total wire length of two wavelengths. This
antenna is built like the diamond loop shown earlier (i.e., it is a large square loop fed
at an apex that is set at the bottom of the assembly). In this case, the loop is fed ei-
ther with an antenna tuning unit (to match a 1000-Q impedance) or a quarter-wave-
length matching section made of 300-Q or 450-Q twin-lead transmission line. A 1:1
balun transformer connects the 75-Q coaxial cable to the matching section.

Good electrical
and mechanical
connection

Metal mast
or wire

Earth |

1| o
R

Buried ground return wire (bare)

14-9 Half-delta loop antenna.
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Each side is %

480
Fyyg

L siqe =

14-10 Bisquare 2\ square loop

% Matching section antenna.

1:1 BALUN
transformer
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cable to receiver

The bisquare antenna offers as much as 4-dB gain broadside to the plane of the
antenna (i.e., in and out of the book page), in a figure-8 pattern, on the design fre-
quency. It is horizontally polarized. When the frequency drops to one-half of the de-
sign frequency, the gain drops to about 2 dB, and the antenna works like the
diamond loop covered previously.
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Chapter

Small loop
receiving antennas

Radio direction finders and people who listen to the AM broadcasting bands, VLF,
medium-wave, or the so-called low-frequency tropical bands are all candidates for a
small loop antenna. These antennas are fundamentally different from large loops and
other sorts of antennas used in these bands. Large loop antennas have a length of at
least 0.5\, and most are quite a bit larger than 0.5X. Small loop antennas, on the other
hand, have an overall length that is less than 0.22\, with most being less than 0.10A\.

The small loop antenna responds to the magnetic field component of the electro-
magnetic wave instead of the electrical field component. One principal difference be-
tween the large loop and the small loop is found when examining the RF currents
induced in a loop when a signal intercepts it. In a large loop, the current will vary from
one point in the conductor to another, with voltage varying out of phase with the cur-
rent. In the small loop antenna, the current is the same throughout the entire loop.

The differences between small loops and large loops show up in some interest-
ing ways, but perhaps the most striking is the directions of maximum response—the
main lobes—and the directions of the nulls. Both types of loops produce figure-8
patterns but in directions at right angles with respect to each other. The large loop
antenna produces main lobes orthogonal, at right angles or “broadside,” to the plane
of the loop. Nulls are off the sides of the loop. The small loop, however, is exactly the
opposite: The main lobes are off the sides of the loop (in the direction of the loop
plane), and the nulls are broadside to the loop plane (Fig. 15-1A). Do not confuse
small loop behavior with the behavior of the loopstick antenna. Loopstick antennas
are made of coils of wire wound on a ferrite or powdered-iron rod. The direction of
maximum response for the loopstick antenna is broadside to the rod, with deep nulls
off the ends (Fig. 15-1B). Both loopsticks and small wire loops are used for radio di-
rection-finding and for shortwave, low-frequency medium-wave, AM broadcast
band, and VLF listening.

The nulls of a loop antenna are very sharp and very deep. Small changes of point-
ing direction can make a profound difference in the response of the antenna. If you
point a loop antenna so that its null is aimed at a strong station, the signal strength of
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15-1A Large loop antenna.

the station appears to drop dramatically at the center of the notch. Turn the antenna
only a few degrees one way or the other, however, and the signal strength increases
sharply. The depth of the null can reach 10 to 15 dB on sloppy loops and 30 to 40 dB
on well-built loops (30 dB is a very common value). I have seen claims of 60-dB nulls
for some commercially available loop antennas. The construction and uniformity of
the loop are primary factors in the sharpness and depth of the null.
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15-1B Loopstick antenna.

At one time, the principal use of the small loop antenna was radio direction-find-
ing, especially in the lower-frequency bands. The RDF loop is mounted with a com-
pass rose to allow the operator to find the direction of minimum response. The null
was used, rather than the peak response point, because it is far narrower than the
peak. As a result, precise determination of direction is possible. Because the null
is bidirectional, ambiguity exists as to which of the two directions is the correct
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direction. What the direction-finder “finds” is a line along which the station exists. If
the line is found from two reasonably separated locations and the lines of direction
are plotted on a map, then the two lines will cross in the area of the station. Three or
more lines of direction (a process called triangulation) yields a pretty precise
knowledge of the station’s actual location.

Today, these small loops are still used for radio direction-finding, but their use
has been extended into the general receiving arena, especially on the low frequen-
cies. One of the characteristics of these bands is the possibility of strong local inter-
ference smothering weaker ground-wave and sky-wave stations. As a result, you
cannot hear cochannel signals when one of them is very strong and the other is
weak. Similarly, if a cochannel station has a signal strength that is an appreciable
fraction of the desired signal and is slightly different in frequency, then the two sig-
nals will heterodyne together and form a whistling sound in the receiver output. The
frequency of the whistle is an audio tone equal to the difference in frequency be-
tween the two signals. This is often the case when trying to hear foreign BCB signals
on frequencies (called split frequencies) between the standard spacing. The direc-
tional characteristics of the loop can help if the loop null is placed in the direction of
the undesired signal.

Loops are used mainly in the low-frequency bands even though such loops are
either physically larger than high-frequency loops or require more turns of wire.
Loops have been used as high as VHF and are commonly used in the 10-m ham band
for such activities as hidden transmitter hunts. The reason why low frequencies are
the general preserve of loops is that these frequencies are more likely to have sub-
stantial ground-wave signals. Sky-wave signals lose some of their apparent directiv-
ity because of multiple reflections. Similarly, VHF and UHF waves are likely to reflect
from buildings and hillsides and so will arrive at angles other than the direction of
the transmitter. As a result, the loop is less useful for the purpose of radio direction-
finding. If your goal is not RDF but listening to the station, this is hardly a problem.
A small loop can be used in the upper shortwave bands to null a strong local ground-
wave station in order to hear a weaker sky-wave station. Finally, loops can be useful
in rejecting noise from local sources, such as a “leaky” electric power line or a neigh-
bor’s outdoor light dimmer.

Let’s examine the basic theory of small loop antennas and then take a look at
some practical construction methods.

Grover’s equation

Grover’s equation (Grover, 1946) seems closer to the actual inductance measured in
empirical tests than certain other equations that are in use. This equation is
L = (KN%) X {m [7[{2‘”\] ] +E, + [7[{4 W+Db ]}
" N+Db ‘ aN

where L , 1s the inductance, in microhenrys (nH)
a is the length of a loop side, in centimeters (cm)
b is the loop width, in centimeters (cm)
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7 is the number of turns in the loop
K through K, are shape constants and are given in Table 15-1
In is the natural log of this portion of the equation

Air core frame loops (“box” loops)

A wire loop antenna is made by winding a large coil of wire, consisting of one or more
turns, on some sort of frame. The shape of the loop can be circular, square, triangu-
lar, hexagonal, or octagonal. For practical reasons, the square loop seems to be most
popular. With one exception, the loops considered in this section will be square, so
you can easily duplicate them.

The basic form of the simplest loop is shown in Fig. 15-2. This loop is square,
with sides the same length A all around. The width of the loop (B) is the distance
from the first turn to the last turn in the loop, or the diameter of the wire if only one
turn is used. The turns of the loop in Fig. 15-2 are depth wound, meaning that each
turn of the loop is spaced in a slightly different parallel plane. The turns are spaced
evenly across distance B. Alternatively, the loop can be wound such that the turns
are in the same plane (this is called planar winding). In either case, the sides of the
loop (A) should be not less than five times the width (B). There seems to be little dif-
ference between depth- and planar-wound loops. The far-field patterns of the differ-
ent shape loops are nearly the same if the respective cross-sectional areas (mr? for
circular loops and A2 for square loops) are less than A%/100.

The reason why a small loop has a null when its broadest aspect is facing the sig-
nal is simple, even though it seems counterintuitive at first blush. Take a look at Fig.
15-3. Here, we have two identical small loop antennas at right angles to each other.
Antenna A is in line with the advancing radio wave, whereas antenna B is broadside
to the wave. Each line in the wave represents a line where the signal strength is the
same, i.e., an “isopotential line.” When the loop is in line with the signal (antenna A),
there is a difference of potential from one end of the loop to the other, so current can
be induced in the wires. When the loop is turned broadside, however, all points on
the loop are on the same potential line, so there is no difference of potential between
segments of the conductor. Thus little signal is picked up (and the antenna therefore
sees a null).

The actual voltage across the output terminals of an untuned loop is a function
of the angle of arrival of the signal a (Fig. 15-4), as well as the strength of the signal
and the design of the loop. The voltage VO is given by

Table 15-1. Shape constants

Shape K1 K2 K3 K4

Triangle  0.006 1.155 0.6565  0.135
Square 0.008 1.414 0379  0.33
Hexagon 0.012 2.00 0.655  0.135
Octagon  0.016 2.613 0.75614 0.0715



304 Small loop receiving antennas

> A< A >

A
MAXIMUM <— MAXIMUM
RESPONSE A RESPONSE
4
/
/
A = >5B ,
/ A\ &
ya
/
/
7 7
/
/ c1*
MINIMUM _ _ _ _ * SEE TEXT
RESPONSE v. ©

15-2A A simple loop antenna.

Vo= 2mwANE) cos (a)
¢ N

where V_is the output voltage of the loop
A is the area of the loop, in square meters (m?)
N is the number of turns of wire in the loop
E . is the strength of the signal, in volts per meter (V/m)
a is the angle of arrival of the signal
\ is the wavelength of the arriving signal
Loops are sometimes specified in terms of the effective height of the antenna.
This number is a theoretical construct that compares the output voltage of a small
loop with a vertical piece of the same kind of wire that has a height of

2mNA
Heff Y

If a capacitor (such as C| in Fig. 15-2) is used to tune the loop, then the output
voltage V will rise substantially. The output voltage found using the first equation is
multiplied by the loaded @ of the tuned circuit, which can be from 50 to 100:

2mANEQ cos (o)
o A

Even though the output signal voltage of tuned loops is higher than that of un-
tuned loops, it is nonetheless low compared with other forms of antenna. As a result,
a loop preamplifier usually is needed for best performance.
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15-3 Two small loop antennas at right angles to each other.
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15-4 An untuned loop antenna.
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Transformer loops

It is common practice to make a small loop antenna with two loops rather than just
one. Figure 15-5 shows such a transformer loop antenna. The main loop is built ex-
actly as discussed above: several turns of wire on a large frame, with a tuning capac-
itor to resonate it to the frequency of choice. The other loop is a one- or two-turn
coupling loop. This loop is installed in very close proximity to the main loop, usually
(but not necessarily) on the inside edge not more than a couple of centimeters away.
The purpose of this loop is to couple signal induced from the main loop to the re-
ceiver at a more reasonable impedance match.

The coupling loop is usually untuned, but in some designs a tuning capacitor
(CZ) is placed in series with the coupling loop. Because there are many fewer turns
on the coupling loop than on the main loop, its inductance is considerably smaller. As
a result, the capacitance to resonate is usually much larger. In several loop antennas
constructed for purposes of researching this chapter, I found that a 15-turn main
loop resonated in the AM BCB with a standard 365-pF capacitor, but the two-turn

MULTI-TURN
TUNING LOOP

1 OR 2 TURN
COUPLING LOOP

TO
RCVR

~/
I

C1

15-5 A transformer loop antenna.
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coupling loop required three sections of a ganged 3 X 365-pF capacitor connected in
parallel to resonate at the same frequencies.

In several experiments, I used computer ribbon cable to make the loop turns.
This type of cable consists of anywhere from 8 to 64 parallel insulated conductors
arranged in a flat ribbon shape. Properly interconnected, the conductors of the rib-
bon cable form a continuous loop. It is no problem to take the outermost one or two
conductors on one side of the wire array and use them for a coupling loop.

Tuning schemes for loop antennas

Loop performance is greatly enhanced by tuning the inductance of the loop to the
desired frequency. The bandwidth of the loop is reduced, which reduces front-end
overload. Tuning also increases the signal level available to the receiver by a factor
of 20 to 100 times. Although tuning can be a bother if the loop is installed remotely
from the receiver, the benefits are well worth it in most cases.

There are several different schemes available for tuning, and these are detailed
in Fig. 15-6. The parallel tuning scheme, which is by far the most popular, is shown
in Fig. 15-6A. In this type of circuit, the capacitor (C)) is connected in parallel with
the inductor, which in this case is the loop. Parallel resonant circuits have a very high
impedance to signals on their resonant frequency and a very low impedance to other
frequencies. As a result, the voltage level of resonant signals is very much larger than
the voltage level of off-frequency signals.

The series resonant scheme is shown in Fig. 15-6B. In this circuit, the loop is
connected in series with the capacitor. A property of series resonant circuits is that
they offer a high impedance to all frequencies except the resonant frequency (ex-
actly the opposite of the case of parallel resonant circuits). As a result, current from
the signal will pass through the series resonant circuit at the resonant frequency, but
off-frequency signals are blocked by the high impedance.

There is a wide margin for error in the inductance of loop antennas, and even the
precise-looking equations to determine the required values of capacitance and in-
ductance for proper tuning are actually only estimations. The exact geometry of the
loop “as built” determines the actual inductance in each particular case. As a result,
it is often the case that the tuning provided by the capacitor is not as exact as de-
sired, so some form of compensation is needed. In some cases, the capacitance re-
quired for resonance is not easily available in a standard variable capacitor, and some
means must be provided for changing the capacitance. Figure 15-6C shows how this
is done. The main tuning capacitor can be connected in either series or parallel with
other capacitors to change the value. If the capacitors are connected in parallel, then
the total capacitance is increased (all capacitances are added together). If the extra
capacitor is connected in series, however, then the total capacitance is reduced. The
extra capacitors can be switched in and out of a circuit to change frequency bands.

Tuning of a remote loop can be a bother if it is done by hand, so some means
must be found to do it from the receiver location (unless you enjoy climbing into the
attic or onto the roof). Traditional means of tuning called for using a low-rpm dc mo-
tor, or stepper motor, to turn the tuning capacitor. A very popular combination was
the little 1- to 12-rpm motors used to drive rotating displays in retail store show
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15-6 Various tuning schemes: (A) parallel, (B) series resonant, (C) series or parallel.
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windows. But this approach is not really needed today. We can use varactor voltage-
variable capacitance diodes to tune the circuit.

A varactor works because the junction capacitance of the diode is a function of
the applied reverse-bias voltage. A high voltage (such as 30 V) drops the capaci-
tance, whereas a low voltage increases it. Varactors are available with maximum ca-
pacitances of 22, 33, 60, 100, and 400 pF. The latter are of most interest to us
because they have the same range as the tuning capacitors normally used with loops.

Figure 15-7 shows how a remote tuning scheme can work with loop antennas.
The tuning capacitor is a combination of a varactor diode and two optional capaci-
tors: a fixed capacitor (Cl) and a trimmer (Cz). The dc tuning voltage (V) is pro-
vided from the receiver end from a fixed dc power supply (V+). A potentiometer
(R 1) is used to set the voltage to the varactor, hence also to tune the loop. A dc block-
ing capacitor (CS) keeps the dc tuning voltage from being shorted out by the receiver
input circuitry.

The sports fan’s loop

OK, sports fans, what do you do when the best game of the week is broadcast only
on a low-powered AM station and you live at the outer edge of their service area
where the signal strength leaves much to be desired? You use the sports fan’s loop
antenna, that’s what! I first learned of this antenna from a friend of mine, a profes-
sional broadcast engineer, who worked at a religious radio station that had a pip-
squeek signal but lots of fans. It really works—one might say it’s a miracle.

The basic idea is to build a 16-turn, 60-cm? tuned loop and then place the AM
portable radio at the center so that its loopstick is aimed such that its null end is
broadside of the loop. When you do so, the nulls of both the loop and the loopstick
are in the same direction. The signal will be picked up by the loop and then coupled
to the radio’s loopstick antenna. Sixteen-conductor ribbon cable can be used for
making the loop. For an extra touch of class, place the antenna and radio assembly
on a dining room table lazy Susan to make rotation easier. A 365-pF tuning capacitor
is used to resonate the loop. If you listen to only one station, then this capacitor can
be a trimmer type.

Shielded loop antennas

The loop antennas discussed thus far in this chapter have all been unshielded types.
Unshielded loops work well under most circumstances, but in some cases their pat-
tern is distorted by interaction with the ground and nearby structures (trees, build-
ings, etc.). In my own tests, trips to a nearby field proved necessary to measure the
depth of the null because of interaction with the aluminum siding on my house. Fig-
ure 15-8 shows two situations. In Fig. 15-8A we see the pattern of the normal “free
space” loop, i.e., a perfect figure-8 pattern. When the loop interacts with the nearby
environment, however, the pattern distorts. In Fig. 15-8B we see some filling of the
notch for a moderately distorted pattern. Some interactions are so severe that the
pattern is distorted beyond all recognition.
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15-8A A normal “free space” loop.

LOOP

15-8B Filling of the notch.

The solution to the problem is to reduce interaction by shielding the loop, as in
Fig. 15-9. Loop antennas operate on the magnetic component of the electromagnetic
wave, so the loop can be shielded against voltage signals and electrostatic interac-
tions. In order to prevent harming the ability to pick up the magnetic field, a gap is
left in the shield at one point.

There are several ways to shield a loop. You can, for example, wrap the loop in
adhesive-backed copper-foil tape. Alternatively, you can wrap the loop in aluminum
foil and hold it together with tape. Another method is to insert the loop inside a cop-
per or aluminum tubing frame. Or—the list seems endless.

Using a loop antenna

Most readers will use a loop for DXing rather than hidden transmitter hunting, navi-
gation, or other RDF purposes. For the DXer, there are actually two uses for the
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15-9 Shielding the loop.

loop. One is when you are a renter or live in a community that has routine covenants
against outdoor antennas. In this situation, the loop will serve as an active antenna
for receiving AM BCB and other low-frequency signals without the neighbors or
landlord becoming PFJs (“purple-faced jerks™).

The other use is illustrated by the case of a friend of mine. He regularly tunes in
clear channel WSM (650 kHz, Nashville) in the wee hours between Saturday evening
(“Grand Ole Opry” time) and dawn. However, this “clear” channel of WSM is not re-
ally so clear, especially without a narrow filter in the receiver. He uses a loop antenna
to null out a nearby 630-kHz signal that made listening a bit dicey and can now tape
his 1940s-1950s vintage country music.

It is not necessary to place the desired station directly in the main lobes off the
ends of the antenna but rather to place the nulls (broadside) in the direction of the
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offending station that you want to eliminate. So what happens if the offending sta-
tion and the desired station are in a direct line with each other and your receiving lo-
cation is in the middle between them? Both nulls and lobes on a loop antenna are
bidirectional, so a null on the offending station also will null the desired station in the
opposite direction.

One method is to use a sense antenna to spoil the pattern of the loop to a car-
dioid shape. Another method is to use a spoiler loop to null the undesired signal. The
spoiler loop is a large box loop placed 1 to 3 ft (found experimentally) behind the re-
ception loop in the direction of the offending signal. This method was first described
by Levintow and is detailed in Fig. 15-10. The small loopstick may be the antenna in-
side the receiver, whereas the large loop is a box loop such as the sports fan’s loop.
The large box loop is placed about 33 to 100 cm behind the loopstick and in the di-
rection of the offending station. The angle with respect to the line of centers should
be 60° to 90°, which also was found experimentally. It is also possible to use two air
core loops to produce an asymmetrical receiving pattern.

Sharpening the loop

Many years ago, the @-multiplier was a popular add-on accessory for a communica-
tions receiver. These devices were sold as Heathkits, and many construction projects
could be found in magazines and amateur radio books. The Q-multiplier has the ef-
fect of seeming to greatly increase the sensitivity of a receiver, as well as greatly re-
ducing the bandwidth of the front end. Thus it allows better reception of some
stations because of increased sensitivity and narrowed bandwidth.

A Q-multiplier is an active electronic circuit placed at the antenna input of a re-
ceiver. It is essentially an Armstrong oscillator, as shown in Fiig. 15-11, that does not
quite oscillate. These circuits have a tuned circuit (Ll/Cl) at the input of an amplifier
stage and a feedback coupling loop (LS). The degree of feedback is controlled by the
coupling between L and LS. The coupling is varied by varying both how close the
two coils are and their relative orientation with respect to each other. Certain other
circuits use a series potentiometer in the L3 side that controls the amount of feed-
back.

The Q-multiplier is adjusted to the point that the circuit is just on the verge of
oscillating, but not quite. As the feedback is backed away from the threshold of os-
cillation, but not too far, the narrowing of bandwidth occurs, as does the increase in
sensitivity. It takes some skill to operate a Q-multiplier, but it is easy to use once you
get the hang of it and is a terrific accessory for any loop antenna.

Loop amplifier

Figure 15-12 shows the circuit for a practical loop amplifier that can be used with ei-
ther shielded or unshielded loop antennas. It is based on junction field effect tran-
sistors (JFET) connected in cascade. The standard common-drain configuration is
used for each transistor, so the signals are taken from the source terminals. The
drain terminals are connected together and powered from the +12-V dc power
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15-11 A Q-multiplier.

supply. A 2.2-uF bypass capacitor is used to put the drain terminals of @ ,and Q2 at
ground potential for ac signals while keeping the dc voltage from being shorted out.

The two output signals are applied to the primary of a center-tapped trans-
former, the center tap of which is grounded. To keep the dc on the source terminals
from being shorted through the transformer winding, a pair of blocking capacitors
(C,, C)) is used.

The input signals are applied to the gate terminals of @ and @, through dc
blocking capacitors C, and C,. A pair of diodes (D, D,) is used to keep high-ampli-
tude noise transients from affecting the operation of the amplifier. These diodes are
connected back to back in order to snub out both polarities of signal.

Tuning capacitor C . is used in lieu of the capacitor in the loop and is used to res-
onate the loop to a specific frequency. Its value can be found from the equation given
earlier.

The transistors used for the push-pull amplifier () r Qz) can be nearly any gen-
eral-purpose JFET device (MPF-102, MPF-104, etc.). A practical approach for many
people is to use transistors from service replacement lines, such as the NTE-312 and
NTE-316 devices.
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Special problem for VLF/LF loops

A capacitance is formed whenever two conductors are side by side. A coil produces
capacitance as well as inductance because the turns are side by side. Unfortunately,
with large multiturn loops, this capacitance can be quite large. The “distributed ca-
pacitance” of the loop causes a self-resonance with the inductance. The loop does
not work well at frequencies above the self-resonant point, so it is sometimes impor-
tant to raise the self-resonance to a point where it does not affect operation at the
desired frequencies.

Figure 15-13 shows a solution that raises the self-resonant point. The turns are
broken into two or more groups and separated by a space. This method reduces the
effective capacitance by placing the capacitances of each group of wires in series
with the others.

SPACE SPACE

WINDINGS

15-13 Raising the self-resonant point.
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Coaxial-cable loop antennas

One of the more effective ways to make a shielded loop is to use coaxial cable. Fig-
ure 15-14 shows the circuit of such a loop. Although only a single-turn loop is shown,
there can be any number of turns. One reader made a 100-kHz LORAN (a navigation
system) loop using eight turns of RG-59/U coaxial cable on an 8-ft diameter.

Note the special way that the coaxial cable is connected. This method is called
the Faraday connection after the fact that the shield of the coax forms a Faraday
shield. At the output end, the center conductor of the coaxial cable is connected to
the center conductor of the coaxial connector. The coax shield is connected to the
connector ground/shield terminal. At the other end of the loop, the shield is left
floating, but the center conductor is connected to the shield. Note very carefully that
the center conductor at the far end is connected to the shield at the connector, not
at just any convenient point.

TO
RECEIVER

15-14 A coaxial-cable shielded loop.
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Chapter

Small transmitting
loop antennas

Small transmitting loops are those which are less than one-third wavelength (\/3)
according to Hart (1986) or between 0.04\ and 0.10N according to Belrose (1993).
Other sources claim that loops up to about 0.20\ are small. The key characteristic is
that the current is equal in all points of the loop rather than varying with loop length
the way the current in a large loop (or other antenna) does.

One of the parameters of the small loop antenna is a very low radiation resis-
tance (it is a function of the area of the loop). The radiation resistance of the small
loop antenna is less than 1 ) and often considerably less than this figure (e.g., 0.05
). This means that the copper or aluminum losses of the antenna must be kept
very, very low. For such reasons, it is common to assemble the small transmitting
loop antenna from 1- to 4-in copper or aluminum pipe. For this reason, the square
(Fig. 16-1A) or octagon (Fig. 16-1B) shapes are preferred. The reason this is true is
purely mechanical: The square loop can be built with 90° elbow joints, and the octa-
gon can be built with 45° elbow joints. For antennas whose circumference is greater
than N/8, standard */~-in copper pipe can be used in construction, but for smaller-
sized loops, larger-sized copper piping is used.

The small transmitting loop tends to be highly inductive in its reactance. Values
of inductive reactance to 1000 () are not unusual, although closer to 100 ( is the
norm. Because of this inductive reactance, the small transmitting loop antenna is
tuned by one or more series capacitors.

A sample loop was modeled by Belrose (1993). It was 1 m in diameter and was
made of 2.564-cm (1-in) copper pipe. For this loop, the gains were

10 MHz  2.88 dBi
14 MHz  0.22 dBi
21 MHz 1.14 dBi
30 MHz 1.42 dBi

Note that the gains were all less than that of a dipole (12.15 dBi) but in the up-
per regions of the frequency spectrum were quite decent. Even at 10 MHz, the 1-m
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16-1 Small transmitting loop antennas: (A) square, (B) octagon.

small loop antenna was only —5.03 dBi less than the dipole. The loop probably would
show similar gains up to the point of self-resonance.

Calculations of the current and voltage within the loop are substantial. The loop
impedance at 10 MHz is 0.088 1 j161 ). This means that a 150-W transmitter, cer-
tainly modest for these frequencies, would produce 41 A circulating inside the loop
and a voltage across the tuning capacitor of 6600 V. As Belrose (1993) warns: “Don’t
touch your loop when transmitting!”

The tuning capacitor in Belrose’s loop should be rated for at least 10,000 V to
guard against anyone using more than 150 W. Keep in mind that a power of 500 W will
produce potentials across the capacitor of 30,000 V, so you will need a capacitor with
at least '/z-in spacing. A 1-in spacing is good for about 75,000 V. It is probably best to
use a vacuum-variable capacitor for the tuning capacitor of a small loop antenna if you
can afford one. Regardless, the loop power should be kept under control!

The @ of the antenna at any given resonant frequency is very, very high. For the
1-m loop antenna described earlier, the @ at 10 MHz was 1824, which resulted in a
bandwidth of 5.5 kHz (although in practice it is twice this amount before VSWR tol-
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erances on the transmitter are exceeded). Regardless, the bandwidth of the
resonated loop is tiny, so some means must be provided for retuning the loop as
you shift frequency. If you do not shift frequency, then the loop can be tuned and
forgotten, but for the rest of the radio fraternity, perhaps a remotely tuned capacitor
is in order. Getting a large capacity variable in the voltages that are required for op-

eration with a good power level is a bit tricky.

Design equations
The design equations developed by Hart (1986) are as follows:

Radiation resistance (RR):
R, =338 X 1078 (F7%A)*
Loss resistance (R)):

9.96 x 107 VF
L D

Efficiency (n):
R
n= R
R, +R,

Inductance (L):
96S
L =1.9 X 10% (7.353 log —— — 6.386)
D

Inductive reactance (X)):
X, =2mFL X 108

Tuning capacitance (C):
1
C=——""-
2mFX, X 108
Quality factor (Q):
F X

“TAr T2 +R)

Bandwidth (AF):
F
AF = —
Q
Distributed capacitance (C)):
C,=0.825

Capacitor voltage (VC):

[16.1]

[16.2]

[16.3]

[16.4]

[16.5]

[16.6]

[16.7]

[16.8]

[16.9]

[16.10]
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where
A is the area of the loop, in square feet (ft2)
S'is the length of the loop conductor, in feet (ft)
D is the diameter of the conductor, in inches (in)
P is the applied transmitter output power, in watts (W)

Some sample loop antennas

The Patterson (1967) loop antenna is shown in Fig. 16-2. It is made from 1.5-in cop-
per tubing. Segments are cut and are joined together by eight 45° elbow joints, giv-
ing the octagon shape. Each segment is 0.5 ft long. The tuning is accomplished by
three capacitors, two of which are a split-stator unit (two capacitors on the same
shaft). The tuning control is the split-stator capacitor, whereas the loading control is
a single capacitor.

\ N,
\ N
COAX ;— TUNING
FEEDER :
N AR
/1
LOADING

16-2 A Patterson loop antenna.
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Another loop antenna is shown in Fig. 16-3. This antenna has a Faraday feed sys-
tem rather than a capacitor-coupled feed system, as did the Patterson loop. The tun-
ing is accomplished by CA, the series tuning capacitor. The requirement must be met
that D /D, = 5.

Still another loop is shown in Fig. 16-4. This loop relies on magnetic coupling to
perform the coupling of the transmitter. In this loop antenna, the coupling is via a
small coupling loop and 50-{) coaxial cable to the transmitter. Capacitor C | is used to
resonate the loop, whereas capacitors 62 and C3 serve the purposes of loading and
resonating the coupling loop. According to Mozzochi (1993), the voltages and cur-
rents with respect to the capacitors are

v, =1800 VP [16.11]
v, =18Vp [16.12]
v, =17VpP [16.13]
1, =22VpP [16.14]
[,=021VpP [16.15]

16-3 A loop antenna with a Faraday feed system.
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50-OHM
COAX TO RIG
{

c3 -

16-4 A loop antenna with magnetic coupling.

I,=015VP [16.16]

The radiation patterns for the loop antenna are shown in Fig. 16-5. Note that
four elevations are given (0°, 20°, 45°, and 60°).

The bottom line is that small transmitting loop antennas are not very good for
those who can afford to put up a better antenna, but for those whose tight quarters
permit only a small transmitting loop, they are quite viable.
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CHAPTER

Antenna modeling
software

One of the significant contributions of computer technology to antenna design is the
improvement of modeling and simulation. Modeling and simulation are used in a
wide variety of applications, including management, science, and engineering. We
can now model just about any process, any device, or any circuit that can be reduced
mathematically. The purpose of modeling, at least in engineering, is to do the design
cheaply on the computer before “bending metal.” The old “cut and try” method
works, to be sure, but it is costly in time and money (two things perpetually in short
supply). If performance issues and problems can be solved on a computer, then we
are time and money ahead of the game. Also, modeling and simulation make it pos-
sible to look at more alternatives and to gauge the effect of a change in an antenna
design before the change is made.

Modeling is used not just in engineering but also in other processes. Organiza-
tions and management consultants use modeling and simulation to study their oper-
ations and find the most efficient way of doing things. I saw an example where an
inefficient truck terminal and warehouse operation was improved significantly by
modeling on a Windows desktop computer. The operators modeled the existing sys-
tem and several alternative systems, and found that one particular rule (involving
bulk deliver trucks such as tankers and dry bulk carriers) was jamming up the nor-
mal package deliveries at the warehouse dock. They could have tried different sets
of rules over a couple of years, collected lots of data, presented scores of viewgraphs
to management committees, and still have overlooked the actual cause of the prob-
lem. The model showed the problem in only a few minutes, however.

What is a model?

Models are no big mystery. If you have fingers and can count, then you can make
models. In fact, you probably do make models mentally, e.g., when you look at how
much cash you have in your pocket when confronted with several different purchase
choices but cannot afford all of them. The “model” is the “what if” considerations
that lead to your selection.
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Youngsters in the schools are learning that the equations and formulas they
learn in algebra and trigonometry are “models.” This designation was not used when
I was in school, but it is an apt description in most cases.

One of the earliest modeling methods for the masses was the computer-based
spreadsheet program. Software such as Microsoft Excel can be used to test various
scenarios by entering different values into the cells. I have seen spreadsheets used
for the originally intended business applications, as well as engineering applications
(including antenna design).

Antenna modeling software tends to use the “method of moments,” in which
each wire in the system is broken into 1 to NV segments, and the current in each seg-
ment is calculated.

Some common programs

Some years ago an antenna modeling program came on the scene. Developed by the
Navy, this program used numerical methods to perform the complex calculations
needed to model an antenna. Called the Numerical Electromagnetic Computation
(NEC) program, a smaller version soon became available known as miniNEC (which
runs on PCs). You can download miniNEC-3 from several sources in the amateur ra-
dio newsgroups in the United States or United Kingdom, or from the Navy Postgrad-
uate School Web site. A miniNEC-4 version is also available, but I understand that it
requires a license to use and cannot be exported without a permit from the U.S. gov-
ernment.

There are also a number of private vendors who offer the miniNEC at a price.
Some of the better vendors offer their own versions, based on the miniNEC concept,
but with some value added to make it worthwhile to buy theirs instead of using the
“freebie” version.

The miniNEC programs model wire antennas using the coordinate system
shown in Fig. 17-1. This is a standard three-dimensional Cartesian coordinate sys-
tem in which the y axis is horizontal, the 2 axis is vertical, and the x axis is orthogo-
nal to both the y and 2 axes. The idea is to specify the starting and ending points of
the wires making up the antenna in terms of the xyz coordinate system. Figure 17-2
shows a single-wire antenna laid out in the & axis. This axis is in the horizontal plane
but orthogonal to the y axis. The antenna designer will specify X and X, which are
the starting and ending points of the wire.

The antenna can consist of a large number of wires, although the larger the num-
ber, the longer is the processing time. Each wire is broken into a number of different
segments for calculation purposes.

NEC-4

The NEC-4 software is the latest in the NEC series and is proprietary to the Univer-
sity of California, from whom a license must be obtained to use it. Because of na-
tional defense considerations, an export license is required to take NEC-4 overseas.
The NEC-4 software will produce modeling of underground radials, elements of
varying diameter, and carefully constructed close-spaced parallel wires.
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N

17-1 XYZ coordinate system for NecWin modeling software.

EZNEC Professional

Roy Lewallen, W7EL, provides the EZNEC Pro software. This software has an option
for NEC-4, provided that the license is obtained from the University of California
(again, export restrictions apply).

GNEC

Nittany-Scientific makes a version of NEC-4 known as GNEC. It permits the use of
catenary wires, helices, networks, and other possibilities. Outputs include 3-D, polar
plots, and rectangular plot graphs, as well as a large array of tabular reports.
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N

X2

0,0,0

X1

17-2 Example of a single wire laid out on XYZ coordinate system.

NEC-2

This is a high-capability version of the NEC software, and it is in the public domain.
It is limited to antenna elements of constant diameter, although some software
providers who base their wares on NEC-2 provide corrections for multidiameters. It
is fitted with the Sommerfield-Norton ground model for modeling horizontal wires
close to the earth’s surface.

NECWin Plus

This software is provided by Nittany-Scientific. It features true spreadsheet geome-
try. The software also offers stepped-diameter corrections, a gain-averaging test, a
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CAD file (*.dxf), 2-D and 3-D plots, 2-D and 3-D antenna views, and certain graphic
outputs. There are two versions, NECWin Pro and NECWin Basic (NECWin Basic is
reviewed in this chapter).

EZNEC for Windows

Roy Lewallen’s EZNEC for Windows is available in both NEC-2 and NEC-4 versions,
although the NEC-4 version requires a license from the University of California to
operate. It offers 2-D and 3-D plots, 3-D plots with 2-D slicing, ground-wave output,
stepped-diameter correction, and various shortcuts to antenna modeling. The stan-
dard EZNEC is limited to 500 segments (the Pro version handles a much larger num-
ber of segments).

Expert MiniNEC

This new version of MiniNEC can handle sharp angles in antenna geometry directly
and handles antennas close to the ground much more accurately than MiniNEC. Sev-
eral versions of Expert MiniNEC are available from EM Scientific. These are
MiniNEC for Windows and MiniNEC Broadcast Professional.

MiniNEC

MiniNEC Version 3.13 is the latest of the public-domain MiniNEC code. It runs on a
PC in the DOS mode. It handles element lengths of changing diameter. Horizontal
antennas must be at least 0.2\ above ground for accurate results to occur.

NEC4Win95

Orion (Canada) offers a Windows 95/98 version of MiniNEC known as NEC4Win95.
It offers spreadsheet antenna geometry input, pull-down boxes for all other antenna

parameters, and a pattern-plotting routine that includes lobe identification and
bandwidth.

NECWin Basic

Many amateur and professional users have been increasingly dissatisfied with the
commercial miniNEC-based antenna modeling programs on the market (mostly be-
cause they only run in the DOS environment and are clumsy to use). A low-cost Win-
dows-based modeling program is NecWin Basic for Windows. This program appears
to be a DOS-based NEC engine run with a Windows graphic user interface written in
Visual Basic 3.0. The vendor offering NecWin Basic for Windows is Nittany Scientific,
Inc. [Airline Highway, Suite 361, Hollister, CA, 95023-5621; phone: (408) 634-0573;
Web site: www.nittany-scientific.com]. The basic version (which I test drove and
now use) costs less than $100, and there is a professional version for a higher price.

NecWin Basic for Windows allows you to specify the geometry of the antenna in
the xyz coordinate system. This process is made a lot easier by the fact that it uses
a “spreadsheet-like” grid (Fig. 17-3). Once the geometry is entered, you can select
from several different ground situations (including “none” for free-space calcula-
tions), the operating frequency, and units of measure used for the antenna wires
(meters is default). You also can customize the calculations using the “Output” but-
ton. Once the geometry and parameters are entered, you can visualize the geometry
in “stick form” using the “Eye” button on the toolbar. The “Traffic Light” button
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performs the NEC calculations, whereas the “Polar Coordinates” button creates the
elevation and azimuth pattern graphics. When you “Save Screen” in the “File” menu,
you will produce a bitmap (*.bmp) file of the pattern.

The particular geometry entered in Fig. 17-3 is for a long-wire antenna (Fig.
17-4) that is two wavelengths long and has a quarter-wavelength radial used as a
counterpoise ground. There are no wires in the y and z planes, so the values of Y,
Y,,Z ,and Z, are zero. The antenna is described with the coordinates X, = 0.000 and
X, = 14.56 m. The operating frequency is set to 25-MHz on another screen. When
the NEC calculations are made and the patterns displayed, the azimuth (Fig. 17-5)
and elevation (Fig. 17-6) patterns can be printed out.

HECAIN [LONGWIR1]

[

2000 000 0o0n 145600 000 0000 14AWG 13 10 | Perfect

1

17-3 NecWin screen.

}4— A4 :l: 20 :l

17-4 Off-center fed doublet antenna.
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17-5 Modeled horizontal pattern.

NecWin Basic for Windows also will print out a data table of the frequency, wave-
length, and VSWR. You can set the starting frequency, number of calculations, and
step frequency.

If there is any criticism of the NecWin Basic for Windows program, it is that it
does not graph the VSWR versus frequency curve. This is a little harder in Visual Ba-
sic 3.0 than in later versions, but users who also have Microsoft Excel on their com-
puters can hand enter the numbers from the NecWin Basic for Windows output
report and get a chart similar to Fig. 17-7.

The low price of NecWin Basic for Windows makes it useful to amateur radio op-
erators, shortwave and scanner enthusiasts, and other amateur antenna builders. If
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17-6 Modeled vertical pattern.

you are serious about antennas, then you need to obtain this software. It will perform
well for many professional users, as well as student users in schools. However, pro-
fessional users might want to consider buying the higher-priced NecWin Professional
for Windows version.

EZNEC for Windows

Roy Lewallen, W7EL, produces the EZNEC for Windows software. The software ex-
tends Roy’s earlier work on DOS versions of EZNEC but is still based on the NEC-2
engine (a NEC-4 professional version is available for those with the required license
from the University of California).

Figure 17-8 shows the basic window that opens when you open an antenna pro-
ject (in this case, a 10-MHz dipole). Given in the active window are file name, fre-
quency, wavelength (in meters), number of wires and segments, number of sources,
number of loads, transmission lines, ground type, wire loss, the units being calculated
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(meters, feet, etc.), plot type (azimuth, elevation), elevation angle, step size, a ref-
erence level, and an alternate SWR Z .

There are command buttons to the left of the main window. These include Open,
Save As, Currents, Sto Dat, Load Dat, FF Tab, NF Tab, SWR, View Antenna, and FF
Plot. The “View Antenna” button provides a view of the xyz coordinate system along
with the wires (Fig. 17-9). The “FF Plot” button plots the far field of the antenna,
and the “SWR” button plots the SWR curve based on parameters you give it (starting
frequency, stopping frequency, frequency step).

The “View Antenna” window is shown in Fig. 17-9. This antenna view provides
the xyz coordinate system, along with the wires. There are scroll bars to the left of
the main window where the antenna appears that are used to vary the image
to better see it. A series of three “Reset” buttons resets the image to the initial
setting.

If you wish to plot the radiation pattern (azimuth or elevation) of the antenna,
then press “FF Plot” in the main window. The result will be as shown in Fig. 17-10.
Some data appears in the lower window on the plot. The data in this case are eleva-
tion angle, outer ring gain, slice gain maximum, front-to-side ratio, beamwidth, side-

Mo wrires sedacted

17-9 View Antenna window of EZNEC for Windows.
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17-10 Result of pressing “FF Plot” button in main window of EZNEC for Windows.

lobe gain, front/sidelobe, cursor azimuth, and gain. You can print out the plot of the
radiation pattern with either the data present or the data hidden.

One of the really nice things about EZNEC for Windows is the availability of
VSWR plots without going to the professional edition. Figure 17-11 shows the plot
for the dipole under consideration. Note that the data given include the starting fre-
quency, the SWR at the starting frequency, the impedance at the starting frequency,
the reflection coefficient at the starting frequency, and the source impedance.
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CHAPTER

VHF/UHF transmitting
and receiving antennas

THE VHF/UHF SPECTRUM IS COMMONLY ACCEPTED TO RANGE FROM 30 MHz T0 900 MHZ,
although the upper breakpoint is open to some differences of opinion. The VHF
spectrum is 30 MHz to 300 MHz, and the UHF spectrum is 300 MHz to 900 MHz.
Above 900 MHz is the microwave spectrum. These bands are used principally for
local “line-of-sight” communications, according to the standard wisdom. However,
with the advent of OSCAR satellites, the possibility of long-distance direct commu-
nications is a reality for VHF/UHF operators. In addition, packet radio is becoming
common; this means indirect long-distance possibilities through networking. For the
low end of the VHF spectrum (e.g., 6-m amateur band), long-distance communica-
tions are a relatively common occurrence.

In many respects, the low-VHF region is much like the 10-m amateur band and
11-m Citizens Band: skip is not an infrequent occurrence. Many years ago, I recall an
event where such skip caused many a local police officer to skip a heart beat. In those
days, our police department operated on 38.17 MHz, which is between the 6-m and
10-m amateur bands. They received an emergency broadcast concerning a bank rob-
bery at a certain Wilson Boulevard address. After a race to the county line, they dis-
covered that the reported address would be outside of the county, and in fact did not
exist even in the neighboring county (a number was skipped). The problem was
traced to a police department in a southwest city that also had a Wilson Boulevard,
and for them the alarm was real.

The principal difference between the lower frequencies and the VHF/UHF spec-
trum is that the wavelengths are shorter in the VHF/UHF region. Consider the fact
that the wavelengths for these bands range from 10 m to 1 m for the VHF region, and
from 1 m to 33 cm for the UHF region. Most antenna designs are based on wavelength,
so that fact has some implications for VHF/UHF antenna design. For example, be-
cause bandwidth is a function of length/diameter ratio for many classes of antenna,
broadbanding an antenna in the VHF/UHF region is relatively easy. If, say, 25-mm
(i.e., 1-in) aluminum tubing is used to make a quarter-wavelength vertical, then the
approximate L/D ratio is 790 in the 8-m band and 20 in the 2-m band. This feature is
fortunate, because the VHF/UHF bands tend to be wider than the HF bands.
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Another point to make is that many of the mechanical chores of antenna design
and construction become easier for VHF/UHF antennas. One good example is the
delta impedance-matching scheme. At 80 m, the delta-match dimensions are ap-
proximately 36 X 43 ft, and at 2 m they are 9.5 X 12 inches. Clearly, delta matching
is a bit more practical for most users at VHF than at HF.

Types of antennas usable for VHF/UHF

The concept “VHF/UHF antenna” is only partially valid because virtually all forms
of antenna can be used at HF, MW, and VHF/UHF. The main limitations that distin-
guish supposedly VHF/UHF designs from others are mechanical: there are some
things that are simply much easier to accomplish with small antennas. Besides the
delta match mentioned previously, there is the ease of construction for multiele-
ment antennas. A 14-element 20-m beam would be a wonderful thing to have in a
QRM-laden DX pile-up, but is simply too impractical for all but a few users because
of its size. If you look on embassy rooftops around the world you will see many-
element Yagi and log periodic HF antennas supported on massive towers...and
some of them use a standard Size 25 tower (common for amateur use) as the
antenna boom! A 14-element 80/75-m Yagi approaches impossibility. But at 2 m, a
14-element Yagi beam antenna can be carried by one person, in one hand, unless
the wind is acting up.

Safety note Large array beams, even at VHF/UHF, have a relatively high
“windsail area,” and even relatively modest winds can apply a lot of force to them. I
once witnessed a large, strong technician blown off a ladder by wind acting on a mod-
est, “suburban” sized, TV antenna. It can happen to you, too. So always install an-
tennas with a helper, and use hoists and other tools to actually handle the array.

Lower band antennas on VHF/UHF

Between 1958 and 1962, a friend and I had access to a radio club amateur radio sta-
tion in a Red Cross chapter house in Virginia. The “antenna farm” consisted of a 14-
element 2-m beam, a three-element triband HF beam (10, 15, and 20 m), and a
five-band (80 to 10 m) trap dipole. All of the coaxial cables came into the station
through a wall; they were kept disconnected and shorted out when not in use be-
cause of the senior Red Cross official’s concern over lightning.

One night, attempting to connect the 2-m beam to the Gonset “gooney box” 2-m
AM transceiver, my friend accidentally used the cable from the five-band trap dipole in-
stead. We worked a lot of stations that contest weekend, and scored lots of points. Later,
we discovered the error, and asked a more technically competent adult (we were
teenagers), “Why the good reports?” He then gave us a lesson in longwire antenna the-
ory. A good longwire is many wavelengths long. Consider that a half-wave antenna on 2
m is 80 m/2 m or 40 wavelengths shorter than an 80-m half-wave antenna. Thus, the
80-m antenna, counting foreshortening of physical lengths because of the traps, was on
the order of 35 to 38 wavelengths long on 2 m. We had a highly directional, but multi-
lobed, pattern.
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Similarly, 40- to 10-m and 80- to 10-m trap verticals are often usable on
VHF/UHF frequencies without any adjustments. Similarly, Citizens Band 11-m an-
tennas, many of which are %-wavelength (18 ft high), will sometimes work on VHF
frequencies. Check the VSWR of an HF antenna on 2 m with a reliable VHF/UHF
VSWR meter (or RF wattmeter) to discover the truth about any particular antenna.
Always use the low-power setting on the transmitter to limit damage in cases where
the specific antenna is not usable on a specific frequency.

The lesson to be learned is that antennas are often usable on frequencies much
higher than the design frequency, even though useless on nearby bands. Care must be
exercised when initially checking out the antenna, but that is not an inordinate difficulty.

VHF/UHF antenna impedance matching

The VHF/UHF antenna is no more or less immune from the need for impedance match-
ing than lower-frequency antennas. However, some methods are easier (coax baluns,
delta match, etc.) and others become either difficult or impossible. An example of the
latter case is the tuned LC impedance-matching network. At 6 m, and even to some
limited extent 2 m, inductor and capacitor LC networks can be used. But above 2 m
other methods are more reasonable. We can, however, mimic the LC tuner by using
stripline components, but that approach is not always suited to amateur needs.

The balun transformer makes an impedance transformation between balanced
and unbalanced impedances. Although both 1:1 and 4:1 impedance ratios are possi-
ble, the 4:1 ratio is most commonly used for VHF/UHF antenna work. At lower fre-
quencies it is easy to build broadband transformer baluns, but these become more of
a problem at VHF and above.

For the VHF/UHF frequencies, a 4:1 impedance ratio coaxial balun (Fig. 18-1A)
is normally used. Two sections of identical coaxial cable are needed. One section (A)
has a convenient length to reach between the antenna and the transmitter. Its char-
acteristic impedance is Z . The other section (B) is a half-wavelength long at the
center of the frequency range of interest. The physical length is found from

5904 V
F

MHz

L:

[18.1]

where

L is the cable length, in inches

FMHZ is the operating frequency, in megahertz

V is the velocity factor of the coaxial cable

The velocity factors of common coaxial cables are shown in the following table.

Coaxial cable velocity factors

Regular polyethylene  0.66
Polyethylene foam 0.80
Teflon 0.72
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18-1A Coaxial 4:1 balun transformer.

Example 18-1 Calculate the physical length required of a 146-MHz 4:1 balun
made of polyethylene foam coaxial cable.
Solution:
I = 5904 V
F

MHz
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~(5904) (0.80)
= 146 MHz

4723.2

= 146 Mz 32.4in

A mechanical method of joining the coaxial cables is shown in Fig. 18-1B. In this
example, three SO-239 coaxial receptacles are mounted on a metal plate. This arrange-
ment has the effect of shorting together the shields of the three ends of coaxial cable.
The center conductors are connected in the manner shown. This method is used es-
pecially where a mounting bracket is available on the antenna. The lengths of coaxial
cable need PL-259 coax connectors installed in order to use this method.

The “delta match” gets its name from the fact that the structure of the matching
element has the shape of the Greek letter delta, or a triangle. Figure 18-2A shows the
basic delta match scheme. The matching element is attached to the driven element
of the antenna (symmetrically, about the center point of the antenna). The width
(A) of the delta match is given by

1416

L= in [18.2]
FMHZ
While the height of the match (B) is
L= L7 5, [18.3]
FMHZ

The transmission line feeding the delta match is balanced line, such as parallel trans-
mission line or twin lead. The exact impedance is not terribly critical because the dimen-
sions (especially A) can be adjusted to accommodate differences. In general, however,
either 450- or 600-Q line is used, although 300-Q line can also be used. Figure 18-2B

Cable ends or
solder lugs

Solder: f f

/ 1 | L J L -

Mounting
plate W
S0-239
connectors

18-1B Practical implementation of 4:1 balun using connectors.
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18-2B Practical VHF delta match.
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shows a method for using coaxial cable with the delta match. The impedance is trans-
formed in a 4:1 balun transformer (see Fig. 18-1A). The elements of the delta match can
be made from brass, copper, or aluminum tubing, or a bronze brazing rod bolted to the
main radiator element.

A stub-matching system is shown in Fig. 18-3. In this case, the impedance trans-
formation is accomplished despite the half-wavelength shorted stub of transmission
line. The exact impedance of the line is not very critical, and is found from

7,= 276 10g,, 2> [18.4]

The matching stub section is made from metal elements such as tubing, wire, or
rods (all three are practical at VHF/UHF frequencies). For a % -in rod, the spacing
is approximately 2.56 in to make a 450-Q transmission line. A sliding short circuit is
used to set the electrical length of the half-wave stub. The stub is tapped at a distance

<

Radiator
element

Sliding
hort
SHOT 7, =276 Log i—s

I

18-3 Stub matching.
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from the antenna feedpoint that matches the impedance of the transmission line. In the
example shown, the transmission line is coaxial cable, so a 4:1 balun transformer is used
between the stub and the transmission line. The two adjustments to make in this sys-
tem are: (1) the distance of the short from the feedpoint and (2) the distance of the
transmission line tap point from the feedpoint. Both are adjusted for minimum VSWR.

The gamma match is basically a half delta match, and operates according to sim-
ilar principles (Fiig. 18-4). The shield (outer conductor) of the coaxial cable is con-
nected to the center point of the radiator element. The center conductor of the
coaxial cable series feeds the gamma element through a variable capacitor.

VHF/UHF antenna examples

Although it is probably not necessary to reiterate the point, VHF/UHF antennas are not
substantially different from HF antennas, especially those for the higher bands. How-
ever, for various practical reasons there are several forms that are specially suited, or at
least popular, in the VHEF/UHF bands. In this section we will take a look at some of them.

Coaxial vertical

The coaxial vertical is a quarter-wavelength vertically polarized antenna that is pop-
ular on VHF/UHF. There are two varieties. In Fig. 18-5A we see the coaxial antenna
made with coaxial cable. Although not terribly practical for long-term installation,
the coax-coax antenna is very useful for short-term, portable, or emergency applica-
tions. For example, a boater found himself adrift, and in dire trouble, after a storm
damaged the boat. The mast-top VHF antenna was washed away, leaving only the
end of the coaxial cable dangling loose. Fortunately, the boat operator was a two-way
radio technician, and he knew how to strip back the coaxial cable to make an im-
promptu coaxial vertical.

The coax-coax antenna shown in Fig. 18-5A uses a quarter-wavelength radiator
and a quarter-wavelength sleeve. The sleeve consists of the coax braid stripped back
and folded down the length of the coax cable. The maximum length is found from the
equation below (actual length is trimmed from this maximum):

Radiator Clamp

Insulator

gl

Gamma match Clamp

18-4 Gamma matching.
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Seal end with
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or caulk } Mo
18-5A Coaxial vertical based on coaxial
cable.
Coax braid
folded back ™
M4
Seal with
\ \
solder N
To
XMTR
2952V .
_ 2992V [18.5]
FMHZ

The antenna is mounted by suspending it from above by a short piece of string,
twine, or fishing line. From a practical point of view, the only problem with this form
of antenna is that it tends to deteriorate after a few rainstorms. This effect can be
reduced by sealing the end, and the break between the sleeve and the radiator, with
either silicone RT'V or bathtub caulk.

A more permanent method of construction is shown in Fig. 18-5B. The sleeve is
a piece of copper or brass tubing (pipe) about 1 in in diameter. An end cap is fitted
over the end and sweat-soldered into place. The solder is not intended to add me-
chanical strength, but rather to prevent weathering from destroying the electrical
contact between the two pieces. An SO-239 coaxial connector is mounted on the end
cap. The coax is connected to the SO-239 inside the pipe, which means making the
connection before mounting the end cap.
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18-5B Tubing coaxial vertical.
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The radiator element is a small piece of tubing (or brazing rod) soldered to
the center conductor of a PL-259 coaxial connector. An insulator is used to pre-
vent the rod from shorting to the outer shell of the PL-259. (Note: an insulator sal-
vaged from the smaller variety of banana plug can be shaved a small amount with
a fine file and made to fit inside the PL-259. It allows enough center clearance for
%-inch or %,-inch brass tubing.)

Alternatively, the radiator element can be soldered to a banana plug. The normal-
size banana plug happens to fit into the female center conductor of the SO-239.

Collinear vertical

Gain in antennas is provided by directivity. In other words, by taking the power radi-
ated by the antenna, and projecting it into a limited direction, we obtain the appear-
ance of higher radiated power. In fact, the effective radiated power (ERP) of the
antenna is merely its feedpoint power multiplied by its gain. Although most antenna
patterns are shown in the horizontal dimension (as viewed from above), it is also pos-
sible to obtain gain by compressing the vertical aspect. In this manner it is possible to
have a vertical antenna that produces gain. Figure 18-6 shows a collinear gain antenna,
with vertical polarization and a horizontally omnidirectional pattern. Incidentally,
when mounted horizontally the pattern becomes bidirectional.

The collinear antenna shown in Fig. 18-6 is basically a pair of stacked collinear
arrays. Each array consists of a quarter-wavelength section A and a half-wavelength
section C separated by a quarter-wavelength phase reversing stub B. The phase re-
versal stub preserves in-phase excitation for the outer element (referenced to the
inner element).

The feedpoint is between the two elements of the array (i.e., between the A sec-
tions). The coaxial-cable impedance is transformed by a 4:1 balun transformer (see
Fig. 18-1A). Alternatively, 300-Q twin lead can be used for the transmission line. If
this alternative is used, then the use of UHF shielded twin lead is highly recom-
mended. If the transmitter lacks the balanced output needed to feed twin lead, then
use a balun at the input end of the twin lead (i.e., right at the transmitter).

Yagi antennas

The Yagi beam antenna is a highly directional gain antenna, and is used both in HF
and VHF/UHF systems. The antenna is relatively easy to build at VHF/UHF. In fact,
it is easier than for HF systems. The basic Yagi was covered in Chap. 12, so we will
only show examples of practical VHF devices. A 6-m Yagi antenna is shown in Fig.
18-7. This particular antenna is a four-element model. The reflector and directors
can be mounted directly to a metallic boom, because they are merely parasitic. The
driven element, however, must be insulated from the metal boom.

The driven element shown in Fig. 18-7 is a folded dipole. While this is common
practice at VHF, because it tends to broadband the antenna, it is not strictly neces-
sary. The dimensions of the driven element are found from Eq. 18.4. Set the equation
equal to 300 Q, select the diameter of the tubing from commercially available
sources, and then calculate the spacing.

Example 18-2 Calculate the spacing of a 300-Q folded dipole when %-in tub-
ing is used in its construction.
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18-6 Vertical collinear antenna.
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T No. 2
144.8 cm
267m Director
T No. 1
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l Coax to XMTR
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18-7 Six-meter beam antenna.

Solution:
7, =276 log,, %>
300 © = 276 log, 2>
300 _ log 28
276 10 d
25
1.08 = log | 2
10108 = ﬁ
d
Using 0.75-in pipe results in
25
101.()8 —
0.75
12.02 = 2.67S

SO

S=45in
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18-8 Two-meter vertical beam.

Two-meter yagi
Figure 18-8 shows the construction details for a six-element 2-meter Yagi beam an-
tenna. This antenna is built using a 2 X 2-in wooden boom and elements made of either
brass or copper rod. Threaded brass rod is particularly useful, but not strictly neces-
sary. The job of securing the elements (other than the driven element) is easier when
threaded rod is used, because it allows a pair of hex nuts, one on either side of the
2 X 2-in boom, to be used to secure the element. Nonthreaded elements can be se-
cured with RTV sealing a press-fit. Alternatively, tie wires (see inset to Fig. 18-8) can
be used to secure the rods. A hole is drilled through the 2 X 2 to admit the rod or tub-
ing. The element is secured by wrapping a tie wire around the rod on either side of the
2 X 2, and then soldering it in place. The tie wire is no. 14 to no. 10 solid wire.
Mounting of the antenna is accomplished by using a mast secured to the boom
with an appropriate clamp. One alternative is to use an end-flange clamp, such as



VHF/UHF antenna examples 353

is sometimes used to support pole lamps, etc. The mast should be attached to the
boom at the center of gravity, which is also known as the balance point. If you try
to balance the antenna in one hand unsupported, there is one (and only one)
point at which it is balanced (and won’t fall). Attach the mast hardware at, or
near, this point in order to prevent normal gravitational torques from tearing the
mounting apart.

The antenna is fed with coaxial cable at the center of the driven element. Or-
dinarily, either a matching section of coax, or a gamma match, will be needed be-
cause the effect of parasitic elements on the driven element feedpoint impedance
is to reduce it.

%-wavelength 2-m antenna

The %-wavelength antenna (Fig. 18-9) is popular on 2 m for mobile operation be-
cause it is easy to construct, and it provides a small amount of gain relative to a di-
pole. The radiator element is 7%-wavelength, so its physical length is found from:

7380
F

MHz

L =

in [18.6]

The %-wavelength antenna is not a good match to any of the common forms of
coaxial cables. Either a matching section of cable, or an inductor match, is normally
used. In Fig. 18-9 an inductor match is used. The matching coil consists of 2 to 3
turns of no. 12 wire, wound over a %-in OD form, %-in long. The radiator element can
be tubing, brazing rod, or a length of heavy “piano wire.” Alternatively, for low-power
systems, it can be a telescoping antenna that is bought as a replacement for portable
radios or televisions. These antennas have the advantage of being adjustable to res-
onance without the need for cutting.

J-pole antennas

The J-pole antenna is another popular form of vertical on the VHF bands. It can be
used at almost any frequency, although the example shown in Fig. 18-10 is for 2 m.
The antenna radiator is %-wavelength long, so its dimension is found from

L= i,gﬁ in [18.7]

MHz
and the quarter-wavelength matching section length from

L= 2F952 in

MHz [18.8]

Taken together the matching section and the radiator form a parallel trans-
mission line with a characteristic impedance that is 4 times the coaxial cable im-
pedance. If 50-Q coax is used, and the elements are made from 0.5 in OD pipe,
then a spacing of 1.5 in will yield an impedance of about 200 Q. Impedance match-
ing is accomplished by a gamma match consisting of a 25-pF variable capacitor,
connected by a clamp to the radiator, about 6 in (experiment with placement)
above the base.
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Groundplane

The groundplane antenna is a vertical radiator situated above an artificial RF
ground consisting of quarter-wavelength radiators. Groundplane antennas can be ei-
ther 7-wavelength or %-wavelength (although for the latter case impedance match-
ing is needed—see the previous example).

Figure 18-11 shows how to construct an extremely simple groundplane an-
tenna for 2 m and above. The construction is too lightweight for 6-m antennas
(in general), because the element lengths on 6-m antennas are long enough to
make their weight too great for this type of construction. The base of the an-
tenna is a single SO-239 chassis-type coaxial connector. Be sure to use the type
that requires four small machine screws to hold it to the chassis, and not the
single-nut variety.

The radiator element is a piece of %-in or 4-mm brass tubing. This tubing can be
bought at hobby stores that sell airplanes and other models. The sizes quoted just
happen to fit over the center pin of an SO-239 with only a slight tap from a light-
weight hammer—and I do mean slight tap. If the inside of the tubing and the con-
nector pin are pretinned with solder, then sweat soldering the joint will make a good
electrical connection that is resistant to weathering. Cover the joint with clear lac-
quer spray for added protection.

The radials are also made of tubing. Alternatively, rods can also be used for this
purpose. At least four radials are needed for a proper antenna (only one is shown in
Fig. 18-11). This number is optimum because they are attached to the SO-239
mounting holes, and there are only four holes. Flatten one end of the radial, and drill
a small hole in the center of the flattened area. Mount the radial to the SO-239 using
small hardware (4-40, etc.).

The SO-239 can be attached to a metal L bracket. While it is easy to fabricate such
a bracket, it is also possible to buy suitable brackets in any well-equipped hardware
store. While shopping at one do-it-yourself type of store, I found several reasonable
candidate brackets. The bracket is attached to a length of 2 X 2-in lumber that serves
as the mast.

Halo antennas

One of the more saintly antennas used on the VHF boards is the halo (Fig. 18-12). This
antenna basically takes a half-wavelength dipole and bends it into a circle. The ends of the
dipole are separated by a capacitor. In some cases, a transmitting-type mica “button” ca-
pacitor is used, but in others (and perhaps more commonly), the halo capacitor consists
of two 3-in disks separated by a plastic dielectric. While air also serves as a good (and per-
haps better) dielectric, the use of plastic allows mechanical rigidity to the system.

Quad beam antennas

The quad antenna was introduced in the chapter on beams. It is, nonetheless, also
emerging as a very good VHF/UHF antenna. It should go without saying that the an-
tenna is a lot easier to construct at VHF/UHF frequencies than it is at HF frequen-
cies! Figure 18-13 shows a modest example.

There are several methods for building the quad antenna, and Fig. 18-13 repre-
sents only one of them. The radiator element can be any of several materials,
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18-11 Small VHF groundplane construction.
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M2

Feedpoint

18-12 Halo antenna.

including heavy solid wire (no. 8 to no. 12), tubing, or metal rods. The overall
lengths of the elements are given by:

Driven element:

- 1826 5 [18.9]
FMHZ
Reflector:
L = 12,562 in [18.10]
FMHZ
Director:
L = I;jﬁ in [18.11]

MHz

There are several alternatives for making the supports for the radiator. Because
of the lightweight construction, almost any method can be adapted for this purpose.
In the case shown in Fig. 18-13, the spreaders are made from either 1-in furring
strips, trim strips, or (at above 2 m) even wooden paint stirring sticks. The sticks are
cut to length, and then half-notched in the center (Fig. 18-13, detail B). The two
spreaders for each element are joined together at right angles and glued (Fig. 18-13,
detail C). The spreaders can be fastened to the wooden boom at points S in detail C.
The usual rules regarding element spacing (0.15 to 0.31 wavelength) are followed.
See the information on quad antennas in Chap. 12 for further details. Quads have
been successfully built for all amateur bands up to 1296 MHz.
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Overall lengths:
Reflector: L = 12,562 in
Fyug
Director: L = 11,248 in
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18-13 (Quad loop construction on VHF.
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VHF/UHF scanner band antennas

The hobby of shortwave listening has always had a subset of adherents who listen ex-
clusively to the VHF/UHF bands. In those bands are found a rich variety of services
from commercial two-way radios, police and fire systems, and others. Many of these
people are serious DXers, but others have a little of the voyeur in them (they like to lis-
ten to what'’s going on in the community by monitoring the police frequencies). As long
as they neither respond to the scene of a police or fire action, nor use the information
gained from monitoring in an illegal manner, they are perfectly free to listen in.

A few people have an unusually practical element to their VHF/UHF listening. At
least one person known to the author routinely tunes in the local taxicab company’s
frequency as soon as she orders a cab. She then listens for her own address. She
knows from that approximately when to expect the cab.

In the early 1960s, when all VHF monitor receivers were crystal-controlled (and
relatively expensive), the listener had a very limited selection of frequencies to
choose from. Having worked in various shops that sold those receivers, I can recall
that most of our customers tended to be police officers, fire fighters (or volunteers),
or journalists covering the local crime news. However, modern scanners operate on
both major VHF bands (low and high), plus UHF bands and others.

Scanner-vision antennas

The antennas used by scanner listeners are widely varied, and (in some cases) over-
priced. Although it is arguable that a total coverage VHF/UHF antenna is worth the
money, and it probably is, there are other possibilities that should be considered.

First, don’t overlook the use of television antennas for scanner monitoring! The
television bands (about 80 channels from 54 MHz to around 800 MHz) encompass
most of the ordinarily used scanner frequencies. Although antenna performance is
not optimized for the scanner frequencies, it is also not “zero” on those frequencies.
If you already have an “all channel” TV antenna installed, then it is a simple matter
to connect the antenna to the scanner receiver. (Note: if the antenna uses 300-Q
twin lead, then install a 4:1 balun transformer that accepts 300 Q in and produces 75
Q out. These transformers are usually available at TV shops, video shops—including
videotape rental places—and Radio Shack stores.)

The directional characteristic of the TV antenna makes it both an advantage
and a disadvantage to the scanner user. If the antenna has a rotator, then there is
no problem. Just rotate the antenna to the direction of interest. However, if the an-
tenna is fixed, and the station of interest is elsewhere than where the antenna is
pointed, then there is a bit of a problem. Nevertheless, some reception is possible
for at least three reasons. One is that the main beam of the antenna is not infinitely
thin, so the station of interest might well be within the beam—even if off the point
a little bit. Second, there are always sidelobes on an antenna. These are areas out-
side of the main beam that offer reduced, but nonzero, reception characteristics.
Finally, the sidelobes and main lobe of the antenna are optimized for the TV bands,
and may not obtain the same directivity on certain scanner frequencies. It is,
therefore, possible that a TV antenna will have an unusual lobe in the direction of
interest for the scanner channel.
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The TV antenna also offers other possibilities. The hardware and electronics,
normally found useful on TV antenna systems, are also useful for scanner antennas.
The use of the mounting hardware is obvious, but less obvious is the use of compo-
nents such as multiset couplers, impedance transformers, and wideband amplifiers.
For example, Fig. 18-14 shows two scanner antennas joined together into a single
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18-14 Combining two antennas with
TV hardware.

18-15 VHF/UHF “bowtie” dipoles for
broadband reception.
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transmission line using a two-se