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The national association for Amateur Radio

The seed for Amateur Radio was planted in the 1890s, when Guglielmo Marconi began his experiments in wireless
telegraphy. Soon he was joined by dozens, then hundreds, of others who were enthusiastic about sending and receiving
messages through the air—some with a commercial interest, but others solely out of a love for this new communications
medium. The United States government began licensing Amateur Radio operators in 1912,

By 1914, there were thousands of Amateur Radio operators—hams—in the United States, Hiram Percy Maxim, a
leading Hartford, Connecticut inventor and industrialist, saw the need for an organization to band together this fledg-
ling group of radio experimenters. In May 1914 he founded the American Radio Relay League (ARRL) to meet that
need,

Today ARRL, with approximately 150,000 members, is the largest organization of radio amateurs in the United
States. The ARRL is a not-for-profit organization that:

* promotes interest in Amateur Radio communications and experimentation

» represents US radio amateurs in legislative matters. and

* maintains fraternalism and a high standard of conduct among Amateur Radio operators.

At ARRL headquarters in the Hartford suburb of Newington, toe staff helps serve the needs of members. ARRL is
also International Secretariat for the International Amateur Radio Union, which is made up of similar societies in 150
countries around the world.

ARRL publishes the monthly journal QST, as well as newsletters and many publications covering all aspects of Ama-
teur Radio, Its headquarters station, W1AW, transmits bulletins of interest to radio amateurs and Morse code practice
sessions. The ARRL also coordinates an extensive ficld organization, which includes volunteers who provide technical
information and other support services for radio amateurs as well as communications for public-service activities. In
addition, ARRL represents US amateurs with the Federal Communications Commission and other government agen-
cies in the US and abroad.

Membership in ARRL means much more than receiving ST each month. In addition to the services already described,
ARRL ofters membership services on a personal level, such as the ARRL Volunteer Examiner Coordinator Program
and a QSL bureau.

Full ARRL membership (available only to licensed radio amateurs) gives you a voice in how the affairs of the
organization arc governed. ARRL policy is set by a Board of Directors (one from each of 15 Divisions) elected by the
membership. The day-to-day operation of ARRL HQ is managed by a Chief Execuive Officer.

No matter what aspect of Amateur Radio attracts you, ARRL membership is relevant and important. There would be
no Amateur Radio as we know it today were it not for the ARRL. We would be happy to welcome you as a member!
(An Amateur Radio license is not required for Associate Membership. ) For more information about ARRL and answers
to any questions you may have about Amateur Radio, write or call:

ARRL—The national association for Amateur Radio
225 Main Street

Newington CT 06111-1494

Voice: 860-594-0200

Fax: 860-594-0259

E-mail: hq@arrlLorg

Internet: www.arrlLorg/

Prospective new amateurs call (toll-free):
800-32-NEW HAM (800-326-3942)

You can also contact us via e-mail at newham@arrl.org
or check out ARRLWel at https//www.arrlLorg/
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This impressive collection of antennas is part
of the ARRL station, W1AW
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So What 1s an Antenna?

For something so simple to check
out, and often so simple to make, an
antenna is remarkably difficult for
many people to understand. That’s
unfortunate, because for many radio
systems the antenna is one of the
most imporiant elements, one that can
make the difference between a suc-
cessful and an unsuccessful system.

How Can You Picture
Antennas?

Perhaps an analogy from The
ARRL Antenna Book will help. You
are familiar with sound systems,
Whether represented by your home
stereo or by an airport public ad-
dress, sound systems have one thing
in common. The system’s last stop on
its way to your ears is a transducer,
a device that transtorms energy from
one form te another, in this case
— a loudspeaker. The loudspeaker
transforms an electrical signal that
the amplifier delivers into energy in
an acoustic wave that can propagate
through the air to your ears.

A radio transmitter acts the same
way, except that its amplifier pro-
duces energy at a higher frequency
than the sound you can hear, and the
transducer is an antenna that trans-
forms the high-frequency electrical
energy into an electromagnetic wave,
This wave can propagate through air
(or space) for long distances.

For some reason, perhaps because
of our familiarity with audio systems
or because you can actually hear the
results in your ears, it seems easier 1o
grasp the concept of the generation
and propagation of acoustic waves
than it is to understand the generation
and transmission of radio waves.

The audio transmitter analogy can
be continued in the receiving direc-
tion. A microphone i3 just another
transducer that transforms acoustic
waves containing speech or music
into weak electrical signals that can
be amplified and processed. Similarly,
a receiving antenna captures weak
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simplified system diagram of a radar.

electromagnetic waves and trans-
forms them into electrical signals
that can be processed in a receiver.
Fig 1-1 shows a system or block dia-
gram of a sound system with trans-
ducers (loudspeaker and microphone)
at each end.

Many of the phenomena that act
upon acoustic waves also occur with
electromagnetic waves. It is not an
accident that a parabolic reflector
radar antenna looks very much like a

parabolic eavesdropping microphone,
or that sonar and radar operate in the
same fashion. Sorar relies on acous-
tic waves propagating through water
to find and reflect back from under-
water objects, such as submarines or
schools of fish. Similarly, radar sends
out electromagnetic waves through
space, listening for signals reflected
back from objects such as aircraft,
space vehicles or weather fronts,

Fig 1-2 shows simplified system



Fig 1-3 — A wire immersed In the magnetic field of a permanent magnet.
At A, if everything Is static there Is no current flow in the wire. At B, if
you move the wire up and down within the field, the wire experiences a
changing magnetic field and current is induced to flow.

diagrams of radar and sonar systems.

While we're mentally picturing
antennas, perhaps an even better
analogy than acoustic waves is to
compare electromagnetic waves of
light to those of radio signals. Light
waves propagate through space us-
ing the same mechanisms and at the
same speed as radio waves. Similar
parabolic shapes can reflect and focus
both light and radio waves. Light
needs a polished mirror as a reflec-
tor, such as the mirrored reflector in
vour flashlight or car headlight. I will
sometimes draw on your appreciation
of light reflection as I discuss some
types of antennas.

What's an Electromagnetic
Wave?

An electromagnetic wave, as the
name implies, consists of a combina-
tion of the properties of both electric
and magpetic fields.

Static Electric and Magnetic
Fields

You are no doubt familiar with
magnetism and electricity from
everyday experience. One kind of
magnetism and electricity 1s the suanic
form. Static electricity is a collection
of positive or negative charges that
are at rest on a bedy until discharged
by a current flow. This happens to
your body when you walk across a
rug on a dry day. In climates where
the humidity is very low, particularly
during the winter, your body can ac-
cumulate a charge, perhaps making

your hair stand up. That lasts until
you discharge the accumulation by
touching a grounded abject, such as a
screw on a light switch plate, or even
the long-suffering dog's nose. Then
the charge is dissipated sometimes
quite dramatically— with a big spark.

Similarly, a static magnetic field
exists around a permanent magnet.
You can observe the effect of magne-
tism on a compass needle or even on
a screwdriver.

Static electric and magnetic fields
do not resuli in electromagnetic
waves. It is only when a magnetic or
electric field is changing that you can
have electromagnetic radiation. You
can visualize the effect by consid-
ering some other things that make
use of electric and magnetic fields.
Fig 1-3 shows a wire immersed in the
magnetic field of a permanent mag-
net. If everything is static (Fig 1-3A)
there is no current flow in the wire, If
you change the magnetic field at the
wire by moving the wire up and down
within the field (Fig 1-3B), the chang-
ing magnetic field causes a current to
flow. This is how an electric power
generator transforms mechanical
energy into electrical energy.

You could cause the same effect by
keeping the wire in one position and
changing the magnetic field around
it. You could do this by moving the
magnet, but more interestingly you
could replace the permanent magnet
with an electromagnet and change the
current in it. This is just a trans-
former, something with which you
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Fig 1-4 — Direction of magnetic
field around a wire.

are familiar. When you change the
current in the transformer winding,
you can move between electric and
magnetic fields.

Direction of Fields

Both magnetic and electric fields
act in particular directions. A magnet-
ic field acts around the conductor car-
rying the current. The convention for
its direction is that if positive current
is flowing in a particular direction,
the magnetic field will go around
the wire, as shown in Fig 1-4A_ This
can be remembered by calling on the
righi-hand rule. This rule says that
if you hold a current carrying wire
in your right hand, with the current
going in the direction of your thumb,
the magnetic field will be in the direc-
tion of your curled fingers, as shown
in Fig 1-4B.

Electric fields act between areas

Introduction to Antennas 1-3



with charges of different sense. That
is, an area with excess electrons

is said to have a negative charge,
while an area having a deficiency of
electrons has a net positive charge.
The electric field goes from the posi-
tively charged area to the negatively
charged area, as shown in Fig 1-5.

Changing Fields in Space

The key to electromagnetic waves
is to understand that a changing cur-
rent in space will cause a changing
electric field. The changing electric
field will in turn induce a changing
magnetic field in space and the two
will propagate outward from the
source, continuing to the end of the
universe.

This surprising fact was predicted
by a number of forward-looking
scientists, notably James Clerke
Maxwell in his Trearise on Electricity
and Magnetism, published in 1873,
written without the benefit of Max-
well actually being able to experience
the phenomenon. Maxwell's famous
equations defined the relationships
between currents and fields in a con-
cise way that remains the basis for all
work in the field.

In the following decade, Hein-
rich Hertz, a professor of physics at
Germany's Karlsruhe Polytechnic
University, used an electric spark to
generate electromagnetic waves. He
was able to measure their wavelength
and velocity, reinforcing Maxwell’s
theoretical work.

How Do You Make an
Electromagnetic Wave?

As the previous discussion de-
scribes, it is conceptually easy to
generate an electromagnetic wave.
All you need to do is to cause a
changing current in a conductor and
a wave will propagate outward to the
end of the universe. Thus if you were
to listen carefully to a radio when
you discharge your finger against the
wall switch plate, you would have a
sudden increase in current and a rela-
tvely short-duration eleciromagnetic
wave propagating from your finger.

The resulting wave would not be
very strong, nor would it be very
useful. It carries little information,
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although arguably it could be used to
measure the dryness of the carpet, or
perhaps the location of your finger,
but both are a bit of a stretch. The US
Federal Communications Commis-
sion (FCC) classifies this kind of ra-
diation as an unintended emirter. The
generator of an unintended emitter is
required not to interfere with licensed
wsers of the radio spectrum.
Electromagnetic waves of this sort
are generated every time you turn on
a light switch or when the spark plugs
in your car fire as the engine turns. In
these cases, rather than trying to make
antennas, the responsible user attempts
to avoid the propagation of electromag-
netic waves — by shielding the engine
compartrent or by keeping his hands in
his pocket as he walks on dry rugs.

So What if You Do Want to
Send Out a Wave?

If you really want to transmit a
radio signal, vou likely would like
to send it on a particular frequency.
Note that this is different than the
wave resulting from a spark, as used
in very early transmitters. Sparks, or
other fast changing pulses, contain
frequency components across a wide
radio spectrum.

A modern transmitter starts with an
electrical current that is changing at
a particular frequency. Cavsing that
current to flow through a conductor
will result in an electromagnetic wave
that varies at that frequency. The
frequency will be maintained as the
wave propagates from the conductor.
If the signal is strong enough as it
reaches a receiving antenna, a re-
ceiver tuned to that frequency will be
able to receive the signal and decode
any information that was embedded
in the signal — You have radio!

This Sounds Simple —
What's the Big Deal?

As with many things. a concep-
rually simple concept only gets
complicated when you try to make it
happen in a really useful way. There
are really only two basic practical
issues that arise when dealing with
antennas:

« How do you get the antenna (o ac-
cept the power from the transmitter,

UBAJOCE
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Ragion with Excess Eleciions is
Negatvely Charged

Fig 1-5 — Direction of electric
field between two charged
areas.

or give it up to a receiver?

e How do you cause the radiation
from a transmit antenna to go in the
direction you want, or equivalently,
how do you get a receive antenna
to accept radiation (only) from a
particular direction?

There are many peripheral but per-
haps equally important issues. such
as, “How do you keep the antenna
structure from falling down?” In this
book, I will focus on the electrical
issues and leave the structural issues
to mechanical and civil engineers,
who have the tools to deal with such
matlers.

So Why Don’t All Wires With
Changing Current Radiate?

Well, in fact, they all do. In most
cases, however, circuits have a return
wire to complete the circuit close ta
the first wire, Since both these wires
carry equal current, they will both
radiate equally, but in opposite phase.
The net radiation is thus the sum of
the radiation from the two wires. But
since they are equal and opposite, the
net fields are almost zero — except in
the region between them. Thus a key
requirement for a conductor to be an
efficient radiator is that it should not
have a return path in close proximity.
In this context, close means a small
fraction of a wavelength at the fre-
quency of the current. A wavelength
is the distance a wave travels during
the ume of one cycle.



Some Concepts You'll Need to be Familiar

With

This book is intended to provide
a basic understanding of antennas. It
would be nice if you could just start
here, but you do need to have justa
bit of background in some concepts
from electrenics and radio to make it
all come together. These will be in-
troduced from time to time, with the
hope that if they are not familiar, you
will go back to some of your earlier
reference books to review the topic.
To start with, you should clearly
understand the following terms.

Frequency

This is the rate at which an alter-
nating current waveform or signal
goes through a full cycle, from zero
voltage to maximum, back to zero, to
voltage minimum and then back to
zero. The basic unit is hertz (Hz). A
signal with a frequency of 1 Hz com-
pletes one cycle every second. You
will generally be dealing with signals
at higher frequencies and the number
of Hz will generally be preceded with
a modifier indicating that the value is
some multiple of Hz. The usual ones
you will see are:

» kilohertz (kHz), thousands of Hz

s Megahertz (MHz), millions of Hz,
or thousands of kHz

e Gigahertz (GHz), billions of Hz, or
thousands of MHz.

Thus a signal with a frequency of
3,600,000 Hz is the same as one of
3600 kHz or 3.6 MHz.

Period

Period is defined as the time it
takes for a waveform to make a
complete cycle. The basic units are
seconds, If a waveform makes F
c¢ycles in one second, the time it takes
for a single cycle is just 1/F. Thus, in
the example above, a 3.6 MHz signal
would have a period of 1/3,600,000,
which is 0.000000278 seconds. I
will use the multiplier of microsec-
onds to describe events in millionths
of seconds, so the petiod would be
described as 0.278 microseconds,
often written as 0.278 psec, where the
Greek letter p is short for “micro.”

Wavelength

Radio signals travel at a finite
speed. In free space, or in the Earth’s
atmosphere, they travel at the same
speed as light. Light travels at
about 186,000 miles per second, or
300,000,000 meters per second in
space. 1 will generally work in units
of meters per second to conform to
the practice of most people working
in the radio field.

Wavelength is defined as the
distance a wave travels during one

cycle. In the above example, dur-

ing the 0.278 psec that the signal
takes to complete a cycle, it will
travel 0.000000278 seconds x
300,000,000 meters per second or
83.3 meters. Thalt is the wavelength of
a signal at 3.6 MHz. T will generally
follow industry practice and use the
Greek letter lambda (&) to indicate a
wavelength. Thus, if something were
two wavelengths long, you would say
2 ). For half a wavelength, you would
say Af2.

A signal can be described equally
well by either its frequency or its
wavelength. It may be of interest to
note that before the then-new FCC
started assigning the spectrum by
frequency around 1930, the use of
wavelength was more common.
Many radios of the period had their
dials labeled in both frequency and
wavelength, since it wasn’t clear
which term would become the more
common system of signal defini-
tion. Common usage now is to define
particular signals by frequency, while
using the approximate wavelength
to indicate a band of frequencies as-
signed to a particolar service. Thus an
83.3-meter signal is one of a number
of frequencies in the “80 meter”
amateur band.

Introduction to Antennas 1-5
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The Half-Wave Dipole Antenna in
Free Space

Radiation pattern of a dipole in free space.
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The Half-Wave Dipole

It’s tempting to start out looking at
a tiny radiating element consisting of
a short conductor with an alternating
current flowing in it. Then you could
consider all other antenna structures
as collections of such mini-antennas,

each piece with a slightly different lo-

cation, current magnitude and current
phase. The radiating electromagnetic
field results from the summation of
all the fields radiated by all the mini-
antennas. In fact, that’s the way many
antenna-analysis software programs
analyze the performance of compli-
cated antennas.

However, [ won't start there
because it’s hard to imagine just how
you can make those mini-antennas
work without considering all the
interconnecting wires, and these
interconnecting wires may well be
more significant than the antennas
themselves. T will thus start with
an examination of an antenna that
will actually work and is frequently
encountered — the half wave (A/2)
dipole.’

A 2/2 dipole antenna is formed
by having a conductor that is electri-
cally half a wavelength long at the
frequency that will be transmitted
or received. Here, A represents the
distance the electrical signal would
travel down the wire during the
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Fig 2-1- Half-wave (41/2) dipole.

time of one cycle of the sine wave
alternating current (ac) signal from a
generator at the operating (requency
f,. T will discuss the antenna first as a
transmitting antenna and later discuss
receiving applications. This antenna
is a good place to start because:

e The A/2 dipole is frequently used
as an antenna in many real applica-
tions,

= Many other antennas are made up
of combinations of A/2 dipoles in
various configurations.

e The A/2 dipole is a reference stan-
dard for comparison of the perfor-
mance of other antennas.

The layout of a )./2 dipole is shown
in Fig 2-1. The circle in the center
represents a generator that generates
a signal at che operating frequency
f- The total length of the conducror
from end-to-end is approximately
A2,

The distance of one wavelength in
free space is just the speed of light

multiplied by the time it takes to
make a complete cycle. The time for
one cycle is the waveform’s period or
1/t,. Thus a wavelength in free space
is given by the following formula:

A=cf

Here c is the speed of light and
f, is the frequency of the signal that
generated the wave. There are many
units that can be used; however, it is
important that they be consistent. For
example, if ¢ is in meters per second,
f, is in Hertz (cycles per second), then
A will be in meters. For example, for
a frequency of 10 MHz, you have

X = 300,000,000 meters per second

+ 10,000,000 Hertz = 30 meters.

Note, for radio work, it is conve-
nient to use a value for ¢ of 300 mil-
lion meters per second, and f, in
MHz, which neatly cancels out the
six zeros in numerator and denomina-
for.

A =300 million meters per second

+ 10 MHz = 30 meters.



So How Does a Dipole Work?

The key to understanding how a
dipole works is to look at the bound-
aries or endpoints, where some condi-
tions exert themselves. Physicists
would call these boundary conditions
because they occur at the boundary
between regions. In this case you
have 2 boundary between a conduct-
ing wire and free space at each end
of the dipole. The condition is that
there can be no current flow at the
open end of a conductor — there’s no
place for current to go! If the genera-
tor is delivering any power to this
antenna, and it is, then 3/4 back from
the place where the current is zero,
the current must be al its maximum,
as shown in Fig 2-2.

Similarly, with no current flowing
at the end of the antenna, the voltage
must be at its maximum. Again, the
minimum voltage is found /4 back
from the place where it is maximum,
as shown in Fig 2-3. That would be
at the center of the dipole, 2/4 from
each end. just where I've hooked up
the generator.

The power the generator puts into
the antenna will (you hope) be trans-
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Fig 2-2 — Current along a A/2 dipole.
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Fig 2-3 - Voltage along a \/2 dipole.

formed from an electrical signal into
a radiated electromagnetic wave. The
antenna power will just be the current
at the center multiplied by the voltage
at the center, which is, of course, the
current and voltage supplied by the
generator. Ohm’s Law, just as in any
other circuit, defines the relatonship
between the voltage and current. Note
that the feed point of the dipole is just

The Half-Wave Dipole Antenna in Free Space

an electrical circuit, with connections
going to the antenna from the genera-
tor. In free space, away from ground
(more about free space later) vou find
that the voltage at that point is just 73
times the current. Thus the generator
sees a load that looks like a resistor of
73 Q= E/1. This value can be rather
strenuously derived, but it is much
easier to imagine measuring it!?

2-3



Where Does the Power Go?

The amount of power that the
generator delivers is the same that
it would deliver into a resistor with
a resistance of 73 Q. This forms a
convenient boundary between the
circuit portion of a system and the
radiating-field portion of the system.
The generator can be designed to
deliver power to a 73 {2 resistor and
that power (less any losses) will be
transformed into a radiated field by
the changing currents flowing on the
dipole. This resistance is called the
radiation resistance.

The radiating field leaves the
dipole in a three-dimensional fashion
that is a Jittle difficult to describe ful-
ly in words. Outgoing electrical and
magnetic fields created by the an-

tenna are perpendicular to each other,

and each field is also perpendicular
to the direction in which a wave
travels away from the antenna. The
overall field strength in any direction
is proportional to the magnitudes
of the two field components. This
results in a radiating field that leaves
with maximum strength in a direc-
tion perpendicular to the wire mak-
ing up the dipole. The field strength
is reduced as you move around the
dipole towards the direction of the
ends, at which point there are neither
magnetic nor electric field lines. This
is roughly shown in Fig 2-5.

A more precise representation
of the field strength in each direc-
tion as you move from one end half
way around the antenna is shown in
Fig 2-6. Here | have plotted both the
relative strength either of the electric
or of the magnetic field (since they
are proportional), as well as the
power, which is proportional to the
square of the field strength.
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Antenna Analysis Tools

It is quite possible to manually calculate the field strength from antennas, particularly simple ones such as a dipole.
Such calculations require math skills beyond the scope of this book. Fortunately, through the use of computer model-
ing, you can avoid such efforts. Computer modeling is also of great benefit for the analysis of more complex structures,

providing convenient, easy-to-use output formats.

There are a number of such programs available. | will use EZNEC, a program written by Roy Lewallen, W7EL, that
is easy 1¢ use, and which, at this writing, is available in a limited size free demeonstration version on his Web site,
www.eznec.com. A description of the basics of how to use EZNEC is provided in Appendix A.

Polar Plots

While a representation as shown
in Fig 2-6 can be used to describe the
strength of the fields or the power
in a particular direction, it s more
common to show the information in
something called a polar plot. This
kind of plot represents the intensity
in a particular direction by the length
of a line, at any angle from the center
of the plot to the pattern. Fig 2-7 is
a polar plot of the radiation from a
dipole in free space as a function
of the azimuth angle with 0° being
perpendicular to the antenna. This
is one of the outputs from £ZNEC
and you will be using this view
extensively throughout the book. The
relative power is generally shown in
decibels (dB), a convenient logarith-
mic representation that makes it easy
to add up system gains and losses. If
you are not familiar with decibels, see
Appendix B.

Fig 2-8 is a representation of
the field strength as a function of
elevation angle, taken at the azimuth
angle of maximum output. Note that
because you are in free space and
thus have not considered any ground
effects, the elevation pattern is con-
stant. You will see quite a difference
when you get “down to Earth” in the
next chapter!
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Fig 2-7- Modeled relative power in decibels (dB) as
a function of azimuth angle on a polar plot.
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Fig 2-B — Modeled relative power vs elevation
angle.
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Which Way is Up?

An antenna in free space, such as
we have been discussing, is inter-
esting because you don’t need 10
consider the interactions between the
antenna and anything else around it.
In the extreme case, your antenna
is considered to be the only object
in the universe. While this might be
simple to discuss, it is very hard to
actually measure — Where would
you stand to make a measurement?

Polarization

In real life many antennas are
near, and occasionally even under,
the Earth. | will discuss how this
affects antenna operation in later
chapters. However, it is important at
this point 10 define anienna orienta-
tion. A dipole antenna constructed
near the Earth could be oriented in a
number of ways. The extreme cases,
and those most often encountered,
are with the dipole conductors in a

straight line, either paraliel to, or per-

pendicular to, the Earth’s surface.

2-6 Chapter 2

If the dipole is oriented parallel to
the Earth, the electric field would also
be parallel to the Earth. As seen by
an observer on the ground, both the
antenna and the electric field would
appear to be horizontal. Such an
antenna is said to be herizonrally po-
larized. Not too surprisingly. a dipole
perpendicular to the Earth's surface is
said to be vertically polarized.

The polarization dircction of an
antenna is important {or a number of
reasons:

= Antennas that are horizontally
polarized will not receive any
signal from a vertically polarized
wavefront, and vice-versa.

= Antennas that are horizontally
polarized have performance char-
acteristics very different from
those vertically polarized when
both are near the ground.

Either polarization can be effec-

tively used; however, it is important
to understand the differences so that

Review Questions

you can make good use of their dis-
tinct properties. Note also that there
is nothing that says an antenna can’t
be oniented in-between horizontal
and vertical. Such an antenna is said
to have skew polarization. [t can be
considered a combination of horizon-
tal and vertical polarization, with part
of its power associated with each,
depending on how far it is tilted.

It is also possible to have an
antenna that generates a wavefront
that shifts in polarization as it leaves
the antenna, continually changing in
space. This is called circular polar-
ization, and 1 will discuss it, as well
as skew polarization, in applications
later in this book.

Notes
‘See Chapter 1

2. Kraus, WBJK, Antannas, McGraw Hill
Book Company, New York, 1950, pp
143-148.

2.1. Describe circumstances for which a “free space” dipole model can

represent a real antenna.

2.2. Calculate the approximate length of /2 dipoles for 0.1, 1, 10, 100 and

1000 MHz.

2.3. Discuss applications for which a horizontally polarized dipole might be
most appropriate. Repeat for a dipole with vertical polarization.

2.4, Consider an amplifier with 20 dB of gain, matching networks at input
and output each with a loss of 1 dB and an antenna with a gain of S dB. What
is the total system gain? (See Appendix B, if needed.)

2.5. If an input signal of 0 dBm is applied to that system, what is the output

radiated power in dBm, mW?
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I have discussed the way a dipole works if far removed from the Earth. While this is a useful place to begin, and may
be directly applicable for space communications, I now want to discuss the very real case of antennas near the Earth.
The Earth has two major effects on antenna performance and behavior:

¢ Reflections from the Earth’s surface interact with radiation leaving directly from the antenna, resulting in a change to
the direction at which that radiation seems to leave the antenna.
» Proximity to the Earth may change the electrical parameters of the antenna, such as its feed-point impedance, as I'll

get into later.

You must first grasp the fundamental concept of the phase of a wavefront.

Phase of an Electromagnetic Wave

In the last chapter. when [ spoke of the
strength of an electromagnetic wave, or its parts
— the electric and magnetic fields — I was
talking about the magnitude of an ac sine wave
at the frequency of the generator driving the
antenna. Just as when you talk about a 120 V ac
household circuit, you recognize that 120 V
is the root-means-square (RMS) or effective
value of the sine wave. The actual voltage varies
with time at a frequency of 60 Hz, as shown in
Fig 3-1.

If you sample the voltage at various times,
you will measure an instantaneous voltage
anywhere from —170 to +170 V. If you were to
combine two such signals in a circuit that added
the voltages, the result could range anywhere
between —340 to +340 V, depending on the rela-
tive phase of the two signals. If you were to add
two signals of the same phase, you would end up
with twice the voltage, as shown in Fig 3-2.

On the other extreme, if one signal were at its
maximum positive level at exactly the same time
as the other is at its maximum negative level, the
resulting net voltage would add up to 0 V. In oth-
er words, the signals would cancel each other.
Fig 3-3 shows a signal whose phase is exactly
out-of-phase with the signal in Fig 3-1.

Electromagnetic waves travel from an origin
to a destination via multiple paths, especially
through the ionosphere, and as a consequence
they exhibit all sorts of variations. Depending on
the relative phase of the signals at the reception
point, they could add, or they could subtract
from each other. Consider the case of only two
signals arriving at a receiver with exactly the
same strength. They can combine to produce a
signal that is somewhere between twice the level
of each signal by itself, down to a level of zero,
where they completely cancel each other. Fading
and signal enhancement can occur for many dif-
ferent reasons.
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Fig 3-1 —Voltage of a 120V ac sine-wave signal as a
function of time.
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Fig 3-2 — Resultant voltage of two signals of Fig 3-1
adding together versus time.
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Fig 3-3 — Voltage of a second 120 V 60-Hz ac signal
opposite in phase to Fig 3-1.



What is the Effect of Ground Reflections?

A signal transmitted in any direc-
tion from an antenna near the Earth
will have a direct path, and it will
also have a path that results from a re-
flection from the surface of the Earth.
Consider a simple case (o slart. As-
sume that you are an observer located
some distance from the antenna such
that the Earth between you and the
antenna looks like it is flat. Assume
that the antenna is mounted over
perfectly conducting ground. This is
depicted in Fig 3-4.

For any elevation or takeoff angle
there is a direct path from the antenna
to the observer, and there is also a
reflected path. These two paths have
different lengths, with the reflected
path always longer than the direct
path. The difference in length will
depend on how high the antenna is
above the ground and the elevation
angle. Note that this flar Earth model
falls apart for the case of zero eleva-
tion because there can be no reflec-
tion, but ignore that extreme case for
the time being.

As the downward wave strikes the
Earth, the combination of the incident
wave and reflected wave cannot
create an electric field at the surface
of the ground since the fields can’t
exist in a perfectly conducting ground
medium -~ they are, in essence,
shorted out by the ground. For a hori-
zontally polarized antenna in Fig 3-4
the reflected wave therefore must be
out-of-phase with the incident wave.
I have indicated the polarization of a
horizontally polarized antenna with
a “+" sign. This represents the tail of
an arrow (or vector) heading into the
paper.

Interestingly, and importantly, a
vertically polarized wave must have
the reflected and incident waves in-
phase with each other because oppo-
site ends of the field are at the Earth’s
surface when they are in-phase.

Note that for any takeoff angle
and height, you could calculate the
difference in path length using plane
geometry and trigonometry. By

knowing the difference in path length.

the signal frequency and the speed
of propagation (which is the same as
the speed of light in air), you could
easily compute the phase difference
due to the different path and thus the
resultant amplitude. Fortunately, you
can also use antenna-modeling tools
to determine the same thing.

You also can imagine that the
reflected wave comes from another
antenna that is located under the earth
the same distance that the real anten-
na is above the earth. This is called an
image antenna and isn’l real, but the

path length difference is a bit easier
to visuzalize and calculate. Again, the
two antennas are in-phase for the case
of vertically polarized antennas and
out-of-phase for horizontal ones. The
configuration is shown in Fig 3-5 for
horizontal antennas.

Note the point of the arrowhead
on the image antenna, indicting op-
posite polarity from the real antenna.
The vertical antenna configuration is
shown in Fig 3-6. The height is at the
center of the antenna. Note that the
antenna and its image have the same
polarity for the vertical case,

/,' Jo

v
Diffaranca in Path Length

UBANO1T

Flg 3-4 - lllustration of additional path length (and thus phase delay) of
reflected wave compared to direct space wave

O,
Difference in Path Length

LBALE

Fig 3-5 — Image antenna concept for visualizing ground reflection. Note
opposite polarity (180° phase shift) of image for horizontal polarization.
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How Do The Numbers Add
Up?

Knowing the phase of the reflected
wave and the height of the antenna,
you can thus determine the resuitant
phase of the direct and reflected
signals as a function of height. This
just means that you need to know
the difference in path length in terms
of wavelengths. For example, if the
polarization is vertical, and the differ-
ence in path length is an odd multiple
of a half wavelength, the signals will
be out-of-phase and cancel at that
angle. At other elevation angles, the
difference may be an even number
of half wavelengths and the signals
will be the same phase and will add
together. For horizontally polarized
waves, il is just the reverse. Inter-
mediate angles will have values in
between these extremes.

You can determine the intensity of
the combination of the two antennas
by merely adding up the signals for
each elevation and azimuth angle. Al-
ternately. you could take advantage of
the capabilities of an antenna-analysis
program to do so, such as EZNEC,
which I've mentioned previously in
Chapter 2.

Dipole Over Typical Ground

As you would expect based on
the earlier discussion, the elevation
pattern of an antenna near the Earth
will be quite different from one far
removed from the Earth, This is all
due to reflections from the Earth.
If you move the antenna with the
modeled uniform elevation shown
earlier in Fig 2-8 from outer space
down to %z wavelength above ground
(about 50 feet at this frequency), vou
will get the pattern shown in Fig 3-7,
which compares the elevation pat-
tern for a dipole 4 wave above both
perfect ground and typical soil. First,
consider the reflected wave. Remem-
ber for a horizontal antenna at this
height the reflection is out-of-phase
to start with. So 2 wavelength (1807)
off ground gives a phase reversal at
the reflection (another 180°) and one
more % wavelength (180°) up towards
the antenna result in an out-of-phase
signal that cancels the upward going
wave. Note also that the wave along
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Fig 3-8 — Image antenna concept for visualizing ground retiection. Note
same polarity (0° phase shift) of image for vertical polarization.

the herizon cancels with the out-of-
phase reflected wave, resulting in no
radiation at 0° elevation.

Where Does the Power Go?

Nothing in the process I just
described heats up or otherwise
absorbs power, so the total power is
redistributed to the areas that aren’t
reduced by the reflected signal. The
arcas with the most signal have a
significantly stronger signal than they
had in the free-space case, because
the other areas have a significantly
weaker signal. This effect is referred
to as ground reflection gain. It isn’t a
real gain, such as you might get from
an amplifier, but is more of a redis-
tribution. On the other hand, if vou
want the signal to go where the signal
combined with its ground reflection
goes, it seems just like an amplifier to
a distant receiver.

This redistribution happened to
a certain extent with the dipole in
free space described in

the free-space case. This can be a real
advantage if that's where you want

the energy to go!

What About a Better
Ground?

The model used for Fig 3-7 was
an attempt to model typical dirt. For
those who like the details, it as-
sumed ground with a conductivity of
0.005 siemens/meter and a dielectric
constant of 13. EZNEC allows you
to enter the exact ground parameters
for your location, or you can choose
a perfect ground model. For perfect
ground, imagine a few acres of gold
foil under the antenna, heading off
in all directions. The results are
also shown in Fig 3-7. Note that the
general shapes are similar. However,
the upward cancellation is complete
over perfect ground since the wave is
completely reflected from a perfect
conductor. The resulting ground
reflection gain is a bit higher as a

Chapter 2. Note that be-
cause the radiation does
not occur from the ends
of the dipole, the main
beam is about 2 decibels
(dB) stronger than if it
were a completely uni-
form isorropic radiator
{a theoretical antenna
thal radiates equally in

all directions). By tend-

10 MHz

ing to cancel the upward
and horizontal signals,
the maximum signal in
the main beam 1s about
5.5 dB stronger than for

Fig 3-7 — EZNEC overlay of the broadside
elevation pattern of a horizontal dipole
antenna mounted a half wavelength over real
ground (dashed line) compared to that same
antenna over perfect ground (solid).




Lowest Elevation Peak and Ground Reflection Gain at Various Elevation Angles for Dipole Over Real

Height Above Ground Center of Peak Gain at 10°(dBi) Gain at 20°(dBi) Gain at 30°(dBi)  Gain at 80°(dBi)

Ground

1/4 Wavelength 90°

1/2 Wavelength 28°

1 Waveiength 14°

2 Wavelengths i
consequence.

While perfect ground may be hard
to come by, saltwater provides a close
approximation. It is also possible to
simulate almost-perfect ground over a
region with a large expanse of bonded
wire mesh, or similar structures.

What Happens at Different
Heighis?

If you examine again the geometry
in Fig 3-4 or Fig 3-5, it’s clear that
the elevation pattern of a horizontal
antenna is very dependent upon the
height above ground. If the antenna
is muoch lower than the 2 wavelength
vou have been looking at, a horizon-
tal antenna will not have the upward
direction energy cancelled, with the
result that most of the energy heads
upward. This is shown for the case of
a /4 high dipole in Fig 3-8, which
overlays the responses for three hori-
zontal dipoles — %, 1 and 2 wave-

-3.7 1.5
2.55 6.71
6.86 5.8
59 69

3.9 57
7.38 -5.5
~10.6 -5.6
-9.1 —4.2

lengths high. Later in this book when
I discuss how signals get from place
to place, you’ll discover that a low
antenna can work well for mediom
distance communications.

As the height over ground in-
creases, the patterns for a horizontally
polarized antenna tend to get more
complex, and you get an increased
number of ¢levation angles with nuils.
This is shown clearly in the case of a
horizontal antenna a full wave abave
ground and for one that is two wave-
lengths above ground in Fig 3-8. Note
that as the antenna height increases,
the first radiation peak moves down
to lower angles and each peak covers
a narrow range of elevation before
the next null. This results in gaps in
elevation-angle coverage. A summary
of the signal intensity for each case is
shown in Table 1.

1 haven’t mentioned the azimuth
pattern in a while, largely because

not much happens as the antenna
height is changed. Above the very
lowest heights, it stays about the
same. Compare Fig 3-9, a plot of the
azimuth pattem of a horizontal dipole
mounted 2 wavelengths above ground
with that of the horizontal dipole

in free space {Fig 2-7) and note the
similarity.

How About Vertically
Polarized Antennas?

So far I have been discussing
horizontally polarized dipoles. I could
have just as well started with anten-
nas with vertical polarization near
the ground. As noted in Fig 3-6, the
geometry is the same, but the big
difference is that the signal from the
image is in the same phase as that
from the antenna. This means that
the signals add towards the horizon
for perfect ground rather than having
a null at 0° elevation. The elevation

Max Gain = 7.86 dBi

0"

UBAOCZ

Fig 3-8 — EZNEC overlay of broadside elevatlion
patterns of a horizontal dipole mounted at three
heights over real ground: 2 A = solid line, 1 A = dashed

line, }/4 = dotted line.

Max Gain = 7 87 dBi 180

0 UBAGIR2

10 MHz

Fig 3-9 — EZNEC azimuth pilot for a
horizontal dipole mounted 2 A above
typical ground at the peak of the first

alevation lobe (7°).
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pattern of a 2 wave dipole whose
bottom is 1 foot over perfect ground
is shown in Fig 3-10, along with a
plot of the same antenna mounted

1 foot over typical soil. Note that
unlike the horizontal dipole, either
vertical dipole radiates equally well
at all azimuth angles, often an advan-
tage for some types of systems such
as broadcast or mobile radic. You can
see very clearly in Fig 3-10 that even

typical soil has a big effect on the
level of signal launched by a verti-
cal antenna. This is due to the losses
incurred when the signal is reflected
from lossy soil.

The effects of ground reflections
are also apparent for vertical antennas
as they are elevated. Fig 3-11 shows a
comparison when the bottom of a ver-
tical dipole is elevated one and two
wavelengths above typical soil. You

can see that elevating a vertical dipole
well above lossy soil has a strong
effect on the strength of signals
launched from that antenna.

Fig 3-12 compares the elevation
response for a vertical dipole whose
bottom is 2 wavelengths high and
a horizontal dipole that is 2 wave-
lengths high. This is again over
typical soil.

Max Gain = 6,77 dBi

Fig 3-10 — EZNEC overlay of elevation plots for a
vertical dipole antenna whose bottom is mounted

1 foot above typical ground, compared to the same
dipole mounted over perfect ground. You can see that
reflection losses in typical soil can be high.

Max Gain = 4.88 dBi

10 MHz

Max Gain = 7.86 dBi

10 MHz

Fig 3-11 — EZNEC overlay of elevation plots for a

Fig 3-12 — EZNEC overlays of elevation plot for a

vertical dipole antenna whose bottom is mounted

1 foot above typical ground (dotted line), compared

to the same dipole mounted 1 ). above typical ground
(dashed line) and the same dipole mounted 2 A over
typical ground (solid line). The loss in the ground
directly under the antenna (sometimes called “heating
up the worms") can be substantial when the bottom
of the antenna is close to the soil.

vertical dipole antenna whose bottom end Is mounted
2 )\ above real ground (dashed line), compared with a
horizontal dipoie mounted 2 3 high (solid line).
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ipter Summary

In this chapter I have examined the
effects of moving a simple antenna
from outer space to a practical loca-
tion near the ground. You saw that
reflections from the ground result in
signals that can add or subtract from
the antenna’s main wave, depend-
ing on the relative phase of the two
signals. This effect can prove to be
beneficial or detrimental, depend-
ing on how the system will be used.
In any event, it is easily predictable

throngh modeling and you can decide,

as a system designer, how you want
everything to come together.

The Earth is but one reflection
mechanism with which you will have
to deal. Almost any object that a sig-
nal encounters will change that signal
to a certain extent. Sometimes, as in
radar, a reflected signal is the reason
for the system. In other circumstanc-
es, it can be either helpful or cause
problems. I will explore circumstanc-
es of each type in later chapters.

Review Questions

3.1, Calculate the actual height of an antenna %/2 above the ground for fre-
quencies of 1, 10 and 100 MHz.

3.2. Compare Figs 3-7 and 3-8 and consider why less-than-perfect ground
may still be fine for horizontally polarized antennas. Under what conditions
would perfect ground help you?

3.3. Repeat question 3.2. for vertically polarized antennas. Compare
Figs 3-10 and 3-12 to get the idea. Why might you want to take extra care to
simulate a perfect ground for a low vertical dipole?

3.4, Based on their azimuth and elevation patterns, can you think of applica-
tions that would be best suited for vertical antennas? How about horizontal
antennas?

The Field From a Dipole Near the Earth  3-7



The Impedance of an Antenna

A collection of antenna impedance measurement instruments.

Contents
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So far 1 have discussed the half-
wave dipole in some of its differ-
ent forms. | have always assumed
that there was a transmitter (or
receiver) at the center of it. [ haven't
yet discussed how you connect the
transmitter to the antenna. or whether
it's convenient to physically locate
the transmitter at the center of the
antenna. There are really two issues
here:

» How does the feed-point input
impedance of the antenna compare
to the load impedance needed by
the transmitter? This chapter will
discuss the nature of antenna feed-
point impedances.

¢ The second issue is whether or not
you can {(or would want to) physi-
cally locare the transmitter at the

center of the antenna. This is some-
times the case, and I could describe
some examples, but it is generally
reserved for situations in which the
anlennas are relatively large and
the transmitters are relatively small,
such as phased-array radars. In
other cases, you generally intercon-
nect the transmitter and antenna
with a transmission line.

A transmission line is a type of
cable designed for the purpose. They
are available in a number of configu-
rations. all with the property that if
they are connected to an antenna (or
any load for that matter) that has an
impedance equal to the characteristic
impedance of the transmission line,

a value determined by the physical
properties of the line, the other end of

Antenna Impedance

the line will see the same impedance,
Thus if we match the impedance of
the antenna to the transmission line,
we can locate the transmitter any
distance from the antenna and have it
act almost as if the transmitter were at
the center of the anlenna.

We will discuss transmission lines,
as well as matching, in the next
chapter. The place Lo start is with the
impedance of the antenna and the
knowledge that you don’t really have
to locate the transmitler at the middle
of it. Anyone who has scen a photo of
the transmitter room al a TV or radio
station or especially the Voice of
America will immediately appreciate
the desirability of being able to sepa-
rate the transmitter from the antenna!

As with any circuit element. the
impedance an anlenna presents to its
source can be defined by the current
that flows when a voltage is applied
to it. There are, after all, no footnotes
to Ohm'’s law that repeal it for the
case of an antenna. Thus for any pos-
sible connection point to an antenna,
if we know the levels of current and
voltage, Ohm’s law will reveal the
impedance at that point,

Note that I could talk about a re-
ceiver connected to the antenna rather
than a transmitter. Here, I will discuss
transmitting antennas, with the under-
standing that receiving antennas have
the same impedance characteristics.

The Impedance of a Center-
Fed Dipole

In Chapter 2, I discussed the cur-
rent and voltage distribution along
the length of a A/2 dipole. I elected to
feed it in the center since that’s where
the voltage was al a minimum and the
current at a maximum. The drawings
of current and voltage are reproduced
as Fig 4-1. The ratio of voltage to
current, the impedance, will vary as
you change any of the key dipole

42 Chapter4
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Voltags and Current an A2 Dipole B

Fig 4-1 — Voltage and current distribution along the
length of a resonant half-wave dipole.

parameters. If you change the length
through values around 3/2, the ratio
will go through a point at which the
ratio is resistive, This is also de-
scribed as the resonant point— that
is, there 1s no reactive component and
thus the impedance is entirely resis-
tive. This special length is referred
to as the resonant half-wave dipole
length. Even though it is special, it is
very useful and frequently encoun-
tered.

Impedance of a Dipole in
Free Space

I will discuss some of the factors
that cause the impedance of a 4/2

dipole to differ; however, as a starting
point, I'll consider the case of a thin
dipole in free space. Al resonance

it will have an impedance of around
72 Q. If you make the antenna just
a bit shorter (or change to a slightly
lower frequency), it will look like

a resistance in series with a small
amount of capacitance. If you make
it just a bit longer. it will look like

a resistance in series with a small
inductance.

A key parameter in determining
both the impedance of a resonant
dipole and how the impedance
changes with frequency is the ratio of
length-to-diameter. Using a 10-MHz



impedance of Nominal /2 Dipole In Free Space ({2, — indicates capacitive reactance)

L/D = 10,000 (47.81 foot length)

Frequency Impedance

MHz R X
99 70.0 -16.0
9.95 71.0 =8.1
10.00 721 0
10.05 72.2 +8.0
101 74.3 +16.1

dipole as an example, Table 4-1
provides the results from an EZNEC
simulation of an ideal loss-free dipole
at three different length-to-diameter
ratios. The first, 10,000:1, is fairly
typical of a dipole made from wire.
The second would correspond to an
antenna constructed from fairly thick
wire, while the third would represent
an antenna made from 5-inch tubing
{or more likely at this frequency, a
cage of wires). As frequencies go up
and down, the typical length-to-
diameter ratios change due to
material availability, but all can be
encountered in the real world.

There are a few points that should
be observed as you look at Table 4-1:

1. As the conductor diameter increas-
es, the length of the resonant dipole
decreases. Note that in free space,
A/2 at 10 MHz is 49.2 feet, com-
pared to 47.81 feet for the wire case
(about 97%) down to 45.98 feet
for the very thick dipole (about
93.5%).

2. As the conductor diameter in-
creases, the change in impedance
with frequency decreases. This will
be an important consideration when
we talk about wideband antennas
later in the book.

3. If the source is designed to feed a
resistive load, it is relatively simple
to provide a match to it even if the
antenna has a reactive component.
The circuit is shown in Fig 4-2. For
example, if we want to operate a
10-MHz, L/D = 1,000:1 antenna on
10.1 MHz, the inductive reactance
component is +11.8 €). By insert-
ing a capacitor with a capacitive
reactance of —11.8 Q at the antenna

L/D = 1000 (47.31 foot length)

Impedance
R X
69.7 -11.7
70.8 -5.9
721 0
73.0 +5.8

impedance
R X
69.6 -7.3
7041 -3.7
72.0 Q
73.2 +3.5
+7.2

L/D = 100 (45.98 foot lsngth)

74.4

LBAJGZT

Source {10.1 MHz)

Resonating Network

i

Anienna Equivalent Load

Fig 4-2 — Simplified diagram of an antenna as a load, with a resonating
network to provide a resistive load to the source.
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Fig 4-3 — Impedance of 10 MHz, #/2 dipole with length-to-diameter

ratio (L/D} of 10,000:1 from 1 to 50 MHz. The X axis is real (resistive)
component, while the Y axis is reactive. Positive values indicate inductive
reactance; negative values indicate capacitive reactance. Key frequencies
are shown.
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conducting surface, while the dashed line represents
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(see Fig 4-2), you will present the source with a resis-
tive load of 74.4 (), almost the same as if we shortened
the antenna to make it resonant.

Figs 4-3 chrough 4-5 show the change in impedance
over a wide frequency range for the length-to-diameter
ranges of Table 4-1. The differences are striking.

Iimpedance of a Dipole near Earth

Reflections from the ground couple to a dipole, much
in the way a load on one winding of a transformer
couples to another. Thus the impedance of a dipole will
be different at different heights above ground, depending
on the magnitude and phase of the reflection — functions
of ground characteristics and the height above ground.
Fig 4-6 shows the impedance of resonant horizontal and
vertical dipoles at different heights above ground. Note
that other conductive surfaces will have a similar effect
on impedance. Coupled antenna elements will also, but
I'll reserve that discussion for later.

Review Questions

4.1 Why might we care what the impedance of an
antenna is?

4.2 What principle accounts for the difference in the
effect of ground between horizontal and vertical
antennas?

4.3 What might be the effect of connecting an antenna
and a transmitter with different impedances?

4.4 Describe advantages and disadvantages of thin and
thick antennas as shown in Figs 4-3 through 4-5.



Chapter 5

Transmission Lines

Transmission lines come in many forms serving many applications.
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As I have mentioned previously,
frequently the antenna and radio are
not located in the same place. There
are some notable exceptions, particu-
larly in portable handheld systems
and various microwave communica-
tions and radar systems. But in most
other cases, optimum performance
requires the transmitter and receiver
to be at some distance from the

Characteristic

antenna. (There may also be a matter
of combat survival, especially if your
enemy is equipped with anti-radiation
weaponry designed to home inon a
signal.)

The component that makes the
interconnection is called a transmis-
sion line. Transmission lines are used
in places besides radio systems —
for example, power-distribution lines

Impedance

are a kind of ransmission line, as are
telephone wires and cable TV con-
nections.

In addition to just transporting
signals, transmission lines have
some important properties that you
will need to understand to allow you
to make proper use of them. This
section briefly discusses these key
parameters.

A transmission line generally is
composed of twa conductors, either
parallel wires, such as we see on pow-
er transmission poles, or one wire sur-
rounding the other. as in coaxial cable
TV wire. The two configurations are
shown in Fig 5-1. Either type has a
certain inductance and capacitance
per unit length and can be modeled as
shown in Fig 5-2, with the values de-
termined by the physical dimensions
of the conductors and the properties
of the insulating material between the
conductors,

If a voltage or signal is applied
to such a network, there will be an
initial current flow independent of

whatever is on the far end of the line,
but based only on the L and C values.
The initial current will be the result of
the source charging the shunt capaci-
tors through the series inductors and
will be the same as if the source were
connected to a resistor whose value

is equal to the square root of L/C. If
the far end of the line is terminated in
a resistive load of the same value, all
the power sent down the line will be
delivered to the load. This is called a
matched condition. The impedance
determined in this way is called the
characieristic impedance of the trans-
mission line and is perhaps the most
important parameler associated with a

transmission line.

Common coaxial transmission
lines have characteristic impedances
(referred to as Z) between 35 and
100 ©2, while balanced lines are found
in the range of 70 to 600 Q. What this
means to us as radio people is that if
we have an antenna that has an im-
pedance of 50 £ and a radio transmit-
ter designed to drive a 50 Q load, we
can connect the two with any length
of the appropriate 50 Q coaxial cable
and the transmitter will think it is
right next to the antenna. The antenna
will receive most (see next section) of
the transmitted power and all is well
with the world!

[

ANTOB4A

RO TOTSSE

Fig 5-1 - Parallel wire (A) and coaxial (B)

transmission lines.
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Fig 5-2 - Lumped constant equivalent of an ideal
transmisslon line.



Attenuation

The ideal transmission line model
shown in Fig 5-2 passes all input
power to a matched load at the output.
A real rransmission line, however,
has loss resistance associated with
the wire conductors and loses some
signal due to the lossy nature of the
insulating material. As transmission
lines are made of larger conductors,
the resistance is reduced and as the
dielectric material gets closer to low-
loss air, the losses are reduced. The
skin effect causes currents to travel
nearer to the surface of the conduc-
tors at higher frequencies, and the
effective loss thus increases as the

frequency is increased.

Fig 5-3 provides some real-world
examples of the losses as a function
of frequency for the most common
types of transmission line. Note that
the loss increases linearly with length
and the values are for a length of
100 feet. Note also that the losses
shown are for transmission lines

* feeding loads matched to their Z;. As

will be discussed shortly, losses can
increase significantly if the line is not
matched.

The “open-wire” line shown
consists of two parallel wires with
air diclectric and spacers, typically

resulting in a Z_ of 600 Q. While the
losses of such a line are low, they
only work well if spaced from metal
objects and not coiled up. While co-
axial cables have higher loss, almost
the entire signal is kept within the
outer conductor. Coaxial cable can be
run inside conduit, coiled up, placed
next to other wires and is therefore
much more convenient to work with.
Sometimes a long straight man of
open-wire line will be transformed to
50 Q at the ends with coaxial cable
used at the antenna and radio ends to
take advantage of the benefits of both.
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Fig 5-3 — Loss of some typical transmission lines in dB per 100 feet as a function of frequency. The
RG-58 transmission lines are 50 (] polyethylene insulated coaxial cable slightly less than % inch in
diameter. The RG-8 through RG-216 are 50 and 70 Q polyethylene insulated transmission lines with a
diameter somewhat less than % inch. The “hardline” types have a foam dielectric very near to air.
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Propagation

Velocity

Signals in air dielectric transmis-
sion lines propagale at almost the
speed of light. Other dielectric
materials cause the signals in trans-
mission lines to slow down, just as
you can observe with light rays trav-
eling through water. In many cases,
this is not a matter of concern, since
you usually only care that the signals
get out the other end; however, there
are some exceptions.

The velocity is reduced by a factor
of one over the square root of the
relative dielectric constant. Some
cable specifications provide the rela-
tive velocity as a fraction of the speed
of light. If not, and you know the

material, most engineering hand-
books include tables of properties of
materials. For example, polyethylene
is a common cable insulating material
and has a relative dielectric constant
of 2.26. The square root of 2.25 is
1.5. so the propagation velocity in
polyethylene insulated coaxial cable
is 3/1.5 x 10® or 2 x 10* m/sec. The
velocity of light in air is

3 x 10* m/sec.

Some applications actually use
coaxial cables to provide delayed
signals in pulse applications. Having
a way to accurately predict the delay
just by knowing the cable character-
istics and measuring the length of the

cable can save a lot of lab time. In the
radio world, we will 1alk about driv-
ing antenna elements in a particular
phase relationship to obtain a desired
antenna pattern. If a transmission line
is used to provide the two signals of
different phase, we need to know how
fast the signal propagates in order to
determine the required line length. As
we will discuss in the next section,
transmission lines of particular elec-
trical lengths can be used as imped-
ance transformers. Unless we know
the propagation velocity we can’t
determine the proper length.

Lines With Unmatched Terminations

In our discussions so far, we have
been talking aboul transmission lines
feeding terminations matched to
their characteristic impedance. Other
than that case, the voltage-current
relationship at the load will reflect
the impedance of the load — not the
characteristic impedance. Along the
line the voltage and current will vary
with distance, providing a load lo
the transmitter end that is generally
neither that of the far end Z, . nor the
Z, of the transmission line. The trans-
mitter load can be calculated knowing
the Z , the Z_ and the electrical length
of the line as discussed in the follow-
ing sidebar.

The ratio of maximum voltage on
the line to minimum voltage on the
line is called the standing wave ratio
or SWR. A matched line has an SWR
of 1:1. A 50 € line terminated with a
25 or 100 Q load will have an SWR
of 2:1. There is a whole family of
complex impedances that will also
have a 2:1 SWR. By the way, the
computation of SWR is easier with
resistive loads.

54 Chapter5

There are some interesting special
cases with a mismatched line. The
load impedance, resistive or com-
plex repeats every A/2, for example.
The impedance goes to the opposite
extreme in odd mulitiples of a /4. For
example, our 25 Q load would get
transformed to 100 £ in A/4 or 3/4)
transmission line sections and vice
versa. This effect can be used to our
advantage if we wish to transform
impedances at a specific frequency.

A generally less desirable effect of
mismatched lines is that the losses in-
crease. This is easy to see, if voltages
and carrents are higher, we might
expect losses 1o increase as well.

Fig 5-4 provides the additional loss
for a mismatched line that needs to be
added to the matched loss in

Fig 5-3. As is evident, the combina-
tion of matched loss and high SWR
results in dramatic increases in

loss. This is why antenna designs
that don’t use malched transmission
lines often use air-dielectric lines,
which have inherently less loss under
matched conditions to start off with.
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Fig 5-4 — Additional loss of

a transmission line when
mismatched. This loss needs to
be added to the loss in Fig 5-3 for
mismatched lines.

Notes

'TLWis supplied with The ARRL
Antenna Book, 21st Edition,
Available from your ARRL dealer or
the ARAL Bookstore, ARRL order
no. 9876. Telephone 860-584-0355,
or toll-free in the US 888-277-5289;
www.arrl.org/shop/; pubsales@
arrl.org.



Determining the Input Impedance of an Unmatched
Transmission Line

The input impedance of a trans-
mission line of any length with any
terminating impedance can be
determined in a number of different
ways. The most siraightiorward way
is through direct calculation. Unfortu-
nately, this is also perhaps the most
time consuming and perhaps most
error prone method, at least until you
have it set up on-a spreadsheet or
other program. The input impedance
can be found as follows:

7 =7, 2y Cosh(YOZsinhCyt)
in =207, ‘Sinh(y 1+ Zy cosh (Y )

where

Z, = complex impedance at input to
line in Q

Z, = complex load impedance at end
offine=R,+jX,

Z, = complex characteristic imped-
ance of the line

£ = physical length of the line

¥ = complex loss coefficient = a+jf

a = matchedHine loss attenuation
constant in nepers/meter. (Note
one neper = 8.688 dB. Cables
in US are generally specified in
dB/100 feet.)

= phase constant of line in radians/

unit length. Note that 2 = radians =
one wavelength.

Alternately,

B = 2 w/(VF x 983.6f (MH2)) for /
in feet

If the line is lossless (or is short
enough that losses are not significant),
the expression reduces to the some-
what simpler:

%-%Qtan(ﬂf)
ZIH=ZO + Lt&ﬂ ¢

Note that most scientific calcula-
tars, including the Windows scientific
calculator and Microsoft Excel, can
be used to evaluate the hyperbolic trig
functions, even if you're not comfort-
able with them. If you set up (and save)
an Excei worksheel with the formuta
above, you will be ready to quickly de-
termine the input impedance any time
you have all the input parameters. As
noted, be careful with the units.

My favarite way to determine the input
impedancs, as well as the line loss,

standing wave ratio (SWR) is using TLW

(Transmission Line for Windows) soft-
ware that comes with The ARRL An-
tenna Book.! The main screen is shown
In Fig 5-A performing an analysis of

the condition of the L/D of 10,000:1
case from Table 4-1 at 10.1 MHz. Note
the antenna input impedance (74.3 +
j16.1) is inserted in the LOAD box. The
output impedance through 100 feet of
RG-58A 50 () coax is provided at the
bottom in both rectangular (69.02 —
J6.23) and polar coordinates (69.53
at an angle of -5.15°), along with the
SWR at line input (1.40) and output
(1.62) as well as line loss (1.661 dB)
— both for the matched case

(1.555 dB) and the additional loss due
to mismatch (0,106 dB). That's about
everything | could think to ask, except
which pile in the basement actuaily
holds my RG-58A!

A third way to evaluate the input im-
pedance is through a graphical meth-
od. A Smith chart, see Fig 5-B, can
be used 1o determine the input imped-
ance of a transmission line. This was
very commenly used before the per-
sonal computer became ubiquitous.
In addition to the accuracy limitations
due to the input and output resolution
inherent in a chart, the Smith chart
assumes that the line is lossless. This
may result in significant error depend-
ing on the amount of line loss.

I A ,-i.:”.!-’.‘i
| TLW, Transnisdon Line Program for Windows e |
Version 300, Copyright 2000- 2006, ARRL, ty NSBIV, Mt 14, 2006 %
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Fig 5-A — The main screen of TLW
(Transmission Line for software Is
shown performing an analysis of the L/D of
10,000:1 case from Chapter 4's Table 4-1 at
10.1 MHz.

Fig 5-B — A Smith chart used for the graphical
determination of the input impedance of a
lossless transmission line.
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Chapter 5

Review Questions

5-1. Describe three reasons it might be desirable to have a transmitter and an
antenna in different locations.

5-2. If you want to make a /4 section of RG213 for a 10 MHz system, how
long would you make it?

5-3. A 1000 W transmitter at 15 MHz is feeding a matched load through 200 feet
of RG-8 transmission line. How much power reaches the antenna? Repeat if the
frequency is 150 MHz. Repeat both cases if the antenna has an SWR of 3:1.



Making Real Dipole Antennas
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A dipole is easy to make and works well for many applications.
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Table 1

Maximum Tension for Stressed, Unloaded, Antenna Wire.

American Recommended Tension’
fpounds)
Wire Gauge Copper-Ciad Steef
4 495
6 310
& 195
10 120
12 75
14 50
16 31
18 19
20 12

Weight
(pounds per 1060 fast)

Hard-Drawn Copper Copper-Clad StesF Hard-Drawn Coppsr

214 115.8 126.0

130 729 79.5

84 45.5 0.0

52 28.8 31.4

32 18.1 19.8

20 11.4 124

13 7.8

8 4.9

5 28 a.1

"Approximately one-tenth the breaking load. Might be increased by 50% if the end supports are firm and there is no danger of icing.

2Copperweld,™ 4% copper.

ing sag in the center of the half span
(see Fig 6-5) for a given amount of
tension can be estimated using the
nomograph shown in Fig 6-6.

Many other mechanical configura-
tions have been used. with the most
common perhaps being the dipole
slung between two trees. This is often
consfructed by using some kind of
line launcher, such as a sling shot,
fly-casting rod, bow and arrow or
even a radio-controlled helicopter to
get the line over a desired tree limb.
While this method has been used suc-
cessfully many times, almost all such
installations eventually fail due to a
combination of factors. The major
problem is that the trees move in the
wind, If the trees at both ends moved
the same distance, in the same direc-
tion and at the same time, the tension
would remain constant. Unfortunate-
ly, trees can't be counted on to de any
of those things.

Keeping it Up in that Tree

To maximize the success of a
tree-mounted dipole, you must take
tree sway into account. One way is
io nole the maximum sway of the
trees at each end and add that length
to each halyard once set for the ap-
propriate sag o give the maximum
tension specified in Table 6-1. Note
that if there is no center support, and
the weight of the transmission line is
thus also supported by the antenna,
additional tension will be applied to
the wire and you must allow for ad-
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ditional sag.

An additional failure
mode is halyard chafing.
As the tree moves back
and forth, the bark cuts
into the halyard rope,
eventually causing it to
brezk. Chafing can be
minimized if the halyard
is run directly down and

MNTOTEE

secured to the trunk of the
same tree that it’s over. In
that way the halyard tends
to move with the tree
rather than having the tree
move along the halyard.

Some rope is better than others
at resisting chafing, Twisted nylon
rope has excellent stretch charac-
teristics; however, it seems to chafe
very quickly, I have found “yacht
braid,” a generic name for rope used
for saitboat halyards, a rope that lasts
quite long in antenna-mounting ser-
vice. Although it is designed for low
stretch. it makes up for that deficiency
by resisting chafing.

T suppose the strongest halyard
material is stranded aircraft-grade
stainless-steel rope, although it may
saw through the supporting tree limb
in place of chafing. One trick to
reduce chafe breakage 18 to start with
an extra long halyard. Every year or
s0. lower the antenna end and inspect
for chafing. If it has started, cut off
a few feet of rope at the antenna
end and re-hoist. You will move the
chafed area away from the limb.

ends.

Fig 6-5 — The half span and associated sag
of an unloaded wire suspended from both

Some have used stretching ele-
ments at the antenna insulators, Some
insulaters are made with internal
springs; however, their travel range
is usually insufficient to solve a seri-
ous tree-sway problem. Some have
employed screen door closing springs
for the purpose. Another approach is
to have a sacrificial hatyard section
of lighter line holding the ends of a
loop of the main halyard. If trec sway
strain happens, the light line will
break and the loop inserts enough ex-
tra halyard to avoid excessive tension.
A combination of these methods can
also be used.

A betier way is to use the pulley
arrangement shown in Fig 6-7. This
solves all the problems at once. There
is no chafing because the rope hold-
ing up the pulley is fixed (as long as il
is secured to the same trunk, as noted
previously). A constant tension is
applied by the weight, independent of
tree sway. You can adjust the tension
easily by adjusting the weight used.
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The downside to the in-

M“Tgnirf; verted V dipole is that the
= maximum radiation oc-
B curs at a somewhat higher
::2 angle than for a horizontal
$s0 dipole at the same height.
b See Fig 6-9. It shows the
elevation pattern of a 10

MHz A/2 flattop dipole

at 50 feet over typical

1% ground, compared to the
1 pattern for an inverted V
with an included angle
between the two legs

of 90°, with its apex at

50 feet, the same height
as the flattop dipole. The
V has its maximum radia-
tion at 31° rather than 27°
for the dipole. The 50 foot
dipale could be lowered
12 about 12% to 44 feet and
have the same elevation
response. The inverted V
Ly also has about 1 dB less

K’

(=]

+ S A +
-~ 4w

w

Fig 6-6 — Nomograph for determining wire

sag. (John Elengo, Jr, K1AFR)

For all halyard arrangements, you
should provide an extra downhaul
line from the halyard side of the end
insulator. This line 1s used to gel the
end of the halyard down in the event
the antenna breaks. There’s nothing
more frustrating than completing a
five-minute antenna repair and then
spending the whole day getting the
halyard back up in the tree!

A Special Case — the
Inverted V Dipole

Finding two or, even better yet,
three solid supports for a dipole is
often difficult. Fortunately, an
antenna with similar, but not quite
equal performance, can be con-
structed with a single support by
putting the apex of the antenna on
top of the support and extending the
dipole arms at an angle downward to
be secured near the ground. Fig 6-8
shows the configuration. In addition
to needing only a single support,
this arrangement has the advantage
that the support can also support the
weight of the center structure and
transmission line.

gain at its maximum el-
evation. In many applica-
tions, these are reasonable
trade-offs.

For the same wire
length, a 90° inverted V wiil have a
resonant frequency about 6% higher
than determined by the 468/F for-
mula, depending on the droop angle
from the horizontal. Shallower angles,
say 120°, will be closer to the per-
formance of a horizontal dipole, and
steeper drooping angles could also be
used, with correspond-

antennas are more often of the mono-
pole variety (think half a dipole).
because they can be easily fed at the
base. We will discuss monopoles in
another chapter later in the book.

Vertical half-wave HF dipoles are.
however. sometimes encountered.
The primary advantages of a vertical
dipole over a horizontal one are that
they provide omnidirectional azimuth
coverage and, like an inverted V, they
require a single support — almest.

In order to work most etfectivelv,

the feed line should be perpendicular
to the antenna for at least 2/4. This
generally requires a second support at
least half as high as the primary one
as shown in Fig 6-10. An additional
advantage is that they provide low
angle coverage, even at low heights.
The major support must be at least
/2 high for a full-sized M2 verti-

cal dipole, and the actual low angle
response of an inverted V on the same
support may have a similar pattern,

A potential disadvantage of a
typical vertically polarized antenna
compared to a horizontal one is that
the reflected signal from a horizontal
anlenna above real ground tends to
add significantly to the signal at me-
dium elevation angles. Over perfect
ground. the reflected in-phase signal
from a vertical theoretically should
add significant power at very low
takeoff angles: however, this reflected
power is lost for waves traveling over
typical lossy soil. Now, if you have

ingly reduced perfor-
mance. One advantage of
the Inverted V configura-
tion is that the real part
of the feed-point imped-
ance drops somewhal

as Lhe dipole arms are
lowered and as a result
the match to commonly
used 50 Q coaxial cable
is improved.

Vertical Dipoles for
HF

We have been concen-
trating on horizontal HF

ANTOPET

dipoles so far because
they are the most
frequently encountered

Fig 6-7 — Pulley arrangement for securing an
antenna halyard to a tree while avoiding chaffing

HF dipoles. Vertical HF  and high tension during tree movement.
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Wiw Length, {452/ F)

Insulators

Fig 6-8 — Inverted V wire dipole.

Max Gain = 7.59 dBI

Fig 6-9 — Elevation pattern of inverted V
wire dipole (dashed) compared to that of
horizontal dipole (solid)

seawater in the desired directions, a vertical would have much
more reflected signal at low elevations than even a higher
horizontal dipole. But for most types of lossy soil, the situation
is as shown in Fig 6-11.

What About Other Lengths?

A dipole with a length of approximately 2/2 is often used
because it provides a convenient impedance match to popular
transmission line types. As noted in Table 4-1 and Figs 4-3 to
4-5, dipoles of other lengths can also be used, but the feed-
point impedance will be quite different. These lengths can
also be used effectively, as long as an appropriate matching
network is provided to match the impedance to that required
by the radio equipment or the transmission line. I will discuss
some particular applications of different length dipoles in
Chapter 12.

VHF and UHF Dipoles

[ have been focusing on HF dipoles so far. However, a
dipole also works well at higher frequencies. As a matter of
construction convenience, dipoles above the HF range tend to
be made from solid tubing rather than flexible wire. Rigid tub-
ing has the advantage that it can be supported from the center
insulator and thus doesn’t require support or insulators at the
ends. In many cases, since their size makes it so easy, at VHF
and UHF dipoles are parts of directional arrays, a topic for
later discussion.

66 Chapter6
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Fig 6-10 — Vertical HF wire dipole showing need
for second support to maintain perpendicular
transmission line.

L | —
Max. Gain =6 31 dBI

Fig 6-11 — Elevation pattern of vertical

10 MHz dipole suspended from 50 foot
support (dashed) compared to that from
an inverted V from the same support in its
preferred direction (solid).
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6-1 What are two reasons why it is desirable to have a support at the center
of a wire dipole?

6-2 What are the results of changing from a thin coaxial cable to a thicker
one with lower loss? Case 1 with no support at the center of the dipole; case 2
with a support?

6-3 Why is it better to secure an antenna halyard at the base of the same tree
that the halyard is over?

Making Real Dipole Antennas 6-7



Chapter 7

The Field From Two Horizontal
Dipoles

Chuck Hutchinson, KBCH, adjusts his two element
array.
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The Field From Two Horizontal Dipoles

In Chapter 3 T described the action of a dipole in the presence of its below-ground “image antenna.” It is also com-
mon to find antenna arrays of muliiple real dipoles. As you might expect from the discussion of the dipole above its
image antenna in Chapter 3, horizontally polarized antennas combined above one another will result in a change of the
elevation pattern, while side-by-side antennas will change the azimuth pattern. This chapter will begin to examine how
two dipoles can be combined to achieve some desired outcomes.

Horizontal Dipoles in a “Stack”

Perhaps the easiest configuration to start with
is 10 add an additional dipole above the one you
used in the last few chapters and find how it
performs. A broadside view of the configuration
is shown in Fig 7-1. with an end view shown
in Fig 7-2. Tt looks very much as you would
expecl, but note that unlike the image configu-
ration in Chapter 3, | chose here to feed bath
antennas in the same phase. Unlike the image
situation. this is a choice depending on how vou
connect the sources. | could have connected
each antenna to sources that are out-of-phase.

Another difference of note is that the height
of this two-element array (and cother large anten-
na structures) is taken as the height of the center
of the array. That was true of the single dipole
as well, but for the single dipole the height also
was as high as the antenna got. This may have
ramifications on the size of support structures
and clearances, so keep it in mind.

If you divide the available transmitter power
in half and apply each half to the two dipoles in
free space, each will separately attempt to radi-
ate the same kind of signal 1 described in Chap-
ter 2.' However, since the signals are on the
same frequency, when you look at the response
you see the combination of the output from both
antennas, not just one.

7-2 Chapter 7
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Fig 7-1 — Front view of configuration of two in-phase
stacked horizontal dipoles.
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Fig 7-2 — End view of the two harizontal dipoles with
polarity as indicated.




So What Happens?

The first antenna configuration that
I will examine is one in which the
dipoles are spaced A/2 apart. Because
the dipoles are driven in the same
phase, every point in space that is the
same distance from each antenna will
receive the benefit of each antenna’s
pattern adding together. This clearly
happens going heorizontally away
from the plane of the antennas {for
any spacing), as shown in Fig 7-3.
This is the direction broadside to the
plane of the array (imagine the anten-
nas stapled to a billboard) and thus
this configuration of dipoles is often
called a broadside array. Note that if
you feed them in the opposite phase
the signals in the broadside direction
would cancel, just as in the case of a
horizontal antenna and its image —
more about this later.

A single dipole in free space will
radiate the same level signal at all
elevation angles. As seen in Fig 7-3,
this is not happening with two
dipoles. Let’s consider the radiation
from one, say the lower, dipole that
would head upwards if left to itself.
The radiation going upwards, towards
the second dipole, starts out in the
same phase as is fed to the second
dipole, but by the time the signal has
traveled the 2/2 towards the upper di-
pole, the signal in the upper dipole is
exactly 180° out-of-phase. Since the
signals in that direction are the same
strength, they combine by cancelling
out going upwards! You have made
an antenna with a nwll in the pattern
al a 90° elevation angle. Note that for
the free-space case, the exact same
thing happens going dowaward.

What Happens to All the
Energy?

Note that nowhere did T 1alk about
anything getting warm or otherwise
dissipating energy. All the energy
fed to the antenna system will be
radiated. If it doesn’t go one place,
it will go another. Just as the light
from a flashlight bulb with a reflector
is brighter going out the front, and
weaker elsewhere, the energy from
this broadside antenna is greatest
perpendicular to the “billboard™ (un-
like the flashlight, on both sides of

Max Gain = 5.88 48i

Fig 7-3 — EZNEC elevation plot for two element
horizontal array in free space.

UBAORa]

Max Gain = 5.88 dBi

180

10 MHz

Fig 7-4 — EZNEC plot of azimuth pattern of two
element array in free space.

the billboard) and less elsewhere, If
you compare the field strengths at the
maximum of the elevation patterns
of the two-dipole array (Fig 7-3)
with that of the single dipole in free
space (Fig 2-8) you will find that the
difference in maximum signal is 5.88
—2.06 = 3.82 dB.? This represents an
increase in power by a factor of 2.41,
a bit more than double that from the
single dipole in the maximum direc-
tion.

Someone listening from the direc-
tion of maximum radiation (the main
lobe), if they didn’t know about the
exact configuration of the antenna,
could think you more than doubled
the transmitter power. This cffect

The Field From Two Horizontal Dipoles

illustrates the concept of antenna
gain, although there really isn’t any
more power, you have just moved it
around, concentrating the power more
in certain directions.

Note that someone from right
above the antenna might think you
turned off your transmitter! Note also
that the azimuth pattern (see Fig 7-4)
remains largely unchanged.

What If We Get Back Down to
Earth?

While the free-space pattern is a
good way to isolate the effect of add-
ing the second antenna, the real-world
situation is near the ground. As you
might expect, you still have the effect

7-3
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Max Gain = 10,83 dBi 10 MHz Max Gain = 10.27 dBi 10 MHz

Fig 7-5 — EZNEC piot of elevation pattern of two Fig 7-6 — EZNEC plot of elevation pattern of two
element horizontal array over perfect ground. element horizontal array over typical ground.

of the reflections from the ground to signal heading downward has the
deal with, even though you don’t have  same result and another lobe, at

any signal heading straight down- least in free space, heads down-

ward from the two stacked dipolesin  ward. The signals perpendicular to

Fig 7-2. the array, the broadside direction
No matter how complex the array, that had the maximum response

the effect of the ground is still that of  previously, now has a null. The
an image antenna, 180° out-of-phase  name often given to this configu-

with the real horizontally polar- ration is somewhat confusing,

ized antenna, and the same distance since it is called an end-fire array.

below the ground. The result for a A more descriptive name might

haorizontally polarized antenna is still  be edge-fire, or something else

a cancellation of energy at 0° eleva- that doesn’t make it sound like the

tion and a reduction of radiation at signal is leaving the ends of the Mex, Gein = 440 684 T o

:ery low angles, as showrl in Flg 7-8 elemeuts.l After all, the azimuth Fig 7-7 — EZNEC elevation plot of two
or perf;ct ground and over typical pattern still hgs a null off the_ element end-fire array of vertically

ground in Fig 7-6. ends of the dipoles. Fig 7-7 isthe  gtacked elements in free space.

elevation pattern in free space for
Let’s Feed the Two Antennas the 180° out-of-phase case.

QOut-of-Phase

So far you've been looking at the
case where the generators attached to

the antennas are of the same phase. . 4
This is a useful and frequently en- 1 Wavelront
countered case, but clearly only one e ~ X -
of many ways you could drive the ~ Y
antennas. The other extreme case is to -~ ik
turn one of the generators around so Difference in ot -~ A %
0‘\?0\/

phase. If you think about it, this is
similar to the horizontal antenna and
its image, but in this case both ele-
ments are above ground. )
For the case of A/2 spacing, the
wave from the lower antenna starts
out at the opposite phase from the sig-
nal in the upper antenna. By the time
it propagates to the upper antenna, . }/ l Gl’oun'i{/
the phase of the signal in that antenna //////
has shifted exactly 180° and now the ////////// /// /////7///{41 047
two signals propagate upward in the

that the two antennas are fed out-of- Path Length \

Take-off or
Elevation Angle

same phase and thus they add, as seen  Fig 7.8 — End view of the two horizontal end-fire dipoles, with phases as
by any receiver directly above. The indicated.
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The End-Fire Array on Its Side

An inferesting case to consider is the end-fire
array with both antennas al the same height, and
still fed 180° out-of-phase as shown in Fig 7-8. An
EZNEC elevation plot ever typical real ground is
shown in Fig 7-9, and it is interesting to compare
this with the similar looking plot of the broadside
array response in Fig 7-5. This is an indication of
an important general principle — there are of-
ten multiple configurations that will provide the
response you want. You can pick the one that best
suits the physical limitations of a particular instal-
lation.

What if We Use a Different Dipole
Spacing?

The 7/2 spacing cases just examined represent a
very special distance in which the radiation in the
plane containing the elements cancels or adds be-
cause the time it takes a wave 10 move between the
two elements results in exactly a 180° phase differ-
ence. There is nothing to prevent you from picking
any other spacing, and there may be reasons why
other spacings are beneficial. One extreme would
be a spacing of zero, or one dipole resting on the
other. If the two are fed in the same phase, they just
act like a single, but slightly thicker antenna. If you
attempt to feed the two dipoles out-of-phase, it will
act as if you short-circuited the transmitter and you
will not be able to put any energy into the system.

At other spacings vou will find that the shape of
the response gradually changes. At smaller spac-
ings the cancellation in the previous null directions
is less than 100%; while at larger spacings there
can be additional peaks and nulls because there are
path differences greater than A/2. [ will examine
the effect of spacing in more detail in the chapter
on Arrays of Multiple Elements.

A Unidirectional End-Fire Array

A very interesting special case of the end-fire
configuration exists if you change the spacing
to A/4 and the phase between the elements from
1807 to 90°. With this arrangement, as shown in
Fig 7-10, with a 90° delay (we’ll show how to do
that soon) to the signal connected to Dipole 1, its
signal has advanced to 0° by the time the signal
from Dipele 2 gets there and they add in-phase in
the direction from Dipole | towards Dipole 2. On
the other hand. the signal from Dipole 2 at -90°
reaches Dipole | when it is at +90°, cancelling in
that direction. See Fig 7-11 for the elevation-plane
plot of this array and Fig 7-12 for the azimuthal
pattern.

It should be clear that there are many applica-
tions in which a unidirectional antenna would be
useful — for example a radar operator could tell
if an aircraft is in front of or behind the radar. As 1

Fig 7-9 — EZNEC elevation plot of end-
fire array 0.75A above real ground.

e Wawibont
#\ .
¥

Fig 7-10 — Physical configuration of two
element unidirectional array.

Max Gain = 1041 A8I

Fig 7-11 — EZNEC plot of elevation
pattern of two element unidirectional
array over typical ground.

Max Gain = 1041 dB: 10 MHz

Fig 7-12 — EZNEC plot of azimuth
pattern of two element unidirectional
array at peak of elevation pattern.
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will discuss later, this is just one of many ways in which you can generate a unidirectional patiern.

Two Dipoles in Line — Collinear arrays

Another configuration of two dipoles is o have them along the same line, end-to-end. The configuration is shown in
Fig 7-13, with the path difference in the signals shown in Fig 7-14. Note that the spacing can be any length larger than
2/2, since they would overlap if less, and then they would not act as two separate dipoles. For the case of the minimal
2/2 spacing at a height of A/2 over real ground, the azimuth pattern is shown in Fig 7-15. In the direction broadside to
the two dipoles, the patterns add, as you would expect, but at any other azimuth the propagation distance is different, as
shown in Fig 7-14.

The further you move away from broadside, the greater the difference in the path length, with the result that the pat-
terns from the two antennas no longer reinforce each other as vou shift off axis. Unlike the stacked case. you have thus
modified the azimuth pattern. but not the elevation pattern (compare Fig 7 -16, the elevation pattern, with Fig 3-7).

UNRADDEZ -t
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Fig 7-13 — Front view of two element collinear array.
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= — e — J Fig 7-15 — EZNEC plot of azimuth
Fig 7-14 — Physical configuration of two element response of two element collinear array.

collinear array.

Fig 7-16 — EZNEC plot of elevation pattern of the
collinear array over real ground.
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Chapter Summary

In this chapter 1 have introduced
and discussed the topic of how two
horizontally polarized dipoles can
be used to deliver more RF energy
to smaller volumes of space than a
single dipole would. If you stack the
dipoles one above the other, vou limit
the elevation coverage. In a special
case you can limit the coverage to a
single direction.

If you put the dipoles side-by-side,
you do not change the elevation cov-
erage, but limit the azimuth coverage.
Either arrangement can be used to
advantage, since it makes sense to
send the energy to places where it can
be nsed.

Notes

To implement *half-power” in the
EZNEC model description, each
source vollage or ¢current should
be set at 0.707 times the full value
(usually 1.0} because the power is
propertional to the square of the
voltage or current.

?f you are not comfortable working
with decibels, spend some time
with Appendix A.

Review Questions

7.1 Under what circumstances might a 2-element broadside array be benefi-
cial?

7.2 Given that broadside and end-fire arrays can have similar responses, why
might one be preferable to the other?

7.3 What are some of the benefits of a collinear array, and some of the dis-
advantages in comparison to the other two antennas?

7.4 Describe two potentially beneficial uses for a unidirectional array.
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The Field From Two Vertical
Dipoles

The combined field from muitiple antennas can be oriented in many helpful ways.
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The Field From Two Vertical Dipoles

In Chapter 7 I described the way the fields from two horizontal dipoles combine at a distant point. [ pointed out
that if the two dipoles were fed equal amounts of energy in the same phase that the energy would add everywhere the
distance to each of the dipoles was the same. I 2lso noted that the presence of the ground reflection could modify the
result, depending on how high above the ground the antenna elements were located. If the elements were fed in opposite
phase (180°) the energy would cancel in directions that were equal distances from the elements and thus the directional

characteristics would be changed.

As you might expect, similar things happen to dipoles that are oriented vertically. In fact, you may wonder why verti-
cal dipoles rate a whole chapter, since they are essentially the same as horizontal antennas placed on their side. The big
difference is in the way that ground reflections act on vertically polarized signals. 1 will start with essentially the same

configurations as in the horizontal case¢ in Chapter 7.

Side-by-Side Vertical Dipoles

The side-by-side case is in many respects simi-
lar to the “stack™ of horizontal dipoles I started
with in the last chapter. A broadside view of the
configuration is shown in Fig 8-1 with a bird’s-
eye view in Fig 8-2. Here both dipoles are fed in
the same phase. This means that their fields will
add in the direction perpendicular to the plane of
the antennas,

By convention, the height of this array is taken
as the height of the center of the array. Witha
vertical /2 dipole. this distance cannot be less
than A/4 because otherwise the bottom would be
on the ground. I have chosen a height of 36 fest
for a 30 meter dipole. This places the bottom
|2 feet above the ground. This is a special height,
as I will discuss later, but [ could have selected
any height greater than about 24 feet to keep the
bottom of the dipole off the ground.

In-Phase Performance

With equal power to the two elements, the
free-space azimuth pattern shown in Fig 8-3 will
result. As expected, the maximum field strength
occurs in the direction broadside to the plane of
the elements (0° per the indicated azimuth angle
in Fig 8-2). You won’t be too surprised at the
free-space elevation pattern, taken at the maxi-
mum of the azimuth pattern — in the broadside
direction and shown in Fig 8-4.

If you modify the EZNEC model by put-
ting the antenna above perfect ground, you will
see in Fig 8-5 the first major change from the
horizontal case. Unlike the horizontal array, the
vertical array provides the strongest signal at
the horizon (0® elevation). Again, this is a resull

8-2 Chapter8
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Fig 8-1 — Front view of configuration of two in-phase
stacked vertical dipoles.
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Fig 8-2 — End view of the two vertical dipoles, with
polarity as indicated.




of the antenna image (the apparent
starting point of the ground reflec-
tion) being in-phase with the antenna
itself for vertical polarization. Arrays
of this sort can approximate the
perfect-ground case if there is highly
conductive ground in the desired
broadside direction. If the antenna
array 1s located adjacent to a body
of saltwater, or if many wavelengths
of wire mesh are used to simulate a
highly conductive ground, very low
takeoft angles can be achieved.

QOver typical ground, the picture
is not quite so rosy. The electromag-
netic waves traveling adjacent to

the ground heat up the lossy ground
resulting in less energy traveling
along the surface. A number of other
effects combine to eliminate the very
low-angle propagation, as shown in
Fig 8-6, where the patterns for perfect
and typical grounds are compared.
Compare these results to those of
the horizental array in Chapter 4 at a
cornparable height and note that the
peak of the vertical beam is still at a
slightly lower angle.

Different applications often find
one orientation superior to another.
For example, early naval shipboard
radar systems tried vertical polatiza-

tion, with the hope that the low-angle
coverage would be excellent for
observing distant surface vessels.
What they found instead was that
reflections from seawater wave
fronts (called seq clutter in the radar
business) overloaded the receivers
and masked real targets. A change

to horizontal polarization with its
null at the horizon largely eliminated
the problem. The height of the usual
naval shipboard radar was sufficient
that distant targets could still be seen
above the horizon.,

UBADOST
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Max. Gain = 5.9 dBi
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Fig 8-3 — EZNEC plot of azimuth pattern of two

element array in free space.

Max, Gain =5.9dBI

10 MHz

Fig 8-4 — EZNEC elevation plot two element

vertical array in free space.

LBAJOED

]
!

ypical Ground

= K,

Max. Gain = 12 286 4Bi

10 MHz

Max. Gain = 12 26 dBi

Fig 8-5 — EZNEC plot of elevation pattern of two
element vertical array over perfect ground.

Flg 8-6 — EZNEC plot of elevation pattern of two
element vertical array over typical ground.
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Vertical Dipoles in a Line

Vertical dipoles in a collinear configuration make a particularly use- UBAOCS1
ful antenna system. By placing one dipole above the other, as shown in
Fig 8-7, and feeding them in phase we reinforce the radiation near the
horizon. The resulting elevation pattern is shown in Fig 8-8 for two col-
linear dipoles (dashed line) compared to just the lower dipole (solid line). +
When the second dipole is added, the peak field intensity becomes some- Dipole2 (’\,)
what strenger and is focused closer to the horizon. This configuration,
as well as designs with additicnal in-phase dipoles, are commonly used
by VHF and UHF base stations who need to communicate with vehicle-
mounted radios in all directions. At VHE/UHF a number of dipoles can
be combined in such a vertical collinear configuration and still be of
reasonable size. The additional gain improves the signal-to-noise ratio at
the edges of the coverage area.

It is interesting to look at the effect of element spacing on the resultant
pattern. The maximum gain of two collinear dipoles occurs at a spac-
ing of 1 A (A/2 between element ends). The resulting patiern is shown in +
Fig 8-9. While the peak gain is about 1.7 dB higher than the close-spaced Height Dipole 1 :\;) —¥
collinear, the energy going upward is starting to become predominant.
This is because at wider spacings the path length from the two elements
can be in-phase at angles other than the broadside direction.

The peak at about 437 elevation results because there is still enough
energy in each element’s pattern and they are close encugh to being in- Ground
phase that they add to a large measure. At 43° elevation. the difference T —
in path length is 0.68 2 (244° compared to 1 A or 360° for in-phase). At i
a spacing of 12, rhe next elevation a.t wlhl‘ch the two waves \A’#ll] b§ m Fig 8-7 — Elevation view of two
phase is 90°, or straight-up. But the individual elements don’t radiate at vertical dipoles in collinear
90°. Hence there is nothing to combine and there is thus still a null at the configuration.
vertical.

e Spacing

Max. Gain = 1.76 dBi 10 MHz Max. Gain = 3.44 dBl 10 MHz
Fig 8-8 — EZNEC elevation pattern of two closely Fig 8-9 — EZNEC plot of elevation pattern of two
spaced collinear vertical dipoles (dashed line) element vertical collinear array with center-to-center
compared to the pattern of just the lower dipole spacing of 1 3.

{solid line) above typical ground.
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For any spacings greater than 90° (A/4)
there will be elevation angles at which the
path difference is 360° within the pattern
of each antenna, so the combined pattern
gets more complex and often less useful.
For example, Fig 8-10 shows the pattern at
a spacing of 2 A. At this spacing, the waves
from the two dipoles are still in-phasc at
the horizon, but are in-phase again at an
elevation angle of 30°. (See the sidebar for
a description of the calculation.) Since the
individual dipole patterns are only down a
small amount there, a significant additional

Max. Gain = 3.6 dBI

10 MHz

lobe results.

Fig 8-10 — EZNEC plot of elevation pattern of two

element vertical collinear array with center-to-center

spacing of 2 .

Phase Steered Arrays

The two element vertical array can
be used as an antenna system that
can be sfeered 1o point in different
directions by changing phase. While
the 3/4 spaced horizontal array can
have its direction switched by chang-
ing the sequence of feeding the two
dipoles, a vertical array offers more
possibilities. It should be easy to
imagine a pair of /2 spaced vertical
dipoles providing either east-west
or north-south coverage. depending
on whether they are fed in-phase or
out-of-phase. A possibly even more
useful case is the A/4 spaced case,
where either of two unidirectional

patterns can be had along the plane
of the wires. This is similar to the
horizontal unidirectional arrangement
of Chapter 4. In addition. the two ele-
ments can be fed in-phase to provide
broadside bidirectional coverage. at
somewhat less gain than the more
wide-spaced case.

Perhaps the most extreme example
of an application of phase-steering
technology is that of the USAF
AN/FPS-115 Pave Paws phased array
radar shown in Fig 8-11, This system
provides a “no moving parts” radar
system in which each of the two face-
plates (one shown, the other oriented

to provide nearly 270° total coverage)
are composed of 896 distinct antenna
elements, each with its own transmit-
ter and receiver front-end. The array
is about 72 feet wide with an operat-
ing frequency in the 435 MHz range.
By combining the signals from each
of the elements with carefully con-
trolled phase, a phase-steered beam
with an azimuth and elevation width
of 2.2° is achieved, capable of detect-
ing targets up to 3000 nautical miles
away. There are many advantages of
such a system compared to the usual
rotating radar antenna — faster track-
ing, possibility of multiple simultane-
ous beams and less wear and tear —
to name a few,

Fig 8-11 — View of one panel of
Pave Paws phased array system.
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Review Questions -

8.1 Why are arrays of vertical dipoles usually vsed as base stations for mobile
networks?

8.2 Discuss some of the benefits of vertically polarized antenna sysiems com-

pared 1o horizontal ones. Consider physical characteristics as well as electrical
ones.

8.3 Why might you not want to use vertically polarized antenna systems to
communicate with nearby aircraft?

8.4 What do you think would happen as you added more and more vertical col-
linear elements above the first two?

8.5 Under what circumstances might a conventional mechanically rotating array
have advantages over a phase steered system, such as Pave Paws?

The Field From Two Vertical Dipoles 8-7



Chapter 9

Transmission Lines as
Transformers
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Transmission lines can serve in many roles. Here one is used as a resonant circuit.
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In discussions so far, | have mostly been talking about transmission lines feeding terminations matched to their
characteristic impedance (Z ). It is often the case. either by design or accident, that the load impedance does not match
the line Z . As I mentioned in Chapter 5, the impedance seen at the input of a transmission line is a function of the load
impedance, the line characteristic impedance, the loss in the line and the number {or fraction) of wavelengths of line.

Lines With Unmatched Terminations

It is often beneficial to operate
transmission lines into matched loads.
The line loss will be lowest for that
case, voltages and currents are easily
predictable, avoiding stress on com-
ponents connected to the line, There
are cases in which operating lines in
an unmatched condition can provide
just what we need — easily predict-
zble impedance transformation.

The Quarter-Wave (1/4)
Transmission-Line
Transformer

Along a transmission line that is
not matched to its load, the voltage
and current will vary with distance,
providing a lead to the transmitter
end that is generally neither that of
the far end Z , nor the Z, of the trans-
mission line. The ratio of maximum
voltage on the line to minimum volt-
age on the line is called the stand-
ing wave ratio or SWR. A matched
line has an SWR of 1:1, a 50 €} line
terminated with a 25 or 100 Q load
will have an SWR of 2:1. There are a
whole family of complex impedances
that will also have a 2:1 SWR, by the
way. However, the computation is
much easier with resistive loads.

For a lossless hine (and approxi-
mately for a short section of real
transmission line) the SWR will re-
main the same along the length of the
line. The load impedance, resistive or
complex, repeats everv A/2. The im-
pedance goes to the opposite extreme
at odd multiples of A /4. For example,
a 25 Q) load would get transformed to
100 € with 2./4 or 344 transmission
line sections and vice versa. This ef-
fect can be used to your advantage if
you wish 10 transform impedances at

9-2 Chapter9
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A/ 4 Transmission Line with Zg

Fig 9-1 — Quarter-wave transmission-line transformer.

a specific frequency. For example, if
you have an antenna with an imped-
ance of 100 2 and you connect it

to a A/4 section of 75 ) coax, the
SWR will be 100/75 or 1.33:1. At
the other end of the A/4 section, the
impedance will be 75/1.33 or 56 0, 2
close match (SWR of 1.12:1) to 50 Q
transmission line. You could then use
standard 50 2 coax cable for a long
run to your 50 Q transmitter with
lower losses than if you had used the
original 100 € load directly, with its
2:1 SWR.

The general expression for the
input impedance (Z,) of a A/4 section
of transmission line with characteris-
tic impedance Z, terminated in a load
of Z, is:

.
i B
A Z
To solve for the needed transmis-
sion line Z , we rearrange as:

Zo =2y,

A few observalions are in order.
While the quantities are shown as
complex numbers, transmission lines
are available (for practical purposes)
only with real, non-reactive 7,

This implies that the formulation
works best for real values of 7 , as
in the above example. This is not

a limitation if you work with reso-
nant antennas, which by definition
offer a resistive load. Note, as 1 will

Total Length 2 x 0.65 A Each Side = 1.3 A

UBADDE7

‘\Transmission Line Length
and Z0 to be Determined to
Match Antenna Zto 50 Q

©

Fig 9-2 — Extended double Zepp with matching section of line.



Max. Gain = 10.58 dBi

10 MHz

Fig 9-3 — Extended double Zepp azimuth pattern.

discuss, complex impedances can be
transformed to match real transmis-

sion lines by using transmission line
lengths other than A/4.

The utility of the A/4 transmis-
sion-line transformer method can
be limited by the range of avail-
able transmission line impedances.
Coaxial cable is generally available
with Z, from about 30 to 90 Q. while
balanced line is available from about
70 to 60C £2. It is practical to connect
transmission lines in parallel (particu-
larly coax) to obtain lower values of
Z,. For VHF and UHF work, it is also
feasible to fabricate transmission-line
sections with a wider range of values,
or non-standard values, through the
use of available copper or aluminum
tubing,.

Since the transformation will
repeat with any odd number of A/4
sections, it 1s tempting to consider us-
ing 34/4 or higher odd multiples of a
#/4. This has two potentially signifi-
cant pitfalls that should be evaluated
first. The use of longer mismatched
sections will result in higher losses.
Often more serious, for sections
NM/4, the change in Z with frequency
will happen N times more rapidly
with the longer section, effectively
reducing the operating bandwidth of
the system.

ILis also possible to use successive

A/4 sections of line with different
Z, to work from one impedance to
another in steps. This method shares
the pitfall described above.

Transformation With Other
Lengths of Transmission
Line

While a 2/4 transmission line
transformer is very useful, especially
for resistive loads, sometimes other
situations require transformation, A
good example is to consider a popular
antenna with a reactive input imped-
ance, the extended double Zepp. This
antenna is just a center-fed dipole
with each side of length 0.625 L. Tt
is the longest type of simple antenna
that can still focus its energy into a
single lobe on each side. The extra
length and spacing, similar to the
two-element collinear, but with a
simpler feed system, result in a bi-
directional pencil-sharp pattern with
higher gain than a dipole. This can be
useful to work stations in a particular
direction.

While you could perform a lot of
math and determine the impedance
al the center of this antenna, you can
more simply model it using EZVEC.
The resulting azimuth pattern is
shown in Fig 9-3. while the imped-
ance plot is shown in Fig 9-4. Note

that the impedance al the center at
10.0 MHz is 237.7 - j 1187 Q, not
suggestive of a standard transmission
line! Again, avoiding tedious math,
you could turn to the TLW program
and insert the antenna impedance in
the LOAD window, using the minus
sign 1o indicate - j. Next, adjust the
two available parameters, the line
length and Z ;, until you find some-
thing that looks like the desired input
impedance in the IMPEDANCE AT INPUT
indication at the bottom. It takes a
few trials to see a direction, but you
can find a reasonable length of easily
available open-wire 600 Q line that
transforms the impedance to 50 Q for
a coax run to the transmitter.

T was lucky to find an easy solution
to this matching problem, perhaps a
reason that this is a popular antenna.
This will not always be the case. If
this technique doesn’t result in a result
that is easy to deal with, sometimes
an intermediate value can be found so
it can be transformed to your desired
impedance through a A/4 transmission-
line transformer. Even better for this
antenna might be to use a 4/2 long 4:1
balanced-to-unbalanced transformer
as shown in the next section. It is also
possible to try various nonstandard,
but buildable line sections using the
USER DEFINED TRANSMISSION LINE op-
tion in TLW.

The Half-Wave Loop 4:1
Balanced-to-Unbalanced
Transformer

As discussed in Chapter 6, many
antennas are naturally balanced with
respect to ground. while coaxial

x = e
T ke : H
P " i
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e | - =
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Fig 9-4 — TLW impedance and
SWR of extended double Zepp.
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Fig 9-5 — Impedance of extended double Zepp transformed through

empirically determined lIne section.

transmission lines are naturally un-
balanced. Sometimes the resulting
discontinuity obtained by hooking an
unbalanced line to a balanced antenna
can cause problems of various types.

In Chapter 6, [ mentioned the
choke balun as a way to avoid the ef-
fects of the unbalance. Another way
is through the use of a coaxial cable
loop balun, as shown in Fig 9-5. The
secret to how this works is that a A/2
of transmission line repeats at its

Review Questions

input whatever the load impedance

is at the output. It is often possible to
arrange an antenna impedance to be
a 200 Q2 balanced load. As shown in
Fig 9-5, half of the load, one side at
ground or common potential, appears
on one end of the loop. At the other
end of the loop it is 100 €2 again and
in parallel with the 100 €2 of the other
side. Because of the phase difference
of 180°, due to the A/2 length of line,
the two sides are out-of-phase and

50 Q Feed

Fig 9-6 — Coaxial loop 4:1
transformer-baiun.

can drive the antenna properly. The
twae combine to form a 50 Q load
with one side at ground potential — a
perfect spot for connection to 50
coaxial cable.

Note that the transformation ratio
of 4:1 will happen for any load and
any cable Z . The closer the cable Z,
is to the half load, the less rapidly Z_'
will change with changes in frequen-
cy, or equivalently, the less fussy the
balun will be about cutting accuracy.

9-1 You wish to feed two 50-(2 impedance antennas in phase by joining their transmission lines
together. How might you transform the resulting 25-€ to provide a close match to 50-C2 trans-

mission line?

9-2. Repeat question 9-1 in a different way so that the impedance of the connections of the two

antenna feeds is 50 €. (Hint — this wi

Il require two transformers.)

9-3 Consider a A/2 transmission-line loop balun constructed from RG-58 coax cable and designed
to feed a 10-MHz antenna with an impedance of 200 €. What will be the loss in the length of

cable considering the resulting SWR?
9-4 Repeat 9-3 for RG-213 cable?

9-4 Chapter 9




Chapter 10

Practical Two Element
Antenna Arrays

This two element array uses loop elements.
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It’s not much more difficuit to construct twe element (or even more) antenna arrays than te construct the dipoles
described in Chapter 6. In this chapter, T will discuss a few classic two element antennas, and even toss in a simple
four-element array to set the stage for more complex antennas.

The Two element Broadside Array

If you suspend two dipoles, as in
Fig 6-1, one above the other. you will
make a simple broadside array. As |
discussed in Chapter 7, by feeding the
two in-phase. you focus the radiarion
towards the horizon (for free space)
or for real ground move it more in
that direction.

Fig 10-1 shows the configuration.
Note that I have defined the height
(h) as that to the array center, and the
spacing (s) as the separation between
the two elements. You can see the
benefits of the configuration with A/2
spacing by looking at the solid trace
in Fig 10-2 that shows the eleva-
tion pattern of the array over typical
ground. A dipole also at a height of
50 feet is shown in the dashed trace.
Since you need a support of about
75 feet to have the center at 50 feet,
it seemed fair to also show a single
dipole at that height. Its elevation pat-
tern is shown in the dotted trace. Note
that even though the peak of the dot-
ted trace is at a lower elevation angle
than the peak of the broadside array,
the actual radiation at every low
elevation angle is stronger with the
broadside array. The array has nulled
out the vertical radiation, a benefit in
some cases. especially if noise tends
to appear from high elevation angles,
as it often does.

If it were free space, without
ground reflections that cancel at the
horizon, the main lobe of the array
would be more than 3 dB stronger
than either dipole. In this real-world
case the improvement is a bit less
than 2 dB, still worth doing.

Putting the Broadside Array
Together

Putting together a broadside array
1s something like putting up two di-
poles. The main trick is to make sure

10-2 Chapter 10

uBADOTZ

To Transmitter

e =)

Transmission-Line

——  Junction

il

Ground

/f/,///

2

Fig 10-1
broadside array.

— Details of a simple two element HF
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Max. Gain = 9.02 ¢Bi
Frec. = 10 MHz

Fig 10-2 — Elevation pattern of the 10 MHz broadside
array (solid) compared with dipoles at 50 feet
(dashed) and 74.6 feet (dotted).

that you are actually feeding the pair

in-phase. This can be accomplished

if:

* The transmission lines from the
junction in Fig 10-1 to each dipole
are the same type and the same
length

* The connections are made in the
same direction. That is, both right-
hand dipole arms must be con-
nected through the lines to the same
point at the junction. 1f they are
reversed the dipoles will be 180°
out-of-phase — a possible configu-



ration, but not what you want
here.

Hooking Them Up

An interesting property of
two parallel antennas is that
their coupling due to proximity
results in a mutual impedance
that combines with each anten-
na's self-impedance to result in
a new impedance al each feed
peint. This effect will be found
to some extent for all multiele-
ment arrays. For a broadside
array, the effect is that each

To Transmitter

= —————— Transmission-Line
Jurction

Ground

dipole’s impedance (that by >
itself would be about 65 Q at

&

LS

Py

,,,,,

S A S LS S
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this height above ground) will
be raised to around 80 (2 by the
effect of mutual coupling. [f
you were to feed each antenna
with /4 of 50 Q coax, the
impedance transformation due to the
24 hine discussed in Chapter 9 would
result n an impedance at the bottom
of each line of 31.25 Q). This results
in 15.6 Q when they are connected

in parallel. The result is a fairly high
(3.2:1) standing wave ratio for the

run to the transmitter if 50 Q coax is
used.

in Search of a Better Match

There are a number of ways to
connect the antennas and achieve a
reasonable match to 50 € coaxial
cable. Two that are almost painless
are as follows:

* Use readily available 75 Q coax for
the A4 sections going to each an-
tenna. The A/4 transformation with
80 Q at the input will result in 70 Q
for each feed. This will combine to
make 35 £, resulting in an SWR
of 1.4:1. This is usually a work-
able match. Note that with standard
coax, the antennas could be only
0.33  apart (perhaps 0.4 A with
foam dielectric coax). This spacing
will work almost as well as A/2, but
will not quite cancel the upward
lobe and will have a bit less gain.

* Use 50 Q coax for the lines going
1o each antenna, but make them
an electrical 1/2 long. The A/2
sections will both repeat the 80 Q
at the input for each feed. These
will combine in parallel for 40 Q,
resulting in an SWR of 1.25:1.

With standard coax this means that
the antennas could be up to 0.66
apart, a spacing that provides even
higher gain.

Another way is sometimes en-
countered. This one requires some
care to result in equal signals going
1o the two antennas, but does offer a
simplicity that is hard to beat. If the
two antennas are connected together
via an exact A/2 Jength of transmis-
sion line that is reversed (upper shield
to the right element arm, lower shield
to the left) the resulting signals to
the two antennas will be in-phase. In
addition, because the A/2 transmis-
sion line repeats the impedance of
the upper antenna the impedance of
the upper antenna will be repeated at
the junction and the paraliel connec-
tion should result in an impedance of
about 40 2.

In a similar way, a 1 A section of
transmission line will also repeat the
impedance of the upper antenna at the
lower. This time the two antennas will
be in-phase if connected to the same
side of each antenna. This allows a
spacing of up to 0.66 &, which should
result in higher gain and an imped-
ance that is even higher due to mutual
impedance and thus a closer match to
50 Q coax at the junction poinL.

The 8JK, an Effective and
Easy End-Fire Array

The classic HF end-fire array was

Practical 2-Element Antenna Arrays

Fig 10-3 — Details of a simple HF end-fire array. Note 180° phase reversal is
required at the junction point.

described by the late John Kraus.
WR8JK. Professor Emeritus at Ohio
State University and the force behind
one of the earliest radio telescope
development efforts. The antenna still
bears his call sign and is called the
“8JK Flat-top Amray.”

The HF end-fire array is just two
dipoles at the same height fed 180°
out-of-phase. Skyward energy is
cancelled and all available power is
radiated towards the horizon. The
original 8JK was designed using lon-
ger elements, and 'l talk about that
configuration again in the multiband
antenna chapter. But for now, let’s
look at the single-band A/2 resonant
case.

The basic configuration is shown in
Fig 10-3. There is nothing surprising
here, but as often the case, the devil is
in the details.

Hooking Them Up

A key issue is the mutual coupling
of the two closely spaced dipoles.
Because the two elements are closely
spaced, the mutual inductance be-
tween them has a significant effect
and reduces the feed-point impedance
of each dipole to a very low value.
For example, at 0.1 2, in theory a
spacing with high gain. the predicted
impedance of each dipole is only
around 6 £2. At (.15 A it rises to about
12.5 €}, perhaps a value that can be
matched more efficiently.

If you feed each dipole with a 2/4

10-3



length of 50 £ coax, the impedance
at the end of each should be 200 A. If
we combine them in parallel (remem-
bering to reverse the connections

at one dipole to make them out-of-
phase) the result should be 100 A.
Now you either can use 50 Q coax
with an SWR of 2:1, or you can insert
a A4 section of 75 € coax and have
an almost perfect match to 50 €.

An Easy Collinear Array

The arrays I have described so far
in this chapter have been designed
to focus their energy at low radia-
tion angles while still maintaining
the wide azimuth pattern of a dipole.
It is easy to make a horizontal array
that doesn’t restrict the elevation
pattern, but instead has a sharper
azimuth pattern to generate gain in
the main lobe, This is accomplished
by putting two (or more elements
along the same axis, or in-line as
shown in Fig 10-5. This configura-
tion is called a collinear array.

Changing the

Fig 10-4 — Elevation respanse of
the 10-MHz half-wave end-fire array
of Fig 10-3 with 0.15 A spacing,

50 feet above ground.
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Fig 10-5 — Configuration of two element collinear array.

The minimum center-to-center
spacing of A/2 dipoles is 0.5 A and
the resulting azimuth pattern of a pair
of common 30-MHz dipoles, 50 feet
high is shown in Fig 10-6. The sharp-
ness and gain of the two-lobed pattern
increases as the elements are sepa-
rated, up to a spacing of 0.625 A, at
which peint the beamwidth is reduced
to 40° and the gain in the main lobes
increases (o a bit more than 3 dB
compared to a dipole (dBd). Above
that spacing, the sharpness of the
main lobe increases; however, pawer
also appears in additional lobes,
reducing the increase in main-lobe
gain. This is illustrated in the azinmuth
plot shown in Fig 10-8 for a spacing
of 1 L. The multi-lobed pattern can
sometimes prove useful if you are
trying 1o communicate with regions at
different azimuths at the same time.
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Max. Gain = 9.5 d3i

Freg. = 10 MHz

Max. Gain = 10.69 dBi

Freq. = 10 MHz

Fig 10-6 — Azimuth pattern of two
element collinear array with center-
to-center spacing of 0.5 A.

Fig 10-7 — Azimuth pattern of
two element collinear array with
center-to-center spacing of 0.625 i




Feeding Collinear Dipoles

As with other multi-element
systems, you must be concerned with
the effects of mutual impedance as
you try to feed collinear elements.

As you might expecl, the coupling
between wires on the same axis is not
very strong and the effects are small
except at close spacings. The real

part of the impedance of each dipole
goes up smartly at /2 spacing, but

is negligibie for spacings at 0.623 A
and greater. The reactive part of the
mutual impedance results in a need
1o shorten each dipole by about 1%

at close spacings in order to achieve
resonance. The resulls are summa-
rized in Table 10-1. Each dipole can
be fed with equal length sections of
50 € line with reasonable (less than
3:1) SWR at 50 € expected at the
junction. If 93 Q cable is available, a
1/4 ransformer can be used to trans-
form the impedance above 100 Q.
followed by A/2 sections of 50 ()
cable so a pair of paralleled feed lines
will be just above 50 Q. A 75 Q cable
can do almost as well.

Table 10-1

Summary of Collinear Parameters Compared to Single Dipole

C-C Spacing Gain (dBj)  Gain (dBd) Beamwidth Z(2) Length

Correction

Single Dipole 7.6 0 85.8° 67 100%
0.54 9.5 19 53.4° 88 99%
0.625 & 10.8 32 40° 65 98%
1.0 105 29 29.8°* 66 100%

“Broadside lobes only.

Max. Gain = 10.46 oBi Freq. =10 MHz

Fig 10-8 — Azimuth pattern of
two element collinear array with
center-to-center spacing of 1 A.
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The Double Zepp

The extended double Zepp (EDZ),
discussed in Chapter 9 to illustrate
transmission-line transformation of
nonresistive loads, and its compan-
ion. the (non-extended) double Zepp,
are two easy-to-implement collinear
arrays. The double Zepp looks like
a center-fed full-wave dipole, but is
really two A/2 dipoles, each end-fed
in-phase with a single transmission
line. The impedance at that point
at resonance is quite high. around
5800 Q for a 10 MHz system of #12
wire 30 feet high.

Using our expression from Chap-
ter 9 for finding the impedance of
a A/4 matching section to match 1o
50 Q, reveals that a 538 O line is
needed. While you could construct
that line, a common 600 Q line will
transform the impedance to 62 3,
yielding a usually acceptable SWR of
1.2:1 for 50 Q line. The configuration
was shown in Fig 10-9.

The azimuth pattern of the double
Zepp is the same as a dual-fed
collinear with 0.5 & spacing. The
extended-double Zepp with its match-

10-6 Chapter 10

ing section is described in Chapter 9.
The extended double Zepp azimuth
pattern is shown in Fig 9-3. Note that
the out-of-phase radiation from the
center section of the extended double
Zepp results in a slightly ragged pat-
tern compared to the 0.625 & dual-fed
collinear; however, it is close enough

to work well in most applications and
is often easier Lo construct.

Notes

4 Kraus, W8JK (SK), “Directional
Antennas with Closely-Spaced
Elements,” QST, Jan 1938, pp
21-25.

Total Length 2 x 0.5 A Each Side = 1.0 A total

Quarter-Wave Transformer
with Zo of 600 Q

to Match Antenna Z to
approximately 50

/

v

UBADNEN

Fig 108 — Configuration of center fed Zepp version of two
element collinear array.

Review Questions

10-1. Discuss the benefits and limitations of 2-glement broadside arrays as a
means of focusing radiation at low elevation angles.

10-2. Discuss the benefits and limitations of 2-element end-fire arrays.

10-3. Consider the collinear arvay of Fig 10-3, Why can’t it be fed via a pair
of A/4 matching sections?

10-4. What factors might you consider to decide between using an extended-
double-Zepp and a dual 0.625-X spaced dual-fed collinear pair?



Chapter 11

Wideband Dipole Antennas

: & al 4 :
The X-shaped spreaders on either side of the center of
the wideband cage dipole at W1AW
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What’s the Story About Bandwidth?

To date [ have been discuss-
ing antennas designed [or a single
frequency, usually a convenient
10 MHz. It is important to recognize
that any signal, except for a steady
carrier, includes sidebands around
the operating frequency. To avoid
distortion of the transmitted signal,
the antenna needs, at a minimum, to
be able to radiate all the frequencies
that are part of the transmitted signal
— without distortion.

The Effects of Bandwidth
Restriction

All of the antenna parameters we
have discussed — SWR, elevation
pattern and azimuth pattern — will
change when the transmit frequency
is changed. Each can also have the
effect of making a change in the re-
ceived signal level, even if the receiv-
ing antenna has no restrictions itself.

For narrowband signals, usually
the first transmit parameter to exhibit
a noticeable difference is the SWR.
While the SWR itself won’t result in
a change in antenna responsc, the re-
sulting change in impedance as seen
at the transmitter will ollen result in
a change in the power delivered to
the load. Depending on the loss of
the transmission line to start with, an
increase in SWR can also result in an
increase in line loss, also reducing the
power delivered to the antenna.

How Much Bandwidth do You
Need?

Different transmission modes
require different bandwidths to carry
the associated sidebands. Table 11-1
is a summary of common signal
lypes encountered in radio systems,
along with their requisite bandwidths.
These bandwidths apply to a trans-
mission system operating on a single
carrier frequency. While there are
many such single-frequency broad-
casters and communications syslems,
there are also many that require
operation on multiple frequencies.
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Table 11-1

Bandwidths of Common Transmission Modes
Mode Use Typical Bandwidth
Radiotelegraph Manual Keying <100 Hz
Radioteletype Manual Keyboard <300 Hz
SSB Voice Communication 3 kHz

AM Voice Communication 6.6 kHz

AM Voice/Music Broadcast 10 kHz

FM Voice Communication 15 kHz

FM Stereo Music Broadcast 150 kHz
Analog Television Broadcast 6 MHz
Pulse Data/Radiolocation 2/Pulse Width'

These fall in a few categories that I'll
discuss bclow.

Operation Across a Band of
Frequencies

Instead of a single frequency of
operation, some services require
users to be able to operate on dif-
ferent channels within a band of
frequencies. Examples of this kind
of operation include the Amateur
Radio service that allows operation
on multiple, fairly wide bands across
the radio spectrum. Another example
is the maritime radio service,

Maritime HF operation occurs in
multiple bands across HF and into
VHF to allow for different ranges
and propagation conditions. Within
each band the opcrator initiales com-
munication on a calling channel and
then switches 1o one of a number of
working channels to pass traffic. The
selected working channel will depend
on the type of service, category of
distant station (shipboard, shore sta-
tion, drawbridge or USCG, as exam-
ples — each with different assigned
groups of channels) and whether or
not a particular channcl is in use, so
most stations must be prepared to
operate on virtually any channel.

Typical, varies significantly with risetime and pulse shape.

In either of the above examples,
operational simplicity results if the
design of the antenna is such that
an operator can select any channel
within a band without having to make
a change in the antenna system or
the transmitter output circuit. The
ability to accomplish this is usually
a function of the width of the band
as a fraction of the band’s center
frequency.

Do We Have a Problem?

A good example of such a band
is the US 80 meter amateur band. It
extends from 3.5 to 4.0 MHz, a width
of 0.5 MHz, or 13.3% of the band
center. Other amatcur HF bands have
a narrower percentage bandwidth, so
this is a good limiling case o look at.
If you can make 80 meters happen,
you can succeed on any other HF
amatcur band.

1’1l start examining the issue by
locking at a good baseline configura-
tion — a A/2 long thin wire dipole.

I will assume that you have a radio
system that can work into a 2:1 SWR
at 50 €. T will use a standard dipole
height of 50 feet, and find a length
that makes the SWR approximatety
equal at the band edges. The result



is shown in Fig 11-1. The 2:1 SWR
bandwidth is around 150 kHz, with
an SWR that rises above 5:1 at the
band edges. It looks like something
will have to happen to obtain an
antenna that meets the require-
ments — it would take more than
three separate dipoles of this simple
design to cover the entire band! At
around 130 feet in length, this is not
a solution for everyone — besides, |
don’t want to require the operator to
have to remember to switch anten-
nas in mid-operation as channels are
changed.

So What Should You Do?

The first step is to observe that 1
have posed a bit of a hurdle by not
having an antenna that has an imped-
ance of 50 Q at any frequency in the
band. Assume that | can design a
wideband 69:50 Q transformer that
will transform the antenna mid-band
load of 69 Q to the 50 Q that the
transmission line and radio want to
see. There are a number of ways to
do that, so please assume I have one
at hand. The result is shown in the
plot of Fig 11-2. Note that I now can
cover 200 kHz with an SWR of 2:1
— I'm headed in the right direction
but I'm not there yet.

In Chapter 4, [ discussed the
relationship of antenna length-to-
thickness ratio as it affects impedance
change with frequency. Another term
for that is bandwidth, so iet’s explore
that as a possibility. Using EZNEC,
it is easy to adjust the wire diameter
to get the SWR bandwidth I want. I
find that by increasing the wire from
#12 to 24 inches in diameter | can
achieve the desired SWR bandwidth,
as shown in Fig 11-3.

Using tubing for elements is quite
common at higher frequencies, and
thick-diameter tubing is found as a
material in a number of broadband
VHF antenna designs. Unfortunately,
even with the shortened length of
the thicker antenna (from 127 to
118 feet), hoisting that much thick
tubing up 50 feet may not be a fea-
sible solution, in spite of how easy it
is to model.

SWR

el
W=

i 38 4.0
Frequency (MHz)

Fig 11-1 — SWR plot of 80 meter
dipole of #12 wire at 50 feet.
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35 38 40
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Fig 11-2 — SWR plot of 80 meter
dipole of #12 wire at 50 feet
referenced to 69 Q.

UBADDBI

INF

SWR

15 ~ /r
o 5 | NS \\ Pa
1.0 -

a5 is 40
Fm MIZ}

Fig 11-3 — SWR plot of 24 inch
diameter 80 meter dipole at 50 feet
referenced to 69 (.
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Enter the Cage Antenna

Instead of using tubing, you can simu- =
late the current flow on a tube by providing a-gm@
multiple wires along its length at some radius e . 3
from the center. The more wires you have, the \
closer it will act like a piece of tubing. Con- X-Shaped Spreaders
sider an antenna made of four wires, equally
spaced on the corners of a square with an
8 foot diagonal shown in Fig 11-4, you
achieve virtually the same SWR performance :
as the 2 foot diameler tube, with much less LIBAOB4 bheld e
weight, Additional wires will result in a
smaller cross section required, but a heavier
structure. A cage antenna of six wires about
| fool across was used at the US end of the
first amateur transatlantic communication
back in 1923.

Transmission-Line

Fig 11-4 — Details of a four wire cage antenna.

A Two-Dimensional Cage — the “Fat”

Dipole Antenna

[nstead of making a three dimensional skeleton of tubing, you can simplify things even further, by adding a paral-
lel wire some distance from the first. The configuration is shown in Fig 11-5. The outside ends are both at the same
potential, so they can be connected, or not as you wish. Wider spacing will determine the bandwidth for this band, but a
spacing larger than about 1 foot doesn’t change things much. I have made an EZNEC SWR plot of such a dipole with a
1 foot spacing, as shown in Fig 11-6. Compare this with the SWR plot of a single wire “thin” dipole in Fig 11-1.

While this configuration almost meets a 3:1 SWR goal, rather than my 2:1 SWR goal for 80 meters, when scaled it
will cover any higher HF amateur band. Some radios, more tolerant of SWR, will work across all of 80 meters as well.

Increasing Spacing Resulls
in Wider Bandwidth 0.0

// 53
K £ 50

11 | !
10— A :
35 38 40
A 50 Q Transmission Line To Radio FIRmY )
Fig 11-6 — SWR plot of an 80 meter
Fig 11-5 — Detalls of an HF two dimensional “fat fat dipole with 1 foot spacing between
dipole” configuration. wires.

11-4 Chapter 11



The Conical Dipole and Fan Dipole

An alternative to a large-diameter
cylinder antenna, or its wire equiva-
lent, is a dipole made from conical
sections with their apexes at the
center of the antenna. Again, metal
cones are feasible at VIIF and above,
but mechanically difficult at HE. An
approximation to a cone can be con-
structed using multiple wires on each
side of the antenna center. A five wire
configuration is shown in Figs 11-7

and 11-8. The SWR plot in Fig 11-8
assumes the use of a transformer to
maltch from 40 1o 50 £2. Again. this
doesn’t quite meet my 2:1 criterion
across the band, but it is pretly close
and will work for bands with a band-
to-center frequency ratio of about 9%.
By using a two dimensional
equivalent of a cone, you have the
fan dipole shown in Fig 11-9. This
provides considerable mechanical

Increasing Angle Results
in Wider Bandwidth

UBADOET

simplicity, since a single halyard can
easily hoist cach end, perhaps guided
by a spacer or two. | have selected a
spacing of 4 feet at the ends for the
SWR curve shown in Fig 11-10. As
you would expect, it is nol quite as
effective as the three-dimensional
version, but it may be sufficient for
many applications.

50 Q Transmission Line To Radie

Fig 11-7 — Details of an HF “skeleton cone” dipole
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Fig 11-8 — SWR plot of an 80 meter
skeleton cone dipole with 4 foot
radius cone.

configuration.
Increasing Angle Results
in Wider Bandwidth
URAGDES 50 (2 Transmission Line To Radio

.\r-"
38
Freguency (MHz)

40

Fig 11-9 — Detalls of an HF two dimensional cone

or “fan dipole” configuration.

Fig 11-10— SWR of an 80 meter fan
dipole configuration with end spacing

of 4 feet.
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The Folded Dipole Antenna

An inleresting dipole variant is one
called a folded dipole. This is actually
two dipoles — one fed in the center —
and one fed at the ends, in closc proxini-
ity to each other, as shown in Fig 11-11.
The combination of the lwo anlennas
results in two differences from the usual
dipole:

The impedance is four times the im-
pedance of a single dipole — nominally
280 Q rather than 70 © — a close match
to common 300 £ transmission line. The
bandwidth is similar to a dipole with
wires of the sume spacing; however, the
folded dipole offers an opportunity to
have such a dipole with a higher imped-
ance -— especially beneficial in some
kinds of arrays.

Each Wire Length, Approximately A2

3000 Transssion Line or
6 : 1 Transformer to 50 Q

HEAROR] to Transmitter

Fig 11-11 — Details of an HF folded dipole
configuration.

The Terminated Wideband Folded Di

Antenna

It will likely not come as a surprise to
anyone who has read this far that one way to
have a wideband load on a transmitter is to
connect it to a resistor. Unfortunately, while
providing a good match, resistors don’t gen-
erally radiate energy, except perhaps as heat,
very effectively!

An interesting combination of a resistive
load and long connecting wires that does
divide power between resistive heating and
radiation from the antenna is called the

terminated wideband folded dipole (TWED).

The configuration is shown in Fig 11-12.
They can be made in different lengths;
however, T have selected a 95-foot version
for modeling. This antenna is available as
a commercial product, advertised to cover
the range of 3 to 300 MHz with a reasonable
SWR. One look at the plot in Fig 11-13
indicates that it appears to deliver on the
bandwidth promise.

11-6 Chapter 11

hole

R=850 0

‘NY

50 01 Transmission Line

UBADOg2 to Transmitter

17 : 1 Transformer to 50 O
to Transmitter

Fig 11-12 — Details of a terminated wideband folded

dipole (TWFD) configuration.
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Fig 11-13 — SWR of 95 foot terminated

wideband folded dipole (TWFD).

Not surprisingly, there is a penalty
associated with this Lype of antenna
and that is in radiating efficiency. Any
power that is dissipated in the resistor
is not radiated and thus there is less
available than would be the case of an
antenna made ol conductling material.
Fig 11-14 shows the broadside gain
as a function of frequency, Compare
these values Lo a A/2 dipole over typi-
cal ground with a broadside gain of
at least 7 dBi (increasing somewhat
with frequency), and you will see
that there is a penalty of at least 4 dB
starting above its A/2 frequency of
around 5 MHz. Below that its penalty
is significantly higher, reaching about
16 dB at 3 MHz.

The dip in broadside output at
20 MHz is due to pattern splitting.

The antenna actually has a gain of
around 4 dBi at 50° off broadside.
This may or may not be an issue
depending on how it is used. If the
far cnd destination is the same at

all frequencies, then this broadside
null would make the antenna a poor
choice if it always has to radiate to-
wards the broadside direction — such
as in a point-to-point antomatic link
enahlement (ALE) system, which will
be searching for frequencies that have
good propagation and automatically
switch equipment to an optimum
frequency.

In spite of the fact that many dedi-
cated antenna fans don't like to see
resistors in antennas, the TWFD may
be a good choice in some applica-
tions. At the lower portion of the HF

Review Questions

Fig 11-14 — Broadside gain of 95 foot terminated
wideband folded dipole (TWFD).

spectrum, received signal-to-noise ra-
tio (SNR) is often limited by external
noise, so a loss in the antenna system
won't reduce received SNR. On the
transmit side, a government-funded
station may be able to just throw a
switch Lo add 10 dB of power and
more than make up for the antenna
loss at many frequencies! Being able
to change frequencies without worry-
ing about antenna operation is a great
convenience, especially for untrained
or stressed operators.

Notes

'"TLW s supplied with The ARRL
Antenna Book, 21st Edition,
available from the ARRL
Bookstore at www.arrl.org/
catalog/ order number 9876 —
$44.95.

11-1. Describe some applications for which a thin-wire dipole would have

sufficient bandwidth.

11-2. What would be the likely effects of operating a 3.5 MHz transmitter
into an antenna with an SWR as shown in Fig 11-17

11-3. Under what conditions might the TWFD antenna be a good choice?
What are the penalties of using one compared to separate dipoles for a number

of channels”?

Wideband Dipole Antennas
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Resonant circuits allow both these antennas to operate on multiple bands.

Multiband Dipole Antennas
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What Do We Mean by Bands?

In this context, a band is a range of
frequencies assigned to a particular
function. You are familiar with the
MF AM broadcast band, covering
550 to 1700 kHz, a range that is a
challenge for wideband antennas.

In addition, there is broadcasting
throughout the HF region in multiple
bands as shown in Table 12-1. Other
services with multiple HF bands
include the Amateur Radio, maritime
and aeronautical services.

In the case of services using HF
allocations, it is common to have
multiple bands assigned to the same
function, in some cases carrying
the same information, so that as the
ionospheric conditions change a lis-
tener can shift from a channel in one
band to a channel in another and still
maintain communication, In some
cases. as with a diversity receiving
system using frequency diversity,
this happens automatically. In other
cases a manual frequency change is
required. It is convenient to be able
to usc the same antenna to cover mul-
tiple bands, While having a separatc
anlenna for each band is a possibility,
it often is not practical from a real-
estate resource standpoint.

12-2 Chapter 12

Table 12-1 - - — e —
Selected US HF Frequency Allocations by Service* (MHz)
Amateur Aeronautical Maritime Broadcast
3.0-3.155
32-34
34-35
35-4.0
3.9-4,05"
40-4438
4.65-4.75
4.75 — 4.995*
5005-5.1*"
5.33 - 541"
545-5.73
59-6.2
6.2 —6.525
6.525 - 6.765
70-73
7.2-7.35"
8.195- 8.815
B.815-9.040
95-99
10.005 - 10.1
10.1 - 10.15
11.175-11.4
11.6-12.1*
12.23-13.2
13.2-13.36
1357 - 13.87
14.0-14.35
15.1-156
16.36 -17.41
17.9-18.03
18.068 - 18.168
19.68-19.8
21.0-2145
21.45-21.85
21924 -220
2489 -2499
25.07 - 25.21
2567 - 26.1
26.1 - 26.175
28.0-29.7

*This should be considered representative and not official.

There are some variations between allocations in different regions of the world.
Allocations do not necessarily imply usage.

“*Qutside US only.

***Five specific channels allocated in this range.



What Does Multiband Mean?

In our last chapter, we discussed wideband dipole antennas. It should be clear that if multiple bands are within the
bandwidth of a wideband antenna, it could also serve as a muliiband amenna. What I will be talking about in this chap-
ter is a group of dipole antennas types that can operale on multiple distinct bands — but not necessarily all the frequen-
cies in between, as would be the case with a wideband antenna.

laking Advantage of Multiple Resonances

As noted in Chapter 4. particularly
in Figs 4-3 through 4-5, al frequen-
cies that arc approximately odd
multiples of a dipole’s A/2 [requency
a dipole will show an impedance very
similar to that at its A/2 frequency.

If you have allocations that include
bands that are odd multiples of the
frequency of other bands, you can
take advantage of this to get an ad-
ditional band for “free.” As noted in
Table 12-1, most services have band
with, or close to, such a frequency
relationship.

As an example, consider the US
amateur bands at 7 and 21 MHz (40
and 15 meters). If you construct a
12 dipole for 7.15 MHz, at the usual
height of 50 feet above ground, you
will find that it has a 50 Q SWR
curve such as that shown in Fig 12-1.
While the SWR is very closc to the
usual design goal of 2:1 across the
band, by inserting a 1.5:1 transformer
at the feed it is even better, as shown
in Fig 12-2.

Matching a Dipole on Two
Bands

Now try feeding the antenna across
the 15-meter band. You would think
this should work just fine. Qops — as
shown in Fig 12-3, things don’t quite
work that way. On 15 meters the
same physical height above ground
is three times as high in terms of
wavclength than on 40 meters. And
other factors have similar effects. The
result is that the antenna is mistuned
on the higher band. By retuning the
antenna for 15 meters in the EZNEC
model, shortening it by 1.4 feet,

Fig 12-1 — SWR plot of A/2 dipole
for 7.15 MHz, at a height of 50 feet
above ground.
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Fig 12-2 — SWR plot of antenna in
Fig 12-1 with 1.5:1 transformer at
feed point.
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Fig 12-3 — SWR plot of antenna in
Fig 12-2 over the 15 meter band.

you end up with the result shown in
Fig 12-4. Note that this assumes that
the 1.5:1 ransformer is designed to
work over the 7 1o 21.45-MHz range
— not usually a problem.

Now what is happening on our
original band — 40 meters? As
shown in Fig 12-5, not surprisingly, it
is not quite as good as it was before,
but it comes very close to meeting the

Multiband Dipole Antennas

design criterion. Il is generally true
that the tuning will be much more
critical on the higher band, so tuning
there — perhaps with a bil of “Ken-
tucky windage™ back and forth — it
is often possible to come pp with an
antenna with a satisfactory match on
both bands.
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Is That All There is to it?

It’s fine to be able Lo properly feed
energy into — and receive energy
from — an antenna on two bands, but
you also need to consider where the
cnergy goes to or comes from. Your
antenna at a height of 50 feet will be
about 0.36 A high on 40 meters and
1.08 X high on 15 meters. This differ-
ence in clectrical height means that
the peak of the clevation lobe will
move from 40° on 40 meters to 13°
on 15 meters. This will have implica-
tions for your transmission range,
because the 40° elevation is opti-
mum for medium ranges (say, out to
2000 miles) while a 13° takeoff angle
will be best at longer ranges — it all
depends on the effective height of the
ionosphere.

In addition, the azimuth pat-
tern will change from the familiar
bidirectional “figurc-cight” pattem
of a dipole to a much more complex
pattern, as shown in Fig 12-6. This is
a characteristic of center-fed antennas
that are used on frequencies above
1 & long. Note that. just as in the case
of elevation angles, this may be either
a benefit or liability depending on
where the other end of the commu-
nication link is located. In this case,
the gain at the peak of the broadside
beam is almost identical for the twa
cases, although more precise aiming
accuracy is required on the higher
band.
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Flg 12-4 — SWR plot of antenna in
Fig 12-2 shortened by 1.4 feet over
the 15 meter band.

Fig 12-5 — SWR plot of antenna
of shortened antenna over the 40
meter band.

UBAD10D

Max. Gain = 8 64 dBi

Freq. =21.2 MHz

Fig 12-6 — Azimuth plot of antenna
on 40 meters (solid line) compared
to 15 meters (dashed line).




Multiple Resonator Antennas

The use of antennas on odd harmonic resonances
is convenient, but will likely never cover all your
multiband antenna requirements. There are a num-
ber of approaches that can provide similar perfor-
mance, usually at some cost in terms of additional
complexity.

Parallel Dipoles for Multiple Bands

One approach is to join multiple antennas
together in the same space and using the same trans-
mission line. This is generally referred to as parallel
dipoles, and is shown in Fig 12-7.

The concept on which this is based is that with
antennas al widely different frequencies, each will
be resonant within its band and will have a suffi-
ciently high impedance on other bands so it doesn’t
readily accept power from the transmission line.
While this makes a fine story, and the arrangement
1s often successfully employed, there are two pitfalls
that can limit the usefulness of this approach:

* [n addition to the connected parallel impedance
of the additional dipole, there is a significant
mutually coupled impedance that may be hard to
predict. It will range from negligible to significant
as the direction of the second dipole is changed
from being perpendicular to, towards being paral-
lel to the first.

* While the impedance may be high, except for
harmonic frequencies, it will generally be reactive
resulting in a need to retune the antenna lengths
compared to a single-band dipole.

You must do some trimming to make everything
work. The good news is that any energy that goes
into the off-band dipole will be radiated, although
not necessarily in the desired direction.

Parasitically Coupled Multiband
Antennas

A solution that is somewhat similar to the previ-
ous parallel dipoles is actually another form of
parallel dipole — in a different sense of the word.
While parallel in the previous section referred to a
parallel electrical connection, it 1s also possible to
couple from one parallel dipole to another tuned to
a different frequency without direct connections.
This 15 based on mutual impedances and is called
parasitic coupling. See Fig 12-8.

Several commercial manufacturers of Amateur
Radio directive antennas for the higher HF regions
have used this concept successfully. While the
concept is simple, successful implementation may
be a bit tricky. Modeling efforts indicate that spac-
ing between driven and parasitic clement is critical

Dipole for Band Two
“-
Dipole for Band One \}

7£ R -
.‘.—

>t

Commeon
Transmission Line

UBAD101 o Radio

Fig 12-7 — Configuration of parallel dipoles for two
bands.

Dipole for Band Two
G 4 SN
(SHiT: ‘ p— eI}
|;
Dipole for Band One
Common
Transmission Line
UBAD102 to Radia

Fig 12-8 — Configuration of parasitically coupled dipoles
for two bands.

for successful operation. The spacing between driven (lower
frequency) dipole and parasitically coupled element needs to
be about 0.003 to 0.004 X to achieve appropriate coupling.
The good news is that the coupled element doesn’t have
much impact on the tuning or pattern performance of the driv-
en (lower frequency) dipole. The bad news is that the SWR
bandwidth of the higher frequency clemeni(s) is narrower than
would be the case for a connected dipole on the same band.
Adding additional bands in this way makes for additional
interaction and complexity, although the promise of a compact
and inexpensive multiband structure certainly seems attractive.
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Antennas with Resonant Traps

A parallcl-resonant circuit has the
property that it has a high imped-
ance al ils resonant frequency. A high
impedance acts very much like an
insulator. By placing such a circuit on
each side of a dipole antenna at the
A/2 end points corresponding to the
resonant [requency, the antenna ef-
fectively ends there for that frequen-
cy. At a lower frequency, the parallel-
resonant circuit is no longer resonant
and looks like an inductance. The
configuration is shown in Fig 12-9.

Fig 12-10 shows the SWR plot of
such an antenna made for the 80 and
40 meter amateur bands. The traps
are made from 10 pH inductors in
parallel with 50 pF capacitors, along

with the additional capacitance of
the leads. This results in resonance
around 7 MHz. On the lower frequen-
cy, the trap looks like an inductance,
and it serves to act as if part of the an-
tenna became rolled up, resulting in a
shortened overall electrical length.

There is nothing 1o prevent the
addition of ather traps on each side
to provide operation on additional
hands, and you will frequently en-
counter this. An advantage of this ar-
rangement over others (o be discussed
is that this method maintains the
broadside response pattern of a dipole
on each band — not the case with
some other multiband designs.

On any higher-frequency bands

without traps, the trap acts like a
capacitor and thus tends to make the
antenna look electrically shorter than
its physical length. Since there are an
infinite number of combinations of L
and C that can be resonant at any fre-
guency, it is possible to select a pair
that are resonant at 7.15 MHz and
take advantage of this property. Ches-
ter Buchanan, W3DZZ, developed
such a trap dipole in the 1950s with
resonances in the 80, 40, 20, 15 and
10 meter bands — all the HF amatcur
bands at that time.” Fig 12-11 shows
the EZNEC SWR plot of such an
antenna.

Dipcle for Band One

—

Dipole for Band Two —-‘
- YY)
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Fig 12-9 — Configuration of two-band trap dipole for 80 and 40 meters.

Frequency (MHz)

UBADIOS
INF — .
| | N
10.0 !/ } \
5.0 1 /
- |
=30 |
& | u
20 ! i -~
|
15— -
11 t + I
1.0 1 :
10 a2

Freguency (MHz)

Fig 12-10 — SWR of two-band trap
dipole in Fig 12-9 showing resonances
on 80 and 40 meters.
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Fig 12-11 — SWR of two-band trap
dipole in Fig 12-9 from 10 to 32 MHz
showing additional resonances on 20,
15 and 10 meters.



The Center Fed Zepp

As noted in Table 4-1 and Figs 4-3 10 4-5
and earlier sections of this chapter, you can
use dipoles of electrical lengths other than
A/2 effectively. The consequence of using an
antenna that isn’t resonant (or which is reso-
nant but doesn’t match the transmission feed
line) is that you will need a matching net-
work 1o couple power from the transmitter to
the antenna system. If the matching system,
generally called an antenna tuner, is located
at the antenna itself, 50 € coaxial cable can
be used for the run to the radio room, If the
malching network is located near the radio
equipment, particular attention must be paid
to losses in the transmission line, since the
SWR will be quite high on many bands.

A popular antenna system for wide
frequency coverage is one called a center
fed Zepp. This antenna is a variation of the
antenna that used to trail behind Zeppelin
airships in the 1930s. The antenna is not
“wideband” in the same sense as previous
examples. Instead, it has a feed impedance
that varies widely with frequency, but which
is compensated for at the radio end of the
transmission line by a funable matching
network. The center fed Zepp can operale on
all frequencies above (and even somewhat
below) its A/2 resonant frequency.

The concept of this antenna is to start with
a A2 dipole at the lowest frequency of opera-
tion, as shown in Fig 12-12. Feed the dipole
with a low-loss transmission line and use a
matching device at the radio end to adjust for
whatever impedance is found on the frequen-
¢y you wish to operate.

The design parameters [or such an antenna
are based on A/2 at 3.6 MHz and fed with
100 feet of nominal 450 Q (actual Z_ around
400 Q) “window™ transmission line. The
resulting SWR curve is shown in Fig 12-13.
The resulting line losses are shown in Ta-
ble 12-2. The dipole length in fect is found
by dividing 468 by 3.6, resulting in 130 feet.
| will assume a height of 50 feet, reasonable
for many locations with mature trees.

Note that in spite of an SWR as high as
12:1, the worst-case loss in this low-loss
transmission line is only around (.5 dB
hardly noticeable. By contrast, consider
feeding the antenna with typical 50 © coax,
which would be fine at the antenna’s /2

Wire Length, 468 / F at Lowest Frequency
R = < TS
i~
] ~  Low-Loss
Transmission Line
Adjustable
Matching by
Network i
P 50 0 to Transmitter

Fig 12-12 — Configuration of center fed Zepp.

Table 12-2 - e
Design Parameters for Center-Fed Zepp

Frequency AntennaZ, Q2 SWRat4000Q Line Loss (dB)

36 63-/39 6.4 0.128
53 351 + 868 7.25 0.176
7.2 4253 - 1232 15 0.399
10.1 105 - j 595 124 0.501
142 1472 + j 1816 9.45 0.428
21.2 648 + j 1042 6.27 0.385
28.3 348.4 + /606 4.43 0.318
INF .UBMW?

Frequency (MHz} 30

Fig 12-13 — SWR plot (400 (2
reference) of center-fed Zepp.
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resonance. If you used lightweight RG-58A cable, for example, the SWR at 28.3 MHz would be 28.2:1. And the total
loss in the cable would be a staggering 10.5 dB — burning up more than 90% of the power in the transmission line,
with less than 10% of the power actually delivered to the antenna.

Note the azimuth radiation patterns for selected bands shown in Fig 12-14 through Fig 12-17. At 7.2 MHz, where
the antenna is about | 4 long, the pattern looks very much like what you would expect to sce from a 4/2 dipale. The
sharp-eyed abserver will note that compared to that of a /2 dipole, the lobes are sharper and the gain is a bit higher. As
the electrical length moves above | A, the pattern gets significantly more complex. This can be a mixed blessing. On the
plus side, you get more gain and coverage into different regions on the higher bands. On the other side, if vou wish to
communicate (or listen) to specific locations, you may wish vou had the dipole's simple pattern on every band.

Another band-to-band difference is that at the single height of 50 feet, the clevation angle response is lower as the
operating frequency is increased. This allows for longer-range communication at higher frequencies, again a possible
benefit, depending on requirements.

W i o+ O 5 i it Max. Gain=10.24dBi  Freq. = 10.2 MHz
pattern of 3.6 MHz center fed Zepp at pagmm of 2.6 NSz centor fed Zepp ot
7.2 MHz. 10.1 MHz.

Max. Gain = 9.26 ¢8l Freq. = 14.2 MHz Max. Gain = 10.95 dBi Freq. = 28.3 MHz
Fig 12-16 — Azimuth radiation Fig 12-17 — Azimuth radiation
pattern of 3.6 MHz center fed Zepp at pattern of 3.6 MHz center fed Zepp at
14.2 MHz. 28.3 MHz.
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The G5RV Dipole

The GGSRV, named for its late
developer Louis Vamey, GSRYV, is
a variation of the center fed Zepp.
Varney originally designed the dipole
to be 1.5 X long on the 20) meter
band, where it could achieve a mod-
est amount of gain over a half wave
dipole, and yet could also operate on
other amateur bands with an antenna
tuner. This approach is in contrast to
most multiband single-wire dipoles
described earlier, which start off with
a half-wave-long wire at the lowest
frequency of operation. The GSRV
employs a simple feed system using
a transition between open-wire and
coaxial transmission lines and has
moderate SWR on bands other than
20 meters.

The GSRY antenna has a “'flat top”
length of 102 feet and Varney fed
his with what he called a “20 meter
marching section™ of 34 leel of low-
loss 300 © TV-ribbon line, followed
by enough 75 € coax to get down to
the transmitter. Most designs nowa-

Wrap-Up

days use more commonly avail-
able 450 Q window line for the INF
34 foot matching section.

A plotof the SWR of an EZNEC 100
model is shown in Fig 12-18 for 50
50 €2 coax. On 15 meters the SWR

UBAFJ’FI;\
= ™

. f

is rather high, in excess of 23:1, for 7 | \“ mil

example. In the 20-meter band. the 20 | \ | ‘ !

SWR rises as high as about 4:1. ER l | . " _
[ have used a few G5RVs B a i }

over the years and believe that 11 |: £ . I 1§

their simplicity, more than their "03_5 =

= » Frequency (MHz
performance, accounts for their R L)

popularity. In my experience it
is very difficult to adjust the two
available parameters — flat-top
length and matching line length
— and end up with good SWR
performance on many amateur bands.
That being said, [ have achieved a

5:1 SWR on most bands and find that
is low enough to use low loss 50 O
coax if the runs are short enough. As
Varney recommended, a tuner makes
life easier at the radio end of the feed
line,

Fig 12-18 — SWR plot (50 Q reference)
of G5RV dipole.

It is clearly possible to use a dipole
antenna or its variants Lo achieve
satisfactory operation on multiple
bands. This can be very helpful o
those trying to install an HF station
on a property ol limited size. In addi-
tion, the ability to not have to switch
antennas when changing frequencies
is a major benelit,

The downside is that while a
single-band dipole is very easy 1o
tune and place into operation, most
multiband antennas (the center-fed
Zepp is a notable exception) require
considerable interrelated tuning steps

to get everything working as antici-
pated.

There are other types of multiband
antennas besides those based on the
2/2 horizontal dipole. I will discuss
them in subscquent chapters.

Notes

"TLW is supplied with The ARRL Antenna
Book, 218t Edition, available from
the ARRL Bookstore at www.arrl.
org/catalog/ order number 9876 —
$39.95.

*C. Buchanan, W3DZZ, “The Multimatch
Antenna System,” QST. Mar 1955, pp
22-24.
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Review Questions =«

12-1. Why is a multiband antenna a benefit?

12-2. Of the antennas described, which provides maximum signal strength in
the broadside direction on all bands?

12-3. What are the benefits of a multiband antenna with different azimuth pat-
terns on different bands?

12-10 Chapter 12
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The field from a monopole extends uniformly in all directions.
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How Can Half a Dipole Work?

If, by just looking at the name,
you conclude that a monopole ought
to be half a dipole — you'd be right!
The hard part comes in understand-
ing what happens to the other half
of the antenna. The key is that a
monopole is located adjacent to
some kind of ground. How well it
works is closely related to the nature
of the nearby — as well as more
distant — ground.

The key to the operation of a
A/4 vertical is that the electric field
generated by a source driving the
antenna terminates on the ground in-
stead of on the other half of a dipole.
Fig 13-1 compares the electric field
of a vertically eriented A/2 dipole
in free space with the field of a A/4
meonopole above a perfectly con-
ducting ground. Note that the fields
are identical in the region above
ground, Not surprisingly, they don't
exist below ground.

Radiation from a Monopole

The radiation elevation pattern
of a A/4 monopole over perfect
ground is shown in Fig 13-2. With
a “perfect ground” both under the
antenna and at some distance, the
reflected and direct signals combine
to result in maximum radiation at the
horizon, just as you would have from
a vertical dipole in free space. This
condition js similar to what occurs
with a vertical monopole erected in
4n ocean communicating to another
vertical antenna in the same ocean
at distances at which the Earth is ap-
proximately flat. For longer distances,
the broadside signal will maintain
its direction tangent to the Earth’s
surface, resulting in long distance
propagation if the ionosphere sup-
ports that frequency.

The Effects of Imperfect
Ground

In many cases, an ocean is not
at hand and the reality of imperfect

132 Chapter13
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Fig 13-1 — At A, electrlc field lines of
a vertical dipole. At B, monopole over
perfect ground.

UBAD114 80

Max. Gain = 5.16 dBi

Freg. = 10 MHz

Fig 13-2 — Elevation pattern of
antenna in Fig 13-1B.

ground must be taken into account.
The properties of real ground that
change the way an antenna performs
can be characterized by its conductiv-
ity and dielectric constant. These vary
widely by region, as well as by local-
ized conditions within a region. The
ground has two distinct effects on the
performance of a monopole. Many
people confuse these, so it is impor-
tant that they be clearly understood.

The Ground as a Part of the
Antenna Load

To connect a transmission line
(usually a coaxial cable) to a mono-
pole, you have two connections
to make. The center conductor is
usually connected to the insulated
monopole. The shield must be con-
nected to something else — ground.
This ground connection must carry
every bit of current that the mono-
pole does, in order for the antenna
to accept the transmitter power. A
major hitch is that imperfect ground
doesn’t have a good GROUND termi-
nal to connect to.

To properly connect to the
ground, we need to connect to the
region on which the electric lines
of force terminate. This gener-
ally requires bare radial wires ut or
beneath the surface of the ground.
Note that the “ground rods” often
used for lightning protection and
power neutral grounding connect
largely below the surface. Because
of the skin effect, higher frequency
currents tend to flow near the surface
of real soil. The resulting connection

will have some effective resistance,
lots in the typical ground rod. less as
more and longer ground radials are
used near the surface. For the purpose
of determining the power that actually
reaches the antenna, the situation can
be analyzed as an equivalent circuit.
See Fig 13-3.

At resonance. L, = C, and thus the
resistance shown as R, represents
the load of the antenna itself, as if
it were over perfect ground. This is
called the radiation resistance of
the antenna. Power dissipated in the
radiation resistance becomes the
actual power radiated by the antenna.
The resonant radiation resistance of
this ideal monopole is just half of that
of a resonant dipole in free space, or
36 Q.

R, represents the equivalent RF
resistance of the ground connection.



Driving Source

I
I
I
I
|
I
I

Fig 13-3 — Equivalent electrical circuit of monopole

antenna over real ground.

Power dissipated in this resistance
ends up warming up the ground —
not usually a goal of the antenna
designer. The total power delivered
by the source is thus split up into a
portion that is radiated and a por-
tion that is dissipated in the ground.
The efficiency of a monopole can be
defined as the fraction of the power
delivered by the source that ends up
being radiated by the antenna. For a
current i that flows in the circuit, the
power delivered is:

Eq 131
P=i* x (Ry + Ry i

While the radiated power is just:

A
P =i? xRy e

Thus the resulting efficiency is:

By fy = By PRy Ry LI

ground, the antenna’s effectiveness
is a direct function of radial quantity.
The resistance of R as measured by
Jerry Sevick, W2FM], in typical New
Jersey soil is shown in Fig 13-5.

Note (hat the ground resistance ap-
proaches 0 €2 and thus the total load
resistance approaches the value of R
as the quantity reaches 100 radials.
This requires 4 large quantity of wire,
not to mention a significant amount
of effort with a digging tool; however,
that is exactly what is done by most
commercial AM broadcast stations,
which are typical menopole users. In
addition. broadcasters tend to search
out areas with high conductivity, so
when you see such an antenna in a
swamp, it isn’t just because the real
estate cost was low!

While it might be convenient to

3
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Fig 13-4 — Configuration of ground-
mounted monopole with radial ground
system.

use a small number of radials, let’s
say three, a look at Fig 13-5 indicates
that the antenna impedance in his
soil would be about 72 (3. 1f it were,
in fact, 72 ©, R, would be: R - R =
(72 — 36) or 36 £}, The resulting ef-
ficiency, per Eq 13-3, is thus

36/72 = 50%, corresponding to a sig-
nal loss of 3 dB, or half your power.
Note that a nice match to

50 €) cable occurs with 10 radials in
this soil. While that is convement,

it also implies that R, = 14 £2. The
resulting efficiency is thus 36/50 =
72%, or a signal loss of 1.4 dB.

Fer any desired efficiency, it is
conceptually a simple matter to add
ground radials until R, 1s reduced to a
value that results in an acceptable ef-
ficiency. There is often an easy trade-
off between the cost of increasing

transmitter power and

Achieving High
Efficiency with a
Ground Mounted
Monopole

o
(=]

o
L]

S
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The usual ground
system for feeding power
to a vertical monopole
consists of buried radial
wires extending out in all
directions from a point just
beneath the base of the
anienna. See Fig 13-4. The
radials wires ideally would
be uninsulated to make
maximum contact with the

)
o

Aporoximate Ground Loss Resistance, Ohms
— £
[ =] (=]

(=]

the cost of additional ra-
dials. While the efficien-

ANTOSM

¢y impacts both transmit
and receive performance,
in the Jower HF region,

the receiver performance

is generally limited by
received noise, which is

reduced along with the
desired signal, making

TN

the improvement moot.
There are some

TN

services, for example
| Amateur Radio, in which

2 3 4567810 20
Mumber of Radials

an 4050 70 100

government regulations
limit transmitter output
power. In that case, once

Earth’s surface. Each radial
is typically A/4 to A/2 in
length. Over typically lossy

Flg 13-5 — Measured resistance of resonant monopole
of Fig 13-4 as a function of the number of buried radials
over typical soil.

Vertical Monopole Antennas

the Timit is reached,
improving antenna ef-
ficiency may be the only
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Fig 13-6 — Configuration of a
monopole with an elevated ground
system.

choice in order to achieve optimized
transmit effectiveness from a mono-
pole. There may be other issues to
deal with, I once worked on an off-
shore system with vertical monopoles
in which some local nationals would
steal the radials at night to sell for
scrap. There, we had a distinct incen-
tive to find a way to optimize using
fewer radials!

Achieving High Efficiency
with an Elevated Monopole

A typicul ground system for feed-
ing power to a vertical monopole
suffers from the losses due to the con-
ductivity of imperfect soil. One way
to improve on this is to elevate the
monopole above ground and create an
artificial ground structure with mini-
mal losses. This can be accomplished
by having maltiple resonant insulated
radials, each tuned to be A/4 long, ut
some height above real ground.

Usual practice is to have the radials
at least 8 feet above ground to avoid
human strangulation or deer-antler
interference (some areas may require
greater heights or perhaps fenc-
ing). The configuration is shown in
Fig 13-6. If raised well above the
Earth, this antenna is called a ground
plane and is quite popular as a VHE
omnidirectional fixed-station antenna,

A monopole with an elevated
ground system approaches the effi-
ciency of a ground-mounted mono-
pole with a large number of buried

13-4 Chapter 13

radials, Unfortunately, some of
the benefits of the monopole are
lost in the process, including its
Jow visibility and lack of required
dedicated real estate. Consid-
ered from another point of view,

a monopole with four elevated
radials requires exactly the same
hardware and number of supports
as two dipoles, not counting the
monopole itself. If the supports
can be made somewhat higher, in
most cases (except perhaps on the
oceanfront) the resulting dipole
systemn will be more effective.

The Ground as a Reflector
and Attenuator for the Far
Field

A somewhat more subtle, but

often much more significant,
ground effect occurs particularly with
respect to the low-angle reflection
leaving the monopole, We often
select a monopole because we would
like long-distance propagation by
low angle radiation; however, ground
conductivity impacts us in two ways.

Lossy ground actually slows down
the radiation in contact with the
Earth’s surface, resulting in a tilt to
the wavefront that makes it stay in
closer contact with the ground for
greater distances before it is launched
into space. This effect can be of
benefit to medium-wave AM broad-
casters, who obtain extended ground
wave coverage as a result.

For those interested in the wave-
front leaving the surface and launch-
ing skyward, the extended proximity
to the lossy ground results in signals
being attenuated by heating of the
ground. This is componnded by the
fact that lossy ground is a less effec-
tive reflector than a perfect ground
or an ocean, so that the reinforce-
ment at the horizon that we would
like from the reflected wave is less
effective than it might be.

Unfortunately, once we pick an
antenna location, the ground at
some distance from our antenna
is even less under our control
than that underneath the antenna.
The result of lossy ground in the
vicinity of the antenna can be seen
in Fig 13-7, an EZNEC predic-

UBAD11B )

Max. Gain =-0.3 dBi

Freg. = 10 MHz

Fig 13-7 — Elevation patiern of 1/4
monopole cver typical ground.

tion of a monepole with eight radials
over typical ground. Note that, unlike
the perfect-ground case, shown in
Fig 13-3, there is no resultant radia-
tion at the horizon and all the low-
angle radiation is reduced.

You can censtruct an extended
ground system extending many
wavelengths from the antenna buse to
support the very low angle radiation;
however, the amount of real estate
required is quite large. I have seen this
done on one occasion and it worked
well; however, it made use of an
abandoned Air Force base, and had
(surprise) a large budget.

It iy interesting to compare this
typical monopole with a dipole at
the same height as the top of the
monopole (A/4). The two patterns are
shown together in Fig 13-8, consid-
ering the broadside response of the
dipole — it isn’t quite omnidirec-
tional, even at this height. The dipole
has about the same signal at the low
angles, in its best direction, as well as
considerably more at the high angles,
The reason for this comparison is
that you clearly can get at least one
support that high’ Of course, a higher
dipole would have significantly more
low angle response.

UBAD119 Dipole

Monopole

= D

Freq. = 10 MHz

Fig 13-8 — Elevation pattern of
A4 monopole over typical ground
compared to horizontal dipole 3/4
above typical ground.



The monopole has a null directly overhead — which is the dipole’s maxi-
mum elevation angle — sometimes an advantage for either antenna, depend-
ing on your objective. In some cases, received noise comes from medium
range saurces that propagate at high angles. This often provides a significant
advantage in received signal-to-noise ratio if the desired signal arrives at a [ow
angle. In this application, the manopole shines, although there are even more
capable antennas that will be covered later in the book.

Wrap Up

A ground-mounted vertical monopole may be a logical choice for an HF antenna, especially if omnidirectional caver-
age is desired. It often can be less obvious aesthetically than a horizontal antenna, and perhaps even be disguised as a
flagpole or a rain guiter. A vertical also takes up very little real estate — once the ground system is installed, of course.
It also can really shine in performance — especially if its base is right at the water’s edge.

Monopoles are quite useful as elements in multielement HF arrays, as will be discussed in the next chapter. They offer
the possibility of effective electronic beam steering in azimuth — often difficult to do with ather types of elements.

Review QuUesStions w=wmwws.

13-1. Under what conditions can a ground mounted monopole be more effec-
tive than a horizontal antenna?

13-2. What are the major disadvantages of a monopole?

13-3. What problem does a monopole with an elevated ground solve? Why
might it not be a good trade-oft?
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Arrays of Vertical Monopole

Antennas

The fields from multiple monopoles can be combined to add in desired
directions. This array uses four vertical elements on corners of a square.
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Arrays of Vertical Monopole Antennas

One of the benefits of a vertical monopole discussed in the previous chapter is its omnidirectional azimuth radiation pat-
tern. This is ideal in some applications, such as broadcasting or for a base station that needs to communicate with mobile
stations in many directions. The other side of that coin 1s that the radiation intensity in any particular direction is less than
would result from most horizontal antennas with their limited azimuth coverage. However, by using multiple monopoles
arranged in arrays virtually any desired azimuth coverage can be obtained with resulting gain in desired dircctions. In some
cases the same physical antenna array can be aimed in different directions in response to changes in requirements,

Lining Up Elements of a Vertical Arra

Fig 14-2 —
Azimuth pattern
of a broadside
array of two
monopole
antennas with

AJ2 spacing
{dashed lne)
compared to

that of a single
monopole (solid
Two Elements Driven In-Phase line).

UBA(120

Fig 14-1 — Configuration of a broadside array of two
mohopole antennas.

Max. Gain = 8.79 dBi Freq. = 10 MHz

The directivity of an array of monopoles will be determined by the quantity,
spacings and phase differences of the applied signals. T will discuss a number
of different cases, starting with perhaps the most straightforward.

Two Element Broadside Array

This two-clement broadside array consists of two monopoles, fed
hy equal in-phase signals. Fig 14-1 shows the configuration. The
signals combine at maximum strength along a line equidistant from
both monopoles, which is perpendicular to the center of a line drawn
between the elements.

The azimuth radiation pattern of such an array with a spacing of A/2
is shown in Fig 14-2, compared to that of a single monopole. These
patterns are for the ideal case, over perfectly conducting ground. All the
effects of ground conditions relating to efficiency and far-field ground
losses discussed in the previous chapter also affect the radiation from
the array, to the same extent as the single monopole. The elevation
pattern is essentially unchanged from the single monopole.

Note that the spacing of A/2 is a special case in that the radiation
from each element. while starting in-phase with that of its neighbor,
is 1807 out-of-phase by the time it reaches the other element. This AT AT Eregp=A kg
results in a deep null along the line between the elements. ? ; ]

At sp.aciij.gs I_Jelow 242, the null fills _in and the reduf:tior.l in side- ::'?a;qc;? t: OA:,:L"nu;: oq:g?lrtr;r?rfl :sbv‘;?:;‘df}ge
ways rejection is much less, as shown in the 2/4 case in Fig 14-3. For  gpacing (dotted line) compared to /4 (solid
spacings greater than 3/2, the side radiation actually increases —toa  line) and A {dashed line).

usAnT M2 Bpacing
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maximum at a full &, since the energy
arriving at the other elements is now
360° out-of-phase, which is the same
as being in-phase. Above A/2 spacing,
arrays have significant lobes at other
azimuths, and thus most systems vse
spacings less than A/2. One exception
18 a spacing of 5A/8, which offers the
maximum broadside gain at a cost of
some spuricus lobes. Its azimuth pat-
tern is shown in Fig 14-4.

Two Element End-Fire Array

Just as in the case of horizontal
dipoles, two monopoles fed equal
currents 180° out of phase as shown
in Fig 14-5, will have no radiation in
the broadside direction. For spac-
ing less than A, maximum gain is in
the plane of the elements. The gain
increases for close spacings. The
coupled mutual impedance subtracts
and thus reduces the impedance at
each element. Fig 14-6 shows the
pattern for spacings of A/2 and A/8.
Any additional gain is small.

In most cases, spacings of less than
about A/8 start to show losses due to
the low impedances that may offset
the additional gain due to directiv-
ity. Fig 14-7 shows the impedance of
both broadside and end-fire arrays as
a function of element spacing.

Two Element Cardioid Array

An interesting and useful array is
one in which the elements are spaced
M4 apart and fed 90° out-of-phase.

Fig 14-4 — Azimuth
pattern of a broadslide
array of two monopole

antennas with 5/8

spacing.

UBAD123

Max. Gain = 9.74 dBi

150

Freq. =10 MHz

By the time the signal from the
delayed element reaches the element
with the leading phase, its phase is
now 90° later and the two signals are
in-phase and add. The signal from the
leading element, on the other hand,
reaches the lagging element with a
delay such that the lagging element is
now 180° behind its phase and thus
they cancel in that direction, The
result is a very useful unidirectional
patiern with a deep null to the rear,

a5 shown in Fig 14-8. A transmission
line section with an electrical length
of A/4 can be used to yield the desired
90° delay. In some configurations the
feed line can be remotely switched
between the elements to provide
reversible directionality.

Max. Gain = B.52 B Freg. = 10 MHz

Fig 14-6 — Azimuth patiern of an
end-fire array of two monopole
antennas with A/2 spacing (solid)
compared to A/B (dotied).

o)

e Spacing —————=

Maximum
Radiation

)
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Two Elements Driven 180° Out-of-Phase

Fig 14-5 — Configuration of an end-fire array of iwo monopole

antennas.

Arrays of Vertical Monopole Antennas
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Feeding Driven Arrays

Max. Galn = §.21 dBi Freg. = 10 MHz

Fig 14-8 — Azimuth pattern of a
cardioid array of two monopole
antennas with )/4 spacing and
90° phase shift.

There is an issue that should be
raised at this point about feeding
complex driven arrays. Any that are
not fed either in-phase or 180° out-of-
phase require special attention. The
patterns shown assume equal currents
in each element at the desired phase,

We have mentioned that elements
have mutual coupling between
them that change the driving-point
impedance to that of the antenna
element itself plus or minus the
coupled impedance. This means
that unless the resulting impedance
of each of the elements is the same,
there will not be the same match
to the transmission line and thus
unequal currents as well as the

and phase. They often have remote
measurement systems to determine
the field strength in different
directions to ensure that the
adjustments are correctly made,

* A property of odd multiples of A/4
lengths of transmission lines is that,
if fed in parallel, they will deliver
the identical corrents to their loads
— even if the load impedances

for each line are different. This
property can be used in some
arrays to force identical corrents

to multiple elements. (See Chapter
8 in late editions of The ARRL
Antenna Book for details,}

Steering the Beam From an
Array of Monopoles

So far [ have discussed all the
extreme cases of feeding two driven
antenna elements. In addition, in-
termediate phasing of elements can
be used to steer a beam in virtually
any direction. By delaying the phase
of the signal to one element, it is
(almost) equivalent to physically
moving that element back {or the
other one forward) by a distance cor-
responding to the signal delay.

Consider a signal delayed some
fraction of a wavelength, in this ex-

possibility of unanticipated phase
shifis, if the clement impedances have
reactive components.

There are a number of ways to
deal with this issue, many beyond the
scope of this book, but a few should
provide cxamples of some current
practice.

* Many AM MF broadcast stations
use multielement phased antenna
arrays to reach selected regions of
customers or to avoid interference
to other users of the same channel.
They generally have adjustable

matching networks at the base
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of each element to allow precise
adjustment of current amplitude
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Fig 14-@ — Configuration of a broadslide array with delayed phase in one
element to steer beam by about 10°.
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Max. Gain = 8.54 dBi Freq. = 10 MHz

Fig 14-10 — Azimuth pattern of the
steered array of Fig 14-9.

ample A/12 or 30°. At a wavelength
of 30 meters, that corresponds to a
distance of 30/12 or 2.5 meters. Our
elements are spaced A2 or 135 meters
apari. This is equivalent to shifting

the axis of the antenna by an angle of

sin” (2.5/15) or 9.6°. See Fig 14-9.
The resulting pattern is shown in
Fig 14-10.

In many applications, it is desired
to have a steered unidirectional pat-
tern. The steered array of Fig 14-9
can have additional elements A/4 be-
hind them, phased by 90° from each
of the originals, to result in a pair of
cardioid arrays with a beam steered
as shown in Fig 14-11.

Arrays With Unequal
Currents

So far, all of the arrays examined
have been fed with equal currents.
This is generally the case with
pairs of elements, or pairs of pairs,
as in the steered-cardioid array in
Fig 14-11. In the case of larger ar-
rays, the width of the array often
exceeds A/2, resulting in undesired
directions at which signals from the
further-apart elements add in-phase.
Consider an array consisting of eight
vertical monopoles each separated by
/4 with the intent of feeding them
in-phase to obtain a narrow high-gain
beam broadside to the array. The
azimuth pattern of such a system is
shown in Fig 14-12.

Note that the design objectives

have been met. The main beam is less

than 26° wide on each side and the

gain is 12.5 dBi, a very respect-

able signal. Notice something

else, the spurious sidelobes. These
have cropped up because of the
in-phase combinations of the outer
elements at 45° off axis on each
side. For many applications these
extra lobes are a small price to
pay for the additional gain of the
larger array. There are some ap-
plications, however, in which such
types of sidelobes are completely

unacceptable. For example, in a

radar system with a rotating an-

tenna, a single aircraft would seem
to appear at different azimuths

(with different strengths), resulting

in false alarms and mistargeting of
weapons. A modern digital system
with processing can be used to
eliminate the false targets; however,
it iy also possible to eliminate them
through a change to the antenna de-
sign based on adjusting the currents
in each element.

The resulting system is called a
tapered current distribution. The
idea is that the currents delivered
to the outside elements are reduced
in a systematic manner to deem-
phasize their contributions to the
sidelobes, while still providing
some contribution to the desired
main beam. There are a number
of systems in use; I will briefly
describe two:

Linear taper — the currents in
each element are reduced linearly
starting in the center and tapering
down towards each end. The slope
of the taper can be adjusted with a
steep slope having the most benefit,
but also reducing the gain of the
main beam the most. Fig 14-13
shows the effect of applying a taper
of 1,2,3,4,4,3, 2, 1 across the
array. Note that the sidelobes are
almost, but not quite, gone. The
beamwidth has increased by about
7° and the gain is down about 1 dB.

Binomial taper — The use of
binomial coefficients as a tapering
function can be shown to virtu-
ally eliminate sidelobes, albeit at a
greater cost in desired characteris-
tics, The binomial coefficients for
an 8-element array are 1, 7, 21, 35,
35, 21, 7, 1. The azimuth pattern of

Arrays of Vertical Monopole Antennas

UBAD129 0

Max. Gain = 11.91 dBi Freq. = 10 MHz

Fig 14-11 — Azimuth pattern of
the steered array of Fig 14-9 with
added cardioid shaping slements.

Max. Gain = 12.45 dBi Freq. = 10 MHz

Fig 14-12 — Azimuth pattern of
eight element broadside array with
uniform current distribution.

UBAD131 0

Max. Gain = 11.52 dBi

Freq. = 10 MHz

Fig 14-13 — Azimuth pattern of
eight element broadside array with
linear tapered current distribution.
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such an array with that current distribution is shown in Fig 14-14. Note that A 5
there are very low sidelobes; however, the deep side nulls are gone and the
beamwidth is significantly wider, reducing the gain.

Binomial Coefficients

Binomial coefficients are {requently encountered in antenna (as well as
filtering) systems. They are the constants preceding each variable term found
by performing the algebraic raising of a binomial to a power as in (a + b)™.
For example, if n =2, (a+ b)?=1 x a®+2 x a x b + 1 x b?, and the coefficients
are 1,2, 1.Ifn=3, (a+bP=1xa*+3xa®xb+3xaxb®+ 1 xb’ and the
coefficients are 1, 3, 3, 1.

While the coefficients can be determined by algebraic multiplication, a
shortcut is to observe that if they are put above each other starting with n=1,
any coefficient can be found by adding the term above to the one to the left of | Max. Gain = 9.8 dBi Freq. = 10 MHz
the term above as in the following:

Fig 14-14 — Azimuth pattern of
eight element broadside array

1,1

1,2, 1 ght e :

L,3,3,1 :{ltr _l:)migmlal tapered current
1,4,6.4,1 istribution.

1,5,10,10,5, 1

1,6,15,20,15,6,1

L% 25,085,935, 21,7 |

and 50 on

This chapter has introduced some interesting and significant concepts in the capabilities of antennas. We have seen
that multiple vertical monopoles can have their patterns shifted in various ways — broadside, end-fire, cardioid and even
towards almost any azimuth by shifting the relative phase of the currents in each element. This allows the possibility of
electronically steered antenna arrays, a very powerful tool in the toolbox of the antenna designer.

Review Questions

14-1. If you feed two monopoles with equal lengths of coax cable, which
way will the pattern point?

14-2. If you add a /2 section of transmission line to one of the monopaoles
in question 14-1, what change will occur to the pattern?

14-3. If you feed two monopoles spaced A/4 with equal currents 90 out-of-
phase, what happens to the resulting pattern?

14-4, Why might you want to feed a large array with non-uniform element
currents? What are the trade-offs involved?
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Practical Multielement Driven

Arrays

These multiple elements are combined to achieve an omnidirectional pattern.
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Practical Multielement Driven Arrays

In earlier chapters 1 have discussed a number of arrangements of horizontal and vertidal elements used as single and
multi-element antenna arrays. Almost any combination of them, in almost any quantity, can be (and probably has been)
used to construct antennas that meet specific requirements. In this chapter T will discuss how principles described in
preceding chapters have been effectively used to construct some classic antenna arrays.

The Bobtail Curtain Array

One of the simplest,
and perhaps oldest, three
element vertical monopole
arrays is called a Bobtail
Curtain. It consists of
three vertical monopoles
fed in-phase to form a
broadside array with a ta-
pered current distribution.
The construction shown
in Fig 15-1 is deceptively
simple, but it has some
unusual features in spite of

UBAD148

each outer element has half
the current of the center.
Thus we have the kind of
taper described in the last
chapter. Note that with
three elements, the taper
will be 1 — 2 — 1, which
can be considered either a
linear or a binomial tapet,
if you worry about naming
such things!

The horizontal wires
would also radiate, but

its simplicity.

The three monopoles
are fed via a single con-
nection to the bottom
of the center element. Note that the
outer two verticals are not connected
to ground. This makes the bottoms
the high voltage end of each outer
monopole. The center vertical also
exhibits a high impedance at the bot-
tom, by virtue of its being connected
to the other two through the lengths
specified. It thus requires a transfor-
mation to match to low-impedance
transmission line. In its earliest days,
this transformation was generally
accomplished with a link-coupled
tuned circuit. The link would form
the low-impedance driving point,
while the resonant circuit would be
resonated at the desired frequency.
The antenna was connected to one
end of the parallel-tuned resonant
circuit, and there was a connection
to a ground system on the other end.
These days, a weatherproof remoie
automatic antenna-tuning unit is com-
monly vsed for matching,.
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Fig 15-1 — Configuration of a Bobtail Curtain three
element monopale broadside antenna system.

The high-impedance feed results
in the maximurn current being at the
top of each monopole. This raises
the area of maximum radiation away
from ground and makes the efficiency
somewhat less dependent on the
conditions of the ground beneath the
array. The effect of ground conditions
beyond the near field is still the Limit-
ing factor for far-field radiation in the
far field, as with any vertical HF ar-
ray. Note that having the high-voltage
end near the ground suggests that
proper protection should be employed
to avoid accidental contact by humans
or animals during operation.

The low impedance point at the top
of each outer vertical is connected
in parallel to the center ene through
a A/f2 section of wire, so the imped-
ance is low again at the connection
point. Because all the current flows
up the center element and then splits
to head towards the outer elements,

because they are carry-
ing identical currents in
opposite directions, their
radiation broadside to the
elements cancels, while the nulls
from the ends largely takes care of
the rest.

Because there is a low impedance
at the top, it is also possible to feed
the junction at the top of the center
element directly with a low-imped-
ance transmission line. This is not
usually done, however, because it is
often difficult to install a transmis-
sion line without coupling it to the
ather portions of the antenna. The
modeled impedance at that point is a
close match to the usual 50 2 coaxial
cable, although there really isn’t quite
a ground at that point, so an isolating
choke or balun would have to be em-
ployed to keep common-mode current
off the coax shield.

How Does it Work?

The Babtail Curtain is quite
directive, as shown in Fig 15-2, with
significant gain compared to a single



monopole. The sharpness of its
azimuth pattern makes it well suited
for point-to-point links, Or you could
use a number of Bobtail Curtains

for wider coverage — especially if
multiple supports are available.

The large horizontal section might
mauke a reader wonder about the rela-
tive benefits of this antenna compared
to a full-wave center-fed horizontal
antenna hanging from the same sup-
ports. The horizontal antenna has
almost the same azimuth pattern,
as shown in Fig 15-3. However the
choice between the two is clearly
highlighted in Fig 15-4, which com-
pares their elevation patterns over
typical ground. Note that the horizon-
tal antenna actually has a higher peak
gain, however, it is generally directed
at higher elevation angles. Note that
the gain of the vertical curtain is
significantly higher at lower elevation
angles. The choices are thus:

* If you are designing an HF system
for medium-range communication
(typically 1000 miles or less) by
means of Near Vertical Incidence
Skywave (NVIS} propagation, the
horizontal system would be more
effective.

* On the other hand, if vou want
longer-haul communication at low
takeoff angles, the vertical array
will bath provide stronger signals
near the horizon and reduced in-
tesference and noise from closer-in

stations and noise sources, often a

limiting factor in reception.

For many insiallations seeking
long-haul propagation, the issue often
becomes height of available, or fea-
sible, supports. At the lower frequen-
cies in the HF or MF region, even
3/4 heights can be challenging, and
4 horizontal antenna capable of pro-
ducing low-angle radiation requires
heights well above A/2. For example,
&t 1.8 MHz a 2/2 high antenna would
be 273 feet high!

Mex. Gain = 10.72 dBi Freq. = 10 MHz

Fig 15-2 — Azimuth pattern of a
Bobtail Curtain array at 10° elevation
angle over typlcal flat ground.

Max. Gain = 5.49 dBi Freq. = 10 MHz

Fig 15-3 — Azimuth patiern of a
Bobtail Curtain (selid line), compared
to a full-wave center-fed hotizontal
antenna (dashed line) over typical flat
ground at 30° elevation.

Max. Gain = 7.24d8i Freq. = 10 MHz

Fig 15-4 — Elevation pattern of

a Bobtail Curtain {solid line),
compared to a fuil-wave center-fed
horizontal antenna (dashed line).

Practical Multielement Driven Arrays
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The X-Array Antenna

Another simple array to construct
is the combination collinear-broad-
side system known as the X-Array.
This antenna, shown in Fig 15-5 is
made from four folded dipoles fed
in-phase. The dimensions between
the elements are not terribly critical;
however, those shown result in a good
balance between gain and a clean pat-
tern. They also result in a combined
drive-point impedance of close to
50 Q, a good match to coax, if each
element feed line is an electrical full-
wave and the parallel combination is
fed through a balun to transition from
balanced-to-unbalanced feed lines.

Building an X-Array Antenna

The only critical part of construe-
tion of this antenna is to make sure
that all elements are tied together in-
phase. This means the all right-hand-
side element connections need to be
on one side of the combined feed,
while all left-side connections be on
the other. Note that because the two
wires in each folded dipole are at the
same phase, it doesn't matter if the
connections are to the top or bottom
wire of the folded dipole elements.

By having the individual element
feed lines (typically 300 Q line is
used) be exactly one electrical wave-
length long, the folded-dipole feed
impedance is repeated at the junction
point. The effects of mutual coupling
reduce the folded-dipole impedances
so that the combination is very near
50 €.

You can make construction and
materials provisioning easier if both
antenna elements and dipole feed
lines are all made from 300 Q TV
type twinlead or amateur type win-
dow Une. You should limit the use of
TV twinlead to low-power transmit-
ters.

X-Array Performance

Azimuth and elevation patterns
for an X-Array with elements at A/2
and a full wavelength above ground
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Fig 15-5 — Conflguration of an X-Array of four
folded-dipole elements.

are shown in Figs 15-6 and 15-7
respectively. Note that the benefit of
the ground reflection adds signifi-
cantly to overall gain, as compared
lo vertical arrays, such as the Bob-
tail Curtain.

While the Bobtail Curtain is
often employed at the lower end
of the HF spectrum, the X-Array
is an antenna best suited for the
upper portion of the HF region into
VHF because it requires significant
vertical spacing. The antenna mod-
eled for the following plots had the
lower element at a height of A/2 and
the upper element another A/2 high.
At a 10 MHz modeling frequency,
this represents a height of about
100 feet, While that height can be
accommedated, the expense of two
towers of that height argues for
antennas that can be supported by a
single support, such as I will cover
in later chapters.

At 30 MHz, the top of the HF
range, a height of 30 feet will do
the trick and is not nearly as daunt-
ing. Existing trees or buildings can
often be used to good advantage.
As with the Bobtail Curtain, the
X-Array has a narrow azimuthal
pattern, best used for point-to point
or in combination with other anten-
nas. Many amateur stations using
long, single-wire antennas have
deep nulls in their coverage at some

azimuth angles, particularly at the
higher frequencies. If the nulls are in
an unfortunate direction, an antenna
such as the X-Array can be an effec-
tive and simple way to fill in the gap.

Max. Gain = 13.62 dBi Freq. = 10 MHz

Fig 15-6 — Azimuth pattern of an
X-Array at 17° elevation angle.

Max. Gain = 13.62 dBi

Freq. = 10 MHz

Fig 15-7 — Elevatlon pattern of an
X-Array.



The Four-Square Array

An antenna that is very popular
with amateur operators looking for
long-haul performance on the 160
through 40 meter amateur bands is
called the Four-Square array. This is
a unidirectional array consisting of
four, usvally A/4 long, monopoles at
the corners of a square with sides A/4
long. With the phasing of the sources
shown in Fig 15-8, the antenna will
fire on the diagonal beiween the ele-

ments with 0° and ~180° phase delay.

The resulting azimuth and eleva-
tion patterns over typical earth are
shown in Figs 15-9 and 15-10. Note
that the half-power beamwidth of
the azimuth pattern is 100°, so that
four directions can cover all azi-
muths with some overlap. The real
benefit of the Four-Square comes
from its symmetry. Because the
element spacings are the same, the
feed system can be moved instead of
the antenna elements and thus, via a
relay network, all four directions can
be achieved with a single aatenna.
The gain over an isotropic radiator
is about 5.2 dBi over typical ground,
although the gain would increase to
10.8 dBi if the ground were perfect.
As with all vertical systems, ground
conductivity some wavelengths from
the system plays a large part in deter-
mining effectiveness at low takeoff
angles.

It 1s interesting to compare the
Four Square to the two element
cardioid discussed in the last chapter.
That is sort of half a Four-Square,
with a half-power beamwidth of 170°
and a peak gain 2.6 dB less than the
Four-Square. It can cover almost
all azimuths from one direction or
the other, and adds the prospect of a
less-than-optimum broadside array
to fill in the gap. The switching is
much easier to implement, however,
without implementing the broadside
direction.

Feeding the Four-Square
As noted in the last chapter, the ef-

fects of mutual coupling on elements
fed at different phase angles generally
results in different feed impedances at
each element. In order to force equal
currents into each element at the de-
sired phase, a combination of selected
transmission-line lengths and an L.C
impedance-matching network can be
employed. Fig 15-11 shows the ar-
rangement used to obtain the desired
results from a Four-Square.

The exact values for the inductive
and capacitive reactances shown in
Fig 15-11 will depend on the ground

conditions, the number of radials
used at the base of each monopole
and the Z of the cable used for the
phasing lineg. Note that the electrical,
not physical length of the cables is
specified. These should be trimmed
for the center of the desired band us-
ing an antenna analyzer or impedance
bridge for optimum performance. The
values for various arrangements are
given in Table 15-1. These should be
considered starting points, since the
exact ground conditions will have a
major impact on the impedance.

Fig 15-8 — Configuration of a Four-Square array of
four 2/4 monopole elements, spaced A/4 on each

side.

UBAD156 1]

May. Gain = 5.18 dBi

Freg. = 10 MHz

Fig 15-9 — Azimuth pattern of a
Four-Square array at 25° elevation
angte.

Practical Multielement Driven Arrays
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Max. Gain = 5.18 dBi

Freq.= 10 MHz

Fig 15-10 — Elevation pattern of a
Four-Square array.
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Table 15-1
L Network Values for the Four-Square Array Feed Arrangement

of Fig 15-11.

Radiais per Element Cable Z, Xoer () X (E1)
4 50 17.1 ~13.7

4 75 385 -30.9

B - 5O 202 -15.6

8 75 45.4 -36.2
16 5{1h~ 236 -17.6
16 75 53.1 -39.6

ANTDZ24 EL.1

Fig 15-11 — Optimum feed arrangement for
Four-Square array.
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A Real-World Steerable

Unidirectional Array

The eight element broadside
array discussed briefly in the last
chapter was part of a larger system
I worked on early in my engi-
neering career. By pairing each
element with a rearward element
phased to generate a cardioid

response the system becomes a

16 element unidirectional broad-
side array with the azimuth pattern
shown in Fig 15-12.

While not likely a system for
the home constructer, this antenna
was something that was success-
fully deployed in the field and can
serve as an interesting example of
what can be accomplished, This
antenna was part of a world-wide
system with separate receiving and
transmitting systems located conti-
nents apart. There were four trans-
mitting stations and five receiving
locations. Each receiving station
had to monitor all four transmit-
ters, each at different azimuths.

The four transmitters were in
the same quadrant, so rather than
erect four separate antennas at
each receiver location, a single
array was used to synthesize
four pencil-shaped beams — one

Monopcle 1

Praamp 1
Transmission
Line 1

Menopole 8 I

Preamp 8

Transmissicn
Line &

UBAD152

Beam 1

Max. Gain = 5.96 dBi

Freq. = 10 MHz

Fig 15-12 — Azimuth pattern

of a 16 element unidirectional
broadside array showing three
separate beams at 10° increments.

towards each transmitter. This was
accomplished by making the ar-

ray unidirectional {using a reflect-
ing screen to be discussed in a later
chapter) to eliminate the unneeded
response from the rear, The cardioid
arrangement used here will provide

the same result for a single frequency.

Each receiving element was fed
through an equal-length transmis-
sion line ta a preamplifier. Each
preamplifier had a splitter with four
outputs. Each cutput had a delay
line corresponding to the shift for a
single beam, as discussed for a two
element array in the last chapter. The
eight signals for each of the beams
were combined in an eight-port sum-
ming network. Thus each beam was
available for the appropriate receiv-
ers. The configuration is shown in
Fig 15-13. Fig 15-14 shows the azi-
muth response for three such beams,
each 10° apart.

I was not only involved in the
development of procedures to make
sure that all phases were correct, but

Practical Multielement Driven Arrays

Fig 15-13 — Configuration of an eight element broadside array that provides
four simultanecus beams.

had an opportunity to participate in
an evaluation of the results at one
location to validate the concept. A
helicopter was fitted with a suspended
vertical dipole with a battery-powered
transmitter at its center. An observer
with a transit was stationed at the

UBAD1BG

Max. Gain = 15,56 dBi

Freq. = 10 MHz

Flg 15-14 — Azimuth pattern of the
steered array In Fig 15-12, showing
three separate beams at 10°
increments.
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array center to call off azimuth positions while the helicopter’s navigator used
a hyperbolic navigation system to verify the radial distance. The signal from

each receiver was measured and the antenna worked as specified (much to my
relief).

Long-Wire Antennas

One of the simplest antennas to
build is called a Inng wire. As its
name implies, it is just a long, in
terms of wavelengths, piece of wire,
It can be resonant or not, although is
often easier to feed and predict the
performance if it is resonant. While
some call any piece of wire a long
wire, most would say it would have
to be at ieast 2 A long to qualify for
the term.

The Basic Long Wire

A piece of wire 2 A long is a kind
of collinear array consisting of four
A/2 elements one after the other,
Unlike the previously discussed
multielernent collinear antennas in
which elements were fed in-phase,
the end-to-end connection results in
alternate sections being of opposite
phase. Thus unlike the in-phase col-
linear with its main lobe broadside to
the wire, an end-fed long wire with
an even number of elements will have
a broadside null and a pattern that
has offset major lobes, as shown in
Fig 15-15.

This wire can be fed at one end us-
ing high-impedance transmission line,
or the first /2 element can be fed in
the center with lower-impedance line.
Its resenant impedance at that point
is about 120 €2, so a good match to

UBAO161 a

Max. Gain = B.29 dBi

Freg. = 10 MHz

Fig 15-16 — Pair of 2 }, end-fed

long wires combined Into a V-beam.
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Fig 15-15 — Azimuth pattern of the
2 3 end-fed long wire.

50-£2 coax can be obtained through a
A/4 section of 75-0) coax.

If the long wire is end fed (often
connected directly to a tuning unit
at the transmitter), it can provide
good performance from a frequency
as low as A/4 (it fed against a good
ground) and as high as desired. As
the frequency is raised, the pattern
becomes more complex and tends to
focus closer to the line along the wite
axis. For any given direction, there is
likely a frequency that will provide
good coverage.

It’s hard to imagine an antenna
with this amount of flexibility that 1s
as easy to construct!

The V-Beam Array

If more directivity is desired than
that afforded by a single long wire,
you can configure two of them in the
configuration shown in Fig 15-16.
This is known as a V-beam. You take
advantage of the fact that for a 2-&
wire, the center of the main lobe is
63° away from the broadside direc-
tion, or 27° from the wire axis. If you

combine the effects of two such wires
fed in-phase with a separation of 54°,
the main lobes will reinforce along
the direction of the bisector of the
angles, as shown in Fig 15-17.

The V-beam does provide usable
bidirectional gain and directivity,
combined with a nice balanced feed
suitable for high-impedance low-loss
balanced transmission lines. Tt can
be operated on other frequencies,
although the angle between the wires
will only be optimum at its design
point. For longer-length wires, the
main lobes move closer to the wire
axis and thus a smaller angle is ben-
eficial.

The Rhombic

If you place two V-beams end-
to-end, you would end up with the
rhombic shown in Fig 15-18. This
configuration further reinforces the
on-axis directivity and further reduces
the broad sidelobes of the V-beam,
as shown in the azimuth pattern in
Fig 15-19. The rhombic, however,
really moves into prime time and

UBAQ1EY a

Max. Gain = 10.42 dBi

Freq. = 10 MHz

Fig 15-17 — Azimuth pattern of the
2 X per leg V-beam.




changes character with the simple ad-
dition of a terminating resistor across
the gap at the far end, as shown in
Fig 15-20.

The terminated rhombic is a bit
different in operation than other
antennas you've looked at. You
might consider it as a special sort
of transmission line. As previously
mentioned, an open-wire transmis-
sion line doesn’t radiate if the two
wires are very close together. A ter-

minated rthombic, however, you have

essentially a terminated transmission
line that has its wires spaced very

far apart. The currents moving down
the line to result in radiation, and

the angles and spacings add in the
desired direction along the bisector of
the angle between the fed ends.

Note that, unlike other antennas
you have studied, there is no reflec-
tion from the far end of the terminat-
ed rhombic, The result is that there is

Fig 15-18 — A pair of two 2 3, V-beams

combined into a rhombic.

Fig 15-20 — A pair of 2 3. V-beams combined into

aterminated rhombic.

Practical Multielement Driven Arrays

no radiation back towards the source
end. You thus have a unidirectional
antenna with significant gain and
directivity, as shown in Fig 15-21.
Terminated rhombics have long been
used for fixed (for HF they are hard
to rotate!) point-to-point transoceanic
links and have provided good stable
results. The terminating resistor
absorbs about half the incident power
and thus must be a substantial resistor
for high-power transmitting applica-
tions.

UBAD1GS ]

Max. Gain = 14.08 dBi Freq. = 10 MHz

Fig 15-19 — Azimuth pattern of the
2 . per leg rhombic.

UBAMIET o

Max. Gain = 1211 dBi

Freq. = 10 MHz

Fig 15-21 — Azimuth patiern of the
2 % per leg terminated rhombic.
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But Wait There’s More!

Because of the lack of reflections from the termination point, the rhombic acts like a reasonably frequency independent
lead to the source and thus has a wide impedance bandwidth. The 600 {2 SWR over a 2:1 frequency range is shown in
Fig 15-22. While the wire angles will not be optimum for multiple frequencies, the antenna can still be used over this
frequency range with excellent results. At the high end, the pattern tends to break up; however, comprornise angles can
be found that can control this over a wide range. Just using the 10 MHz design angle used for the V beam, I achieved the
results in Fig 15-23 for 8 and 14 MHz operation.

UBAD16H UBAD169 d

VAAINA

1
8 Frequency {MHz)} 8

F|g 15-22 — BO0-O SWR of 2 &, per |eg Max. Gain = 10.7¢ dBi Freq. = 10 MHz
rhombic over 2:1 frequency range. Fig 15-23 — 10 MHz 2 ) per leg

rhombic's azimuth pattern at 8 MHz
{dashed line) and 14 MHz {solid line).
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The Beverage Long-Wire Receiving

Antenna

An antenna that looks like a long
wire and is made from a long piece of
wire, but is quite different in operation
from those we've discussed, is called
4 Beverage antenna, This is named for
Harold Beverage, who developed and
patented this antenna just after WW L
The Beverage antenna is designed to
be a highly directive receiving antenna
that responds to vertically polarized
low-angle waves approaching along
the ground. It accomplishes this by
itself being installed quite close to the
ground, cancelling most its response
to sky waves as well as horizontally
polarized signals. Vertically polarized
waves coming along the lossy ground
tend to slow along the bottom near
the ground, resulting in a tilt to the
wavefront. This tilt couples a signal
along the length of the wire that adds
in-phase with the signal as it continues
to propagate along the wire towards the
matching transformer,

Waves coming from the other di-
rection accumulate as well, but are
dissipated in a terminating resistor,
just like they do in the rhombic. The
termination is usually between 400 and

600 3, adjusted for best front- to-back
ratio. The configuration is shown in
Fig 15-24,

The consequence of this is that
desired signal is received without the
neise from nearby lightning or other
noise sources that tend to arrive from
high elevation angles. Other interfer-
ing noise or signals that arrive from
unwanted directions are also attenu-
ated by the directional characteristics

of the Beverage.

The absolute gain of a Beverage
system is quite low; however, this
receiving antenna is typically used
for low frequencies (MF and just into
HF) where atmospheric noise is the
key limitation to signal-to-noise ratio
and thus the weak desired signal is
at much higher SNR than with other
antennas because the noise is reduced
more than the signal.

Many Wavelengths Long

Desired
Wavefront
U ————

Malching
Tranaformer

4-6 Feet Above Ground

| _r

T -

Terminating %
Reslstor

LIBADITD

Z

é-round

Fig 15-24 — Configuration of a Beverage low-noise receiving antenna.

Practical Multielement Driven Arrays
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Chapter Summary

This chapter has provided some easy — and some not-so-easy — examples of practical arrays that can be constructed
to meet particular operating objectives. An interesting aspect of this is that most can be constructed from available

materials at relatively low cost, compared to commercially available antennas, yet they all offer significant performance
advantages over simpler systems.

Review Questions

15-1. Why might it be desirable to have the bottom of the Bobtail Curtain elements
8 feet above ground?

15-2. How many X-Array antennas would be needed to have coverage of all 360° at the
-3 dB level?

15-3. How might you make a unidirectional version of an X-Array?

15-4. Why are extra components required to properly drive the elements of a Four-
Square array at the proper phase and amplitude?

1812 Chapter 15



Surface

This reflector antenna is used for point-to-point communication at 10 GHz.

Reflector Antennas
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Surface Reflector Antennas

As noted in previous chapters, it 1s frequently desirable to restrict the coverage of antennas to a single direction. 1
have previously introduced the /4 spaced, 90° phased array that produces a cardioid unidirectional pattern. There are
other arrangements that have a similar effect,

Just as radio waves reflect from a large conductive surface, such as seawater, they will also reflect from a surface
such as a metal plane. If the plane is large enough to reflect most of the radiation from the antenna, it will redirect the
radiation away from the plane. If the spacing is such that the radiation ends up largely in-phase with the radiation from
the antenna itself, this will reinforce the radiation from the antenna, resulting in a stronger signal in the desired direction
and no signal to the rear.

The Plane Reflector Antenna

will impart a 180° delay to the signal,
as explained above, and there will be
another 90° delay for the signal to

The simplest case to imagine is an
infinite, flat and perfectly conducting
plane. Fortunately it neither has to be

and don’t add fully in-phase. None-
theless, the combined effect is benefi-
cial. This is shown in Fig 16-2.

infinite nor perfect to function quite

nicely, thank you, but let’s start here.

Fig 16-1 shows the configuration

of a dipole placed in front of such a
plane. You can imagine that this is a
honizontal dipole above a perfectly
conducting ground and it acts just
the same way. Because the dipole is
parallel to the surface,

return to the dipole, so that the total
delay is 360°. This means that signals
going directly rearward will add in-
phase with signals leaving the dipole
traveling towards the [ront.

Note that waves leaving the dipole
at any other angles take a longer path

How Do You Make a Giant
Plane at HF?

While a large solid metal plane is
sometimes used at the higher VHF
frequencies and above, at HF and for
many applications above HF, a plate

that extends gutward on

the phase of the reflected
wave is out-of-phase with
the incident wave, result-
ing in a phase shift of
180° at the boundary.

What Spacing Gives
Us the Correct
Phase?

You would generally
like the signal coming
directly from the antenna
to reflect in-phase with
the reflection so they add
up going away from the
reflector. If you space
the dipole A/4 in front of
the reflector, the wave
going rearward will have
a propagation delay cor-
responding to a 90° phase

each side of the dipole by
around A/8 and above and
below by A/4 will have a
similar effect. In addition,
by replacing the plane with
a skeleton of wires spaccd
much closer than a wave-
length, the weight, cost
and wind resistance can he
reduced considerably.

In developing the models
for these patterns, I wanted
to get a feel for the effect
of skeleton-wire spacing.
Using my usual 10 MHz
(30 meter) frequency, I
started with a wire spacing
of 1 foot, about 0.01 A. 1
then reduced every other
wire and continued until 1
reached a spacing of 4 feet,
or about 0.04 A, before I

shift as it travels to the
reflector. The reflector

16-2 Chapter 16

Fig 16-1 — Dipole in front of a plane reflector.

noled any degradation in
forward gain or front-to-



End-View of
Dipole

UBAD138

a0

o Max. Gain = 10.93 dBi

Freq. = 10 MHz

UBAD13T

Fig 16-2 — Side view of dipole in front of a plane
reflector, The direct radiation from the dipole is
shown as a solid line, while reflected waves are

shown dashed.

back ratio. This is probably a reason-
able guideline for construction of
reflector arrays, and is what I used for
these models. Extending the width

or height of the reflecting screen for
the flat plane beyond these guidelines
has very little impact on the predicted
results.

How Does the Skeleton Play?

Fig 16-3 shows the elevation
pattern of the skeleton-plane reflec-
tor over typical, real ground, with
the center of the antenna at a height
of /2. Fig 16-4 shows the azimuth
pattern compared to a dipole at the
same height. Note that the radiation

intensity off the front of the antenna
is more than twice (about 3.6 dB) that
of a dipole at the same height. Thus
the rearward energy has been suc-
cessfully redirected to refocus in the
desired direction.

Had I used an infinite refiect-
ing plane in free space (instead of a
skeleton above earth), the forward
gain compared to a dipole would
have been an impressive 5.5 dB. The
infinite plane would also have an infi-
nite front-to-back ratio, compared to
a respectable 20 dB for the skeleton.
Unfortunately, infinite planes and free
space are difficult to find, especially
in the same place!

Surface Reflector Antennas

Fig 16-3 — Elevation patiern of the dipole in front
of a skeleton plane reflector.

UBAD138

Max. Galn = 10.88 dBi

Freq. = 10 MHz

Fig 16-4 — Combined effect ot all
reflected waves from the plane
reflector and the resulting pattern
{solld), compared to a dipole in free
space (dashed).
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The Corner Reflector Antenna

A common alternative structure is
the cerner reflector. This can be cre-
ated by folding the plane along the
¢enter behind the dipole so that the
two sides are at an angle, as shown
in Fig 16-5, The reflected waves tend
to be focused somewhat more along
the front axis, and with the reflected
waves having a shorter distance to
travel, they are closer to being in-
phase with the front facing waves.
The elevation pattern for a corner
reflector with a 90° angle is shown in
Fig 16-6, while the azimuth pattern,
again compared to a dipole, is shown
in Fig 16-7. For about the same size
of plane (bent at the center), the cor-
ner reflector has a slight advantage
over the plane reflector. However, the
difference is small enough that me-
chanical considerations may be more
of a consideration than performance
when deciding between them.

Since the reflected waves travel
different lengths, there is nothing
magic about the A/4 spacing, so you
can use other spacings too. With
narrower angles and longer plane
sheets, you can achieve additional
gain. A 45° comer with side lengths
(L in Fig 16-3) of around 2 A should
provide about 3 dB more forward
gain, for example.

16-4 Chapter 16
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Fig 16-5 — Side view of dipole in front of a corner
reflector. The direct radiation from the dipole is
shown In solid, while the reflected waves are

shown dashed.

UBAD144 a0

- o
Freq. =10 MHz

Max. Gain = 11.5 dBi

Fig 16-6 — Elevation pattern of the
dipole in front of a skeleton corner
reflector.

UBAD142 a

Max. Gain =11.57 dBi

Freg. = 10 MHz

Flg 16-7 — Combined effect of all
reflected waves from the corner
refiector and the resulting pattern
{solid), compared to a dipole In free
space (dashed).



The Parabol

Another structure you will some-
times encounter is the parabolic
reflector. This is a special shape
that has the property that all waves
striking the reflector emanating from
the focus, where you mount a dipole,
leave the reflector in-phase and head
out in parallel with the wave leav-
ing the dipole in the desired forward
direction, This is shown in Fig 16-8.

The power of this structure will
be more evident later in this chapter
when I discuss the three-dimensional
paraboloid; howevet, in two dimen-
sions, 1t is an alternate to the corner
teflector. The elevation pattern for
a parabolic reflector about the same
size as a comer reflector is shown in
Fig 16-9, while the azimuth patiern,
compared to a dipole by itself, is
shown in Fig 16-10.

Some Comments about
Surface Reflectors

A reasonable question to ask about
any of the above antennas is why
hother? After all, a cardioid array can
provide similar results with fewer
wires. That is a good question and
there are a number of answers to this,
the relevance of which will depend
on your design goals and constraints.
+ The surface reflector is straightfor-

ward, predictable and easy to make

work. Using this kind of structure
avoids the problem of mutual
impedance between multiple ele-
ments and possible complications
obtaining equal currents in multiple
elements.

*The same structure can be used at
higher frequencies by just moving
the dipole closer to the screen.

* ]t is easily adaptable to being driven
in more complex structures, such as
broadside arrays.

» The reflector, using the same screen
(if a plane array), can eperate in
two directions simultaneously by
having dipoles or driven arrays on
each side.

Paraholic
Reflacior

LIBAD143

Fig 16-8 — Slde view of dipole in front of a
parabollc reflector. The direct radiation from
the dipole Is shown In solid, while the reflecied
waves are shown dashed.

Max. Gain = 11.54 dBi

Freq. = 10 MH2

Fig 16-9 — Elevation pattern of
the dipole in front of a skeleton
parabolic reflector.

Max, Gain = 11.54 dBi

Freq. = 10 MHz

Fig 16-10¢ — Azimuth pattern of
the parabolic reflector and the
resulting pattern {solid), compared
to a dipole in free space (dashed).
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The Parabolic Dish Reflector —

In Three Dimensions

So far, I have been talking about
antenna structures in which the
driving element is comparable in
size to the reflector. As frequen-
cies move into the upper UHF and
especially microwave regions (above
1000 MHz), the wavelengths get
small and antennas that would be out
of the question at HF become fea-
sible. Nowhere is this more evident
than in the case of the parabolic dish
reflector.

This is the same structure used as
an optical reflector in most flash-
lights and vehicle headlights. Take a
moment and observe a flashlight and
note the difference in intensity in the
main lobe of the flashlight compared
to looking at the bulb from the side.
This kind of dish shape can be just as
effective for radio signals,

Because my usual 1) MHz dipole
is relatively large, and because it is
inherently omnidirectional around its
axis, I've restricted the discussion so
far to the two dimensional structure
explored in the last section, While as
effective as other two dimensional
reflectors, the parabola really pays
off when its driving antenna becomes
small enough compared to the reflec-
tor size that it can be considered a
point rather than a line. If that’s the
case, the parabola can be shaped like
a dish and all radiation from the focus
towards the dish will be sent from
the reflector in-phase. This is perhaps
more apparent in the case of a receiv-
ing antenna, in which virtually all the

diation can be via the
parabola, Note that
since you no longer
have a direct ray to be
in-phase with, there i
no longer a need for

a particular distance
from the driver to

the dish. You can use
any dish size, with
any focal distance,

at any frequency

with the appropriate
driving anienna and
sub-reflector located
at the optical focus.
You decide how much
gain you need, or

Main
Reflector

UBAG146

alternately how much
receive aperture is
needed for the desired
signal strength, and
then you select the
appropriate-sized dish.
The down side of the sub-reflector
is that it effectively provides a
shadow to the signal to and from the
main reflector. With higher frequen-
cies, smaller drivers and larger dishes,
the loss is generally a small frac-
tion of the dish area. Typical gains
for parabolic dishes are shown in
Table 16-1 for various frequencies
and commonly available dish sizes.

reflector.

Table 16'1 S

Fig 16-11 — Slice through a three-dimensional
parabolic reflector antenna showing sub-

Complex Feeds are Common
at Microwave Frequencies

While these discussions on reflec-
tor arrays have focused (no pun
intended) on dipole feeds, at higher
frequencies where we find most
parabolic dish antennas, other types
of drivers are more common, In the
microwave region, perhaps the most
common type is the kere antenna.
This antenna, which will be covered

Expected Gain of Parabolic Dish Antennas Compared to Isotropic

s < ; Radiator (dBi}.

radiation received in the aperture of (el

the disk is focused on the single focus Dish Diameter (Feet)

point, Frequency (MHz) 2 4 & 10 15 20 30
With a very small driving an- 420 6.0 12.0 15.5 200 235 26.0 28.5

tenna, it becomes feasible to have a 1215 150 210 245 290 325 350 380

sitErefiector in fipntortheidiving o, 205 265 300 345 380 405 440

antenna to eliminate the direct radia-

tion from the dipole or other driver. 5600 28.5 345 38.0 42.5 46.0 48.5 52.0

By eliminating the direct rays from 10,000 336 385 43.0 47.5 51.0 53.5 57.0

the front of the driver, all the ra-
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later, is unidirectional by nature and
can be designed to just radiate into
the area of the dish without the need
for a sub-refiector,

Dishes Get Quite Large

[ have encountered rotating dish
antennas with diameters larger than
100 feet. 1 have also seen sections
of parabolic dish antennas as wide
as 540 feet. These were vsed for a
very-long-range space radar system,
m which the drivers rotated to use
different segments to cover different
azimuths, There were two drivers at
different elevation angles to simul-
taneously track targets crossing two
elevation angles. This allowed com-
putation of ballistic trajectories.

This system was reputed to be
powerful enough (a combination of
amassive transmitter and very high
gain antenna) to detect a basketball-
sized object thousands of miles away
orto shoot down birds that got too
close. The radar was located north of
the artic circle where there weren't

many birds, but there
were lots of warning signs
posted for the occasional
human that got near.
Perhaps the largest
parabolic dish around is
the one in use at the radio
telescope of the Arecibo
National Observatory in
a remote comer of Puerto
Rico. 1t has a fixed dish
305 meters (1000 feet)
across that's built into a
sinkhole in the rugged
terrain. This is shown in
Fig 16-12. This antenna is
aimed by knowing what
part of space this location is point-
ing toward as the earth turns and the
cosmos moves around it, The large
surface of this dish covers an area of
more than 20 acres. Il offers some
18 acres, about 26 football fields, of

available receiving aperture! The dish

reflects and concentrates weak celes-
tial signals on the receiving antennas

suspended 450 feet above its surface.

Feeding Antennas for

b pace Communication

Fig 16-12 Parabolic dish of the Arecibo
radio telescope Areclbo Natlonal Laboratory
in Puerto Rico. The dish diameter is

305 meters or 1000 feet.

This leads to one of the limiting
parameters of parabolic dish arrays,
Surface irregularities, either from
manufacturing tolerances, or in this
case, possible “frost heaves,” result
in less than perfect phase relation-
ships among the reflected waves.
Perhaps this is why Arecibo was built
in Puerto Rico rather than frigid New
England!

Feeding Antennas for Space
Communication

Space communication 1s generally
limited by the receive signal-to-noise
ratio, since transmitter power in
satellites, or distant terrestrial bodies,
is psually in short supply. With an
antenna pointed toward space, unless
the sun crosses the path, the antenna
is seeing its signal sources against a
cold distant sky. Unfortunately, with
the feed systems we have discussed,
any sidelobes or spillover from the
feed that misses the reflector heads
towards earth. This is not a signifi-
cant problem for the transmitted, or
uplink, system — just turn up the
transmit power & notch.

On the receive side, it is 2 whole
different story. Random noise signals
received from the warm earth are

UBAD14T

Fig 16-13 — Hlustration of the Cassegrain feed system —
adapted from optical telescope technology.
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much more powerful than those from
space and can be the limiting factor
in signal-to-noise ratio, If the pattern
from the feed 1s tightened to stay
entirely within the reflector, it will
undoubtedly not fill it completely,
thus giving up some of the possible
forward gain,

Onme alternative is to feed the

antenna from the rear using a system
adapted from optical telescopes called
a Cassegrain feed. This is illustrated
in Fig 16-13. Note that with this feed
system that if any radiation misses the
sub-reflector at the main dish focus
point, it beads for space rather than
towards the warm earth.

The Cassegrain feed is a particu-

Chapter Summary

larly good choice for large reflectors,
since a long transmission line to the
feed horn is eliminated. A low-noise
receiver amplifier at the feed horn
can be any size without blocking the
pattern and is also in a location where
it is easy to service, rather than being
perhaps 100 feet over the top of the
dish.

This chapter has discussed the use of surface-type reflectors used to provide gain and directivity to antenna systems.
This is one alternative to the multielement arrays of driven elements I discussed in previous chapters. 1 will discuss
other possibilities later in this book. Of the types discussed, the parabolic dish is almost universally encountered at
microwave frequencies, whether used for TV satellite receive dishes, search radar antennas or point-to-point communi-

cations links.

16-8 Chapter 16

Review Questions

16-1. Discuss the relative benefits of unidirectional phased arrays compared
to surface-reflector antennas. Under what conditions might each have the

edge?

16-2. Can you think of two “structures of opportunity” that could be pressed

into service as plane reflectors?

16-3. Examine the two-element horizontal broadside array of Fig 7-1 and its
gain shown in Fig 7-5. If you were to put a properly sized plane reflector A/4
behind it, what would you expect the forward gain to be?

16-4. Calculate the receive aperture in wavelengths of a 15 feot parabolic
dish at 2300 MHz and compare it to that of a 6 foot dish at 5600 MHz. Com-
pare the gains of each in Table 16-1. What do you conclude?



Surface Reflector Antennas You
Can Build

This reflector antenna for 70 cm satsllite
work can be hullt from parts available at
any hardware store,
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Surface Antennas You Can Build

There are a number of easy to build surface reflector arrays that can be constructed in the home shop and provide
excellent performance at low cost. This chapter will provide some representative examples; however, availability of
materials can make some other configurations equally attractive.

A Simple UHF Plane Reflector Array

This antenma may become a classic! It provides exactly the
performance needed for successtul low earth orbit (LEQ) satel-
lite operation, costs relatively little and is easy to duplicate.
The antenna was first presented in Q57 Magazine, but is worth
repeating here.!

The antenna in Fig 17-1, consists of two broadside dipole
pairs, one horizontal and one vertical, in front of a 2 foot square
reflector (a 2% foot square would work a bit better, but would
be a bit more cumbersome), For terrestrial use, either polariza-
tion may be used. By feeding both polarizations with a 90°
phase delay, circular polarization can be provided, which pro-
vides better communication to either a tumbling satellite using
linear polarization or to a satellite that uses circular polarization
in the same sense.

Fig 17-2 shows the configuration layout, while Fig 17-3
shows the hardware store perforated aluminum sheet reflec-
tor with the dipoles in place. The reflector is made rigid by
pieces of 1x1x! inch aluminum angle around the edges and
1x% inch bar stock across the dipole mounting locations. Each
dipole is made from two 5% inch long pieces of % inch OD
aluminum tubing insulated at the center with Y% inch black PVC
lawn sprinkler couplings. The dipoles are insulated from, and
mounted on, aluminum angle brackets that provide 4 separa-
tion of 5%¢ inches from the reflector and 194 inches from its
opposite number.

Horzontal Vertical
Dipoles _~7 Dipoles

Fig 17-1 — View of a 70 cm panel reflector
antenna. Its compact size Is evident.

Fig 17-2 — Layout of
panel reflector.

Raflector Fanal — DS0602-Monk)!
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The feed arrangement for right-hand circular polarization
is shown in Fig 17-4. The cables to each pair of dipoles are
each A/2 (electrical length) longer on one side of a pair than
another, so the connections to the dipoles are reversed to
make the signals of each pair bethe same phase. In addition,
the cables to the horizontal pair are 90° longer, resulting in
generation of right-hand circular polarization.

The “four-way power splitter” in the center consists of a
pair of T adapters to join the two 50 Q loads from each of the
pair of dipoles. The resultant impedance of the two in paral-
lelis 25 Q. Each of the 25 Q loads is transformed through a
#/4 length of 50 2 coax to 100 €2 and then each is combined
in parallel in another coaxial T to form a 50 Q load for the
transmission line to the radio equipment. The author used Fig 17-3 — View of panel reflsctor with
50 Q Type N connectors and Tt for all connections. While dipoles In place.
these are somewhat more expensive than the UHF type, they
are recommended for use at VHF and above because they
offer a constant impedance. In addition they are waterproof if
properly assembled.

Additional details for construction can be found in the QST
article or on the ARRL Web page.?

Fig 17-4 — Detail of feed cables and
four-way power divider.

e VHF or UHF Array

Many serious VHF and UHF the design frequency. This
operators interested in long-haul makes duplication straight-
communications have selected arrays forward. The EZNEC
of Yagi arrays (Yagis are described predicted gain of more than
in a subsequent chapter) for their sta- 18 dBi (see Fig 17-6) is
tions. Still, for those without a suit- quite impressive and hard
able method of confirming the Yagi’'s 10 b*_?at with homemade
correct tuning and spacing, the plane ~ Yagis.
reflector can provide a predictable

alternative that is easy to duplicate in Element .
the home workshap. Construction

The antenna shown in Fig 17-5 The antenna is com-
brings together material from a num-  posed of three pairs of b
ber of chapters resulting in a combi-  center-fed full waves (or '
nation broadside-collinear array in perhaps better yet, col- M/“"::M S
front of a reflecting backscreen. The  linear end-fed half waves)
dimensions given are for a design stacked vertically to Flg 17-5 — Configuration of combinatlon six
frequency of 144.5 MHz, but nothing  give good gain along the element collinear-broadside array in front of
is critical about the dimensions, nor ~ horizon. Each full wave screen reflector.
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element should be about 71 inches tip
to tip, with a gap between the inside
ends for transmission-line connec-
tion. The upper.and lower collinear
elements are connected to the center
pair through readily available 450

) ladder line from the center pair to
those above and below.

Elements are made from % inch
OD aluminum tubing with each A/2
piece about 35 inches long (a bit
shorter than the usual A/2 because of
the increased diameter) and spaced
20 inches from the backscreen. The
elements should be supported at their
center, a Zero-voltage point, but it is
best to use nonconducting material,
such as PVC tubing, to be safe. Con-
nections to the rods at their common
ends can be made by flattening the
end of each tube and drilling each for
bolts, lockwashers and nuts to secure
ring terminals soldered to the end of
the transmission line sections.

The diameter and spacing of the
driven elements results in an ap-
propriate impedance that divides
the power almost equally in thirds
between the elements when the array
is driven from the center pair. This
results in maximum forward gain. 1t
is important that the lines between
the elements be close to an electrical
#/2 and twisted one turn, as shown
in Fag 17-5, or alternately 1 A long
and not twisted, to obtain the correct
phase in all three elements.

Feed Arrangement

The resultant impedance results in
equal power in each pair and a good
match for low-loss 300 2 feed line
going back to the station. As shown
in Fig 17-7, the relatively flat curve
of SWR vs frequency confirms that
this antenna is not fussy about pre-
cise dimensions.
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If coax cable is desired instead of
300 €2 line, a simple A/2, 4:1 loop
balun can be used to make the transi-
tion to readily available 75 £2 cable
TV (CATV) type coax for the run to
the station. This coax is available in
different thicknesses, with the larger
sizes offering very low loss com-
pared to most types of coax used by
amateurs. Cable is often available
from CATYV installers at no cost, as
they often have end pieces on their
reels that they can’t use. The resulting
1.5:1 SWR at the radio is not gener-
ally a problem for the equipment. If a
perfect match is desired, a 61 3, A/4
matching section can be fabricated
from copper pipe and tubing.

Backscreen

The backscreen is composed of
1.5 & long wires that are parallel to
the elements, These wires extend A/4
above and below the driven elements.
The wire lengths are not critical
and any convenient construction
techniques can be vsed. Aluminum
ground wire or bare {or insulated)
house wire are suitable material. Each
backscreen wire is spaced 0.05 A,
about 4 inches for 2 meters, from the
next, Alternately, agricultural mesh
(chicken wire) can be used if its wire
spacing is similar or ymaller and ity
crossings are welded or soldered.
Chicken wire should be suspended
on an appropriate wood or aluminum
support frame that can have attach-
ments for the element supports.

Other Bands

The antenna can easily be scaled
to operate on other bands. A sec-
ond band’s driven elements can be
mounted on the rear of the back-
screen, if the backscreen wire spacing
is close enough for the higher band. If

chicken wire or other two-dimension-
al grid wire is used, you could have

a vertically polarized antenna on one
side and a horizontal polarized one on
the other of the reflector.

ugA01M

Max. Gain = 18.59 dBi

Freg. = 144.5 MHz

Fig 17-6 — Azimuth pattern of
array in Fig 17-5 over typical
ground. Note high forward gain.
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Fig 17-7 — 300-Q SWR plot of array
in Fig 17-5. Note wide bandwldth
for low SWH.



lic Dis

tor Systems

While it is difficult, though by no means impossible, for
the home constructor to build a parabolic dish — particu-
larly from wire mesh material — it may be far easier to
obtain a surplus dish frem military, commercial or personal
receive-only TV use that you can adapt te your needs.

Such a dish, a surplus C band (2 to 4 GHz) receive-only

TV antenna, is shown in Fig 17-8. Most dishes can operate
efficiently at any frequency where they are at least a few
wavelengths across, with larger sizes providing more gain,
generally proportional to the area interceptied. The upper
frequency limit of dishes is the frequency where surface ir-
regularities or dimensional tolerances become a measurable
fraction of a wavelength.

Finding the Focus

The first question upen obtaining a dish is to determine
the key dimensional parameters, particularly the focus
distance, Refer 1o Fig 17-9. The parameters shown can be
easily measured and the following formula can determine
the spacing from the center of a symmetrical dish (not
those that have a distorted shape, designed for oft-center
feed), to the focus point.

f=D%(16 S

Once the focus point is located, you must design a feed
system to illuminate the reflector from that focus point.

Designing a Feed System

The feed system is a critical element of any such reflec-
tor array. To obtain the full benefit of the dish, the beam-
width of the feed antenna must be such that most of its
radiation is kept within the dish, and it must fill the dish
out to its edges, If the feed only illuminates part of the
reflector, the remainder might just as well not be there. On
the other hand, if the feed beamwidth extends beyond the
width of the reflector, the pewer that misses the reflector
is equivalent t¢ attenuating that amount of power. Once
you've found the focus location, as described above,
finding the target beamwidth of the feed is easy. Look at
Fig 17-9 again and note that the required horizontal and
vertical beamwidth (BW) can be found as follows:

BW =2 tan” ((D2VD

In addition, the feed itself must be sufficiently small that
it does not block a significant portion of the reflector sur-
face. The fraction of the surface in the shadow of the feed,
as well as its support structure, reduces the effective area of
the dish and thus acts as an additional attenuator.

With all of those constraints in mind, virtually any rela-
tively small unidirectional array can be used as a dish feed.

Fig 17-8 — A C band television recelve-

only dish modified for amateur space
communication with motor-driven azimuth and
elevatlon controls.

25051 1-Microl

Fig 17-9 — Technique for
determining focal point of
symmetrical parabolic dish.
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The only ones I've discussed to this point are cardioid arrays, which have a very
wide beamwidth compared to most parabolas, and also plane or corner reflectors,
which leave a relatively large shadow because of their size. Subsequent chapters
will discuss various other options better suited for this service. These include

horn, patch and Yagi antennas.

Summary

This chapter has discussed the con-
struction of various types of unidirec-
tional arrays you can construct using
non-resonant surface reflectors. They
generally operate with the simplicity
of an optical mirror and, as a conse-
quence, avoid many of the problems
associated with the driving of phased
arrays. Plane reflectors have been suc-
cessfully employed from HF through
UHEF, while parabolic dishes are often
the best choice in the microwave
region and above.

Notes

'A. Monteiro, AA2TX, “A Panel-Reflactor
Antenna for 70 cm,” QST, Feb 2005,
pp 36-39.

“www.arrl.org/iles/gst-binaries/panel-
antenna.zip.

17-6  Chapter 17

17-1. Discuss the relative merits of unidirectional phased arrays compared
to surface-reflector antennas. Under what conditions might each have an edge
in performance?

17-2. What are some of the limitations of parabolic-dish arrays? How can
such limitations be overcome?

17-3. What would be the effect of using a backscreen of vertical wires be-
hind a horizontally pelarized antenna?



Antenna Arrays With Parasitically
Coupled Elements

An extreme example of parasitically coupled antennas. This is an array of 64 15 element Yagis.
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Antenna Arrays With Parasitically

Coupled Elements

All the multi-element antenna arrays I have discussed so far have had some portion of the transmitter power feed-
ing each of the elements directly through transmissien lines. I have also discussed the fact that nearby elements couple
to other elements via electromagnetic fields. In addition to having an impact on the element impedances, such mutual
coupling results in changes in the directional patterns in the reception and transmission of signals. Now, I turn to arrays

that purposely use mutual coupling.

An Array With One Driven and One
Parasitic Element

A parasitic antenna system is one
in which one or more elements are
coupled to the driven element by mu-
tual coupling only. The first example
of this is shown in Fig 18-1. Here [
take my typical resonant A/2 dipole
at 10 MHz, A/2 above typical ground,
and place another dipole of the same
length — but with no transmission
line attached to it — A/4 behind it at
the same height. This second dipole
is just a A/2 length of wire, with no
connection to anything else.

This type of parasitic array using
a driven element and other parasitic
elements is named the Yagi-Uda
array, in honor of the two Japanese
scientists who developed it (although
the array’s name is often abbreviated
to just Yagi). More complex Yagi ar-
rays than the simple two element one
in Fig 18-1 will be discussed in more
detail in the next chapter.

Parasitic Element Impact on
Pattern

A dipole by itself has a bidirec-
tional pattern, as shown in Fig 18-2.
Note that the peak gain after ground
reflection is 7.4 dBi. By adding a
single parasitic element, the pattern
shifts to a unidirectional one. See
the elevation plot in Fig 18-3 and the
azimuth plot in Fig 8-4, The gain in
the direction opposite the side with
the parasitic element is more than
3 dB higher than the dipole, while the
front-to-back ratio is almost 10 dB.

Reflector

Driven
Element

UBAQ1T1

Fig 18-1 Configuration of dipole with driven element and one parasitic

element behind it.

element parasitic array to the car-
dioid unidirectional array presented
earlier. Both arrays could be made
from dipoles or vertical monopoles.
While the pattern of a cardioid array
is more dramatic than the pattern
for the two element parasitic ar-

ray in Fig 8-4, the deep null at the
back exhibited by the cardioid only
comes about from careful design
and construction of a feed system
that ensures proper phase shift and
equal currents in each element. By
contrast, the simplicity of the simple
2-element parasitic array is hard to
beat.

Parasitic Element Impact on
Dipole Impedance
In addition to the impact on the

Max. Gain =7.41 dBi

Freq. = 10 MHz

Fig 18-2 — Azimuth pattern of

It is interesting to compare this two reference dipole.

radiation pattern, a parasitically

18-2 Chapter 18



Max. Gain = 11.12 dBi

Freq. = 10 MHz

Fig 18-3 — Elevation pattern of
antenna in Flg 18-1.

coupled element will also have an
impact on the feed-point impedance
of the driven element. Fig 18-5 shows
the modeled SWR curve of a refer-
ence dipole at a height of A/2. By
adding a A/2 long parasitic element
A4 away, the resonant frequency
shifts downward more than 2%, as
shown in Fig 18-6. Fortunately, you
can compensate for this frequency
shift by shortening the driven dipole
to make it resonant again in the pres-
ence of mutual coupling to the second
element. It becomes easier to feed

the driven element using a typical
coax line, while the unidirectional
radiation pattern remains essentially
unchanged. In other words, tuning the
driven element alone has no effect on
the radiation pattern.

What About Other Spacings?

I started with a spacing of A/4,
mainly because of the physical
similarity to the driven cardioid
configuration I described earlier in
Chapter 7. There is nothing magic
about this spacing distance, and you
can obtain interesting results using

A7
BEvISE any
‘g-

Max. Gain = 11.12 dBi

Fraq. = 10 MHz

Fig 18-4 — Azimuth pattern of
antenna in Fig 18-1.

other spacings. As you move the A/2
long parasitic element closer than
2/4 to the driven element, the general
trend is 2 lowering of the feed-point
impedance of the driven element, plus
a reduction in gain and front-to back
ratio.

An interesting phenomenon occurs
as you reach very close spacings with
a A2 long parasitic element. At a
spacing of 0.085 A, for example, the
front-to-back ratio approaches unity
and you'll see the azimuth pattern
shown in Fig 18-7. While this shares
the generally bidirectional pattern
of a single dipole, the beamwidth
is significantly narrower and the
maximum is almost 3 dB higher than
the dipole by itself. A look at the pre-
dicted SWR curve indicates that the
driven element impedance drops to
about 9 Q. This is undesirable, since
losses in the system begin to become
an appreciable fraction of this small
resistance.

Since you've passed the bidirec-
tional point at a 0.085 A spacing,
as you move even closer you prob-
ably won’t be surprised to find that
the pattern now reverses itself. Ata
spacing of 0.05 A, for example, you
get the pattern shown in Fig 18-8
with a A/2 long parasitic element. At
this close spacing the driven-element
impedance has dropped to around
4 Q, which makes for an even more
difficult, and lossy, match.

Here's some terminology you will
often encounter in discussions about
parasitic arrays. If a parasitic element
results in radiation away from it to-
wards the driven element, it is called
a reflector. On the other hand, if the
radiation becomes focused in the di-
rection moving towards the parasitic
element from the driven element, the
parasitic element is called a director.

Going to wider spacings affects
things less dramatically than nar-
rower spacings. The mutual coupling
is reduced and the parasitic element
has less effect on pattern and feed-
point impedance. Both the gain
and front-to-back ratio are gener-
ally reduced, but the driven element
impedance rises. At a spacing of
A2, the pattern actually has started
to broaden, so there may be some
applications for which a wide pattern

Antenna Arrays With Parasitically Coupled Elements
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Fig 18-5 — SWR of single 3/2 dipole
A/2 above typical ground.
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Fig 18-8 — SWR of driven 3/2 long
dipole element with same-length
parasitic element spaced /4 to the
rear of driven element, both /2
above typical ground.

Fig 18-7 — Azimuth pattern of array
with parasitic element
spaced 0.085 A to the rear of driven
slement, both 3/2 above typicai
ground.
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like that in Fig 18-9 would be useful.
The resonant impedance is back to
about 8¢ £2; however, the resonant
frequency has shifted upwards some.
At even wider spacings, there is little
of interest to discuss.

What About Other Lengths
for the Parasitic Element?

The other key parameter you can
adjust is the length of the parasitic
element — in other words, you can
tune it. In an attemnpt to optimize
forward gain and front-to-back ratio,
I adjusted spacing and length of the
reflector until | obtained the result
shown in Fig 18-10. This is at a spac-
ing of 0.2 & with the reflector about
4% longer than the driven element,
As a side note, it is an awful lot easier
to go through these studies with an
antenna modeling program such as
EZNEC than to go out in the back
yard, lower the antenna, change a
parameter, hoist up the antenna and
take readings — again and again and
again!

It is also possible to head in the
other direction, with closer spacing
and a shorler parasitic element. By
moving to a spacing of 0.085 A and
reducing the length of the parasitic
element by 2.5% compared to the
driven element (turning it into a di-
rector), the pattern of Fig 18-11 was
obtained. At this spacing and length,
the driven element has an impedance
of about 23 Q.

18-4 Chapter 18
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Max. Gain = 11.71d8i Freg. = 10 MHz

Fig 18-8 — Azimuth pattern of
array with same-length parasitic
element spaced 0.05  to the rear
of driven element, both 2/2 above
typical ground.

UBAQ1TS 0

Max. Gain = 7.3 dBi Freq. =10 MHz

Fig 18-9 — Azimuth patiern of array
with same-length parasitic element
spaced 0.5 . to the driven element,
both 2/2 above typical ground.

Max. Gain = 11.02 dBi

Freq.= 10 MHz

UBAD1&EY 0

Max. Gain = 10.73 dBi

Freg, = 10 MHz

Fig 18-10 — Azimuth pattern of
array with tuned parasitic reflector
spaced 0.2 A to the rear of driven
element, both /2 above typical
ground,

Fig 18-11 — Azimuth pattern of
array with tuned parasitic director
spaced 0.085 ) from the driven
element, both /2 above typical
ground.



An Array with One Driven and Two

Parasitic Elements

Since a single parasitic element in a two element Yagi para-
sitic array can provide such benefit with relatively little effort,
you may wonder whether adding more parasitic elements might
do even more. The answer is yes.

The next chapter will go into more detail about such ar-
rays, but the addition of a reflector and a director to the driven
element (making a three element Yagi) can provide a good
introduction to that discussion. The resultant pattern of a reflec-
tor at 0.2 A spacing behind the driven element and a director at
0.085 A ahead of the driven element is shown in Fig 18-12. The
front-to-back ratio is now almost 25 dB, impressive indeed.

UBAC18Z Q

Max. Gain = 11.46 dBi Freq. = 10 MHz

Fig 18-12 — Azimuth pattern of
3-element Yagi array with parasitic
reflector and director.

SL..-t Minda }\*

I have introduced the concept of rect phase relationships in previously
the use of parasitic (not-connected) described driven arrays. Neither does
elements in antenna arrays. These the parasitic array have the penalty
elements allow beam shaping without  of the large wind loads common to
the problems involved cbtaining cor-  surface-reflector arrays.

Review Questions

18-1, Under what conditions might an array with one or mere parasitic ele-
ments have advantages over directly driven phased arrays or surface reflector
arrays previously described?

18-2. What is a negative consequence of closely coupled parasitic elements?

18-3, What can be the effect of cutting parasitic elements with a few percent
error? How does this compare with driven arrays?

Antenna Arrays With Parasitically Coupled Elements 18-5



The Yagi-Uda or Yagi,
Parasitically Coupled Antenna

Yagis for multiple bands surround a
higher frequency parabolic reflector

array.
Contents
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The Yagi-Uda, or Yagi, Parasitically

Coupled Antenna

The last chapter discussed the con-
cept of parasitically coupled anten-
nas. This antenna configuration was
extensively evaluated and developed
by two Japanese academics in the
early part of the last century.

The concepts of the antenna later
known as the Yagi-Uda were pub-
lished in 1926 by Shintaro Uda, with
the collaboration of Hidetsugu Yagi,
both of Tohoku Imperial University,
Sendai, Japan. Yagi published the
first English-language reference on
the antenna in a 1928 article and it
came to be associated with his name.!

Uda’s principal contribution to the
design, and the proper name for the
antenna is the Yagi-Uda antenna {or
array).

The Yagi was first widely used by
Allied Forces as the antenna for VHF
and UHF airborne radar sets during
WW II, because of its simplicity and
directionality. The Jupanese military
authorities first became aware of this
technology after the Battle of Singa-
pore, when they captured the notes
of a British radar technician that
mentioned “Yagi antenna.” Japanese
intelligence officers did not even rec-

in this context. When guestioned the
technician said it was an antenna
named after a Japanese professor.
(This story is analogous to the story
of American intelligence officers in-
terrogating German rocket scientists
and finding out that Robert Goddard
was the real pioneer of rocket tech-
nology even though he was not well
known in the US at that time. )
Current usage in the US is to refer
to this antennas configuration as a
Yagi, and we will use that term in this
book, with the understanding that
Yagi is really short for “Yagi-Uda.”

However, Yagi always acknowledged  vgnize that Yagi was a Japanese name

What’s a Yagi All About?

The antenna developed by Uda and Yagi took the basic
three element parasitic array described in the last chapter
and extended it, through the addition of multiple direc-
tors, to provide a highly focused beamwidth signal for
VHF and UHF (the “ultra short waves™ in Yagi’s article
title). They empirically developed the early designs of
such arrays, including the optimum lengths and spacings.
The results have been relied on for many years, until the
availability of modern computer modeling and simulation.

Why More Directors and not More
Reflectors?

An effective reflector results in minimal signals behind
the array. Thus additional reflector elements placed he-
hind the first reflector receive only a very small residual
signal going past the reflector element and therefore
contribute little to the signal leaving at the front of the
array. Occasionally, a multielement reflector structure can
be found, but this is really just a different geometry at the
approximate distance of the primary reflector. Sometimes
a plane reflector is used behind the driven element for bet-
ter front-to-back performance.

19-2 Chapter 19

Additional directors, on the other hand, are in the
path of the main beam formed from the driven element,
reflector and any previous directors. Thus they continue to
focus the beam further as it progresses forward along the
antenna axis.

What Frequencies are Appropriate for Yagi
Antennas?

While the original paper about Yagi-Uda antennas was
focused (no pun intended) on VHF and UHF applications,
there is nothing about that range that is specific to the
Yagi design. On the low frequency side, the limits are the
physical size of the structure. On the high frequency side,
manufacturing tolerances, plus the effectiveness of other
available alternatives, form the limits for the deployment
of Yagis,

At upper HF and into the UHF range, Yagis tend to be
made from rigid, self-supporting materials, such as alumi-
num tubing. At the low end, they are more often found as
fixed antennas constructed of wire elements. Al the upper
end of the frequency range, they are sometimes even seen
etched onto printed circuit material.



Enough Talk; Let’s See Some Examples!

A discussion of Yagi antennas
would probably start with the three
element parasitic array I introduced
at the end of the last chapter. How-
ever, Yagi development really gets
mto full swing with antennas having
multiple directors. In keeping with
the spirit of the onginal Yagi paper,
I will shift the design frequency into
the VHF range, but keep in mind
that the results can be scaled to any
frequency.

At VHF, ground reflections at
any reasonable height rapidly shift
through peaks and nulls. Thus I will
change the usual environment to that
of free space when generating pat-
terns at these frequencies. Fig 19-1
illustrates the point. Here you have
the elevation patterns of identical
145 MHz reference dipoles, con-
structed of the same (.25 inch
aluminum tubing that 1 will use for
the Yagis to come. One antenna is
mounted 40 feet above real ground;
the other 1s mounted in free space.
The rapid fluctuations of field
strength over ground tend to distract
from the comparison between an-
tenna designs. You will need to keep
in mind if comparing antenna results
that the main lobe gain of a free-
space dipole is 2.13 dBi, while the
gain of a dipole at the peak of the first
elevation lobe over typical ground is
167 dBi. The difference of 5.54 dB
is due to ground reflection gain and is
close to the theoretical limit of 6 dBi.
The ground reflection gain should be
carried over when evaluating other
free space designs.

Table 19-1

UBA(G183 a0

Max. Gain = 7.67 dBi

Freg. = 10 MHz

Fig 19-1 — Comparison between
elevation patterns of 145 MHz
reference dipole in free space
(dashed line) and the same dipole
mounted 40 feet above typical
ground (solid line).

The Medium Sized Three
Element VHF Yagi

As noted, the three element Yagi is
{ust an optimized and further devel-
oped version of the array with reflec-
tor and director described in Chap-
ter 18. The configuration is shown in
Fig 19-2. The spacing between the
elements of a Yagi is a key design
parameter. [n general, wider spacings

provide higher performance; while
closer spacings result in a more com-
pact physical configuration, but with
less gain. You usually select a boom
(the structural element supporting
the elements) and then optimize the
number of elements and their spac-
ing on the available boom length to
maximize performance. For my first
example, | will start with a boom
length of 0.3 A and use 0.15 A spac-
ing between the driven element and
both the reflector and director.

Azimuth Pattern

Careful adjustment of element
lengths to obtain a resonant driven el-
ement, maximum front-to-back ratio
and clean forward pattern with ac-
ceptable forward gain resulted in the
element lengths shown in Table 19-1.
The resulting free-space azimuth
pattern is shown in Fig 19-3. The for-
ward free-space gain of 7.84 dBi cor-
responds to a gain (compared to the
gain of 2.13 dBi of a dipole in [Tee

Refiector

777777777 T e

Driven
Element

Director

il

Fig 19-2 — Configuration of three element Yagi.

Dimensions of the 3-Element Yagi with 0.15 }. Reflector and Director Spacing. All Elements 0.25 inches in Diameter.

Element Length (1) Spacing from DE () Length (inches) Spacing from DE (inches)  Difference (%)
Relector 0.480 0.15 40.53 12.2 3.8

Driven Element 0472 38.42

Director 0.440 0.15 35.82 122 -8.8

The Yagi-Uda, or Yagi, Parasitically Coupled Antenna
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Max. Gain = 7.84 dBi

Freq. = 10 MHz

Fig 19-3 — Free-space azimuth
pattern of three element Yagi tuned
tor froni-to-back ratlo (F/B).
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Fig 19-4 — SWR (50 () of three
element Yagi in Fig 19-2.

space) of 5.7 dB. This is almost four
times the power in the peak of the
main lobe of a dipole in free space.
A key issue in the design of Yagi
arrays is that the element spac-
ings and lengths can be adjusted to
obtain maximum frent-to-back ratio,
maximum forward gain or match to
a particular impedance — but not all,
or even two, parameters can be opti-
mized using the same dimensions. It
is thus important to decide what your
design goals and acceprable param-
eter limits are before you statt.

Matching to a Transmission
Line

The 50 Q2 SWR for the example
three element Yagi is shown in
Fig 19-4. Note that while the frequen-
cy of lowest SWR is somewhat below
the design frequency of 145 MHz,
the actual resonant frequency, the

19-4 Chapter 19

frequency with 0 £) reactance, is at
145 MHz. The impedance at reso-
narce is about 26 €, which isnota
very convenient impedance for use
with common transmission lines, This
is fairly typical of Yagi antennas and

I will discuss some of the techniques
used to match transmission line to

the generally low impedance of Yagi
driven elements a bit later.

In general, this is a solved prob-
lem and T will not dwell onit as I
talk about the Yagi properties in this
section. For example, in this case, a
A/4 section of 36 Q2 transmission line
(which is available, but two com-
mon 75 £ lines in parallel could alsg
be used) will transform the 26 £2 to
50 €. The SWR plot transformed
to 26 £), under the assumption that
some sort of matching arrangement is
provided is shown in Fig 19-5.

Yagl Operating Bandwidth

Far many antenna types, the key
parameter determining operating
bandwidth is the frequency range
over which a usable SWR is provid-
ed. Depending on requirements, that
definition may or may not be appro-
priate for a Yagi. For example, the
26 Q1 2:1 bandwidth of the three ele-
ment Yagi in Fig 19-2 is from around
141 to 147.5 MHz, as shown in
Fig 19-5. This is about a 4.5% range
around the center frequency, com-
pared with around 8% for a similar
diameter dipole.

As the frequency is changed within
the operating bandwidth of a dipole,
however, the pattern remains virtually
constant. This is not the case with
a Yagi. Fig 19-6 shows the azimuth
pattern of the Yagi in Fig 19-2 at both
ends of the SWR bandwidth. Note
that the forward gain is actually a bit
higher, but the front-to-back ratio is
significantly reduced at each end of
this frequency range. Had [ optimized
for forward gain, rather than front-
to-back ratio, you would have seen
a different form of change. Whether
the difference from design center
performance is significant depends on
your application.

It is often possible to adjust the ele-
ment lengths to result in slightly less
than optimum performance at a spot

frequency, but for more satisfactory
performance over a wider bandwidth.
This is often done by making the
reflector a bit longer and the direcior
a bit shorter than optimum,

Changing the Element
Spacing

Within the constraint of a boom
length of (.3 X, you can distribute
the element spacings differently and
come up with a different antenna.
One choice would be to have the
reflector 0.2 . behind the driven ele-
ment and the director 0.1 X in front.
This is the kind of change Uda and
Yagi made empirically in the labora-
tory, but it is even easier to do with a
modeling program like EZNEC!

The result, perhaps with a bit of
optimization left for the student, is
shown in Fig 19-7. And Fig 19-8
shows the azimuth with the spac-

15 N //
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40 150
Frequency (MHz)

Fig 19-5 — SWR (26 G} of three
element Yagi in Flg 19-2.

UBAT184 0

Frag. =10 MHz

Max. Gain = 8.24 dBi

Fig 19-6 — Azimuth pattern of three
element Yagi In Fig 19-2 at 2:1 SWR
limits.




ings reversed — the reflector at 0.1 A
behind the driven element and the
director 0.2 & in front. The forward
gain is about 1 dB higher in this ar-
rangement and the front-to-back ratio
has improved slightly. The feed-point
impedance is, however, reduced to
about 10 €2 following the tweaking of
lengths to regain a reasonable front-
to-back ratio. There is no free lunch!

The Short and Long of Three
Element VHF Yagis

If space constraints are para-
mount you can employ shorter boom
lengths, at some cost of performance.
Fig 19-9 shows an example of a three
element Yagi on a 0.1 A boom, with
equally spaced director and reflector.
As is evident, this design gives up
from | to 2 dB of forward gain com-
pared to previous antennas with three
times the boom length. The front-to-
back ratio is also reduced compared
to the larger antennas. This antenna
has a resonant feed-point impedance
of about 11 Q2.

You can also go in the other direc-
tion, using a longer boom and wider
clement spacing. If you make the
array roughly square at 0.5 A per side
with a boom of that length, you can
have a bit more of everything. T will
later discuss that such a boom may be
better served by adding a director or
two, but the three element design can
be close in performance and is lighter
to raise and turn. It also has less wind
loading. With careful optimization,
this antenna can have additional gain,
but probably not as good a front-
to-back ratio as the (.3 A design
presented earlier. It also can provide a
direct 1:1 match to 50 Q coax cable.

Max. Gain = 7.38 dBi Freq. = 10 MHz

Fig 19-7 — Azimuth pattern of

0.3 1. boom three element Yagi with
0.2  reflector and 0.1 X director
spacing.

Max. Gain = 8.58 ¢Bi Freq. = 10 MHz

Fig 19-8 — Azimuth pattern of 0.3 A
boom three element Yagt with 0.1 &
reflector and 0.2 A director spacing.

uBAD181 0

180
Max. Gain = 8.54 dBi Freq. = 10 MHz

Flg 19-9 — Azimuth pattern of 0.1
boom three element Yagi with 0.05 A
reflector and director spacings.
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Yagis with More Elements

What I've discussed so far has set
the stage for more interesting designs
of long-boom Yagis with more ele-
ments — the focus of the original
Yagi-Uda work. The design variables
and adjustable parameters are the
same — boom length, the number
of elements, element spacings and
element lengths. The outcomes are
the same as well — forward gain,
front-to-back ratio, driving imped-
ance and operating bandwidth. As for
the earlier designs, the optimum for
all parameters hever occurs with any
one design.

With each element you add to the
mix, you get two independent vari-
ables — the element’s length and its
spacing from neighboring elements.
Since the number of combinations of
adjustments goes up with the square
of the variables, it can become quite
a challenge to be sure you have found
the optimum, Let’s see — if T make
this element a bit longer — and then
adjust all the other spacings and
lengths to compensate — am T getting
better or worse performance? You get
the idea!

Fortunately, there has been a Tot
of work done on this subject since
Yagi's 1928 paper and you don’t
have to reinvent every wheel. The
ARRL Antenna Book, for example,
lists lengths and spacings for many

UBAO133 2

Max. Gain = 11.34 dBi

Freq. = 10 MHz

Fig 19-11 — Azlmuth pattern of
seven element Yagi on 1 A boom.
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proven, optimized 2 -
Yagi designs for the 7 [ ] <’
HF and VHF/UHF 22 . | A
amateur bands. These 21 SR S
designs can be scaled w8 = v -
to provide a starting 8% 19 A —
point for other appli- %é 18 // '
cations or frequency =g 171 7
bands too. %g 15 i
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When you start

4 5 57890 20 30 40
Boom Length In Wavelengths

2 3

looking at antennas
with boom lengths
longer than about A/3,
you sometimes run
into an interesting marketing gambit.
Antenna manufacturers tend to mar-
ket their long Yagis based on element
count, with the boom length buried in
the specifications sheet. In fact, boom
length is arguably the most critical
parameter in long boom Yagi design,
For any given boom length, there is
an optimum design (including an op-
timum number of ¢lements) that will
provide the gain shown in Fig 19-10.
You can also obtain the same gain
with an antenna on a given boom
length with more elements; however,
that doesn’t mean that this design has
more value than one with less ele-
ments — in fact, since most antenna
installations are designed to with-
stand a certain level of wind force,
having more directors (and hence
more wind-surface area) may well be
a disadvantage. Watch this if you are
considering buying an antenna array.

A Short “Long Yagi”

The azimuth plot of an example of
an array with a boom length of 1 ).
is shown in Fig 19-11. Note that the
forward gain is close to that predicted
in Fig 19-10. Its dimensions are pro-
vided in Tahle 19-2 for the case with
a nonmetallic boom. Metal booms
may also be used; however, an adjust-

Book}.

Fig 19-10 — Gain of optimized Yagl as a function
of boom length (Courtesy of The ARRL Anlenna

ment in element length is usually
required for them.

A Longer “Long Yagi”

Extending the Yagi to a boom
length of a bit less than 2 A results
in the azimuth pattern of Fig 19-12.
Again the forward gain is close to
that predicted in Fig 19-10. This
analysis could be extended as far as
desired; however, a few observations
are in order.

If you were to place a six element
combination broadside-collinear

Max. Gain = 13.50 dBi

Freq. = 10 MH2

Fig 19-12 — Azimuth pattern of 10
element Yagi array on 2 ). boom.



Chapter Summary

Dimensions of the seven element Yagi on 1 A Insulated Boom. All Elements 0.25 inches in Diameter.

Elermnent Length (1) Spacing from R (1)

Relector 0.503 0] 40.94
Driven Element 0.474 0.15 38.58
Dirsctor 1 0.458 0.216 37.32
Diractor 2 0.450 0.338 36.61
Director 3 0.438 0.508 35.87
Diractor 4 0.432 0.717 33.20
Diractor 5 0.431 0.961 3512

array in front of a backscreen reflec-
tor (such as was shown earlier in

Fig 17-5 in Chapter 17), the resulting
reflector array provides a forward
gain within about 0.5 dB of the lon-
ger 2 A Yagi array. The antenna with
the backscreen reflector, however,
isabout 1.5 X high, 1.5 A wide and
.25 X deep, while the Yagiis 2 &
long, about 0.5 A wide, and not very
high. You're trading, in effect, vol-
ume for area for two different arrays
with comparable gains.

Whatever you decide to call “opti-
mum” for any particular installation
depends on your specific require-
ments. I should also point out that the
reflector array from Chapter 17 has

much less sensitivity to dimensional
tolerances or changes in frequency,
while the long-boom Yagi is more
sensitive to these effects.

You could keep extending the
boom and gaining additional forward
gain. Another alternative is to stack
another copy of the array on top of
the first. At the optimum stacking
distance, you can increase the gain
by almost 3 dB. Stacking compresses
the elevation pattern, rather than
turther squeezing more gain out of
the azimuth pattern, as happens when
you lengthen the boom of a Yagi.
Stacking is often a good method to
get more gain, since doubling the
boom length results in an increase of

Length ({inches} Spacing from R (inches) Difference (%)

0 6.1
12.28
17.59 -3.3
27.52 -5.1
41.34 =75
58.35 8.8
78.19 9.0
about 2 dB.

A Yagi antenna array can have sig-
nificant gain and front-to-back ratio
compared to other types of structures,
It offers more gain per unit of wind-
surface area than many other types
of high-gain systems, at the cost of
having tighter dimensional tolerances
and correspondingly narrow operat-
ing bandwidth. Multiple Yagi arrays
can ofien be combined into stacks of
very effective antenna systems.

Notes

'H. Yagi, "Beam Transmission of Ulira Short
Wawves,” Proceedings of the IRE, 16,
pp 715-740, Jun 1928.

*an.wikipedia.org/wikifYagi_ntenna.

19-1. What are some of the major advantages of Yagi antennas
compared to other types of systems previously covered?

19-2. What are some of the major disadvantages of Yagi antennas
compared to other types of systems previously covered?

19-3. Under what conditions might a stacked arrangement of Yagis
be more useful than a single Yagi with the same total boom length,
What are the disadvantages of such a system?

The Yagi-Uda, or Yagi, Parasitically Coupled Antenna
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Yagis for two frequency ranges share a tower.
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Practical Yagis for HF and VHF

The last chapter discussed the structure and results ebtained with Yagi antennas. Yagis are found in antennas de-
signed for MF through the middle of the UHF region. As has been mentioned, one downside of Yagi antennas is that
satisfactory operation requires close attention to tight dimensional tolerances. I will describe here some representative,
reproducible Yagi designs. You can scale them to other frequencies, but at your own risk!

Matching A Yagi to a Transmission Line

As discussed earlier, one poten-
tially unpleasant characteristic of
Yagi antennas, particularly those
with close-spaced elements, is that
the driven element impedance is
often quite low. This is a function of
parasitic element length and spac-
ing. While it is generally possible
to find parasitic element spacings
and Jengths that will result in a 50 €3
driven element impedance, those di-
mensions are not generally compact.
They are also often not the ones that
give best front-to-back ratie, nor the
highest forward gain.

Yagi designs are compromises.
Even ignoring driven element imped-
ance, the dimensions that give best
front-to-back ratio generally do not
provide best forward gain. Still, once
your chjectives and priorities are
defined, there is likely to be some
Yagi configuration that meets them.
By having a feed connection arrange-
ment that works with a wide range
of impedance valies, you are free
to optimize your trade-off between
front-to-back ratio and forward gain
without being constrained unduly by
impedance ¢oncemns.

Before I describe particular Yagi
designs, I will discuss some of the
methods used to match Yagi driven
elements to transmission lines,

Q Bar Matching

One of the earliest methods used
to match low impedance Yagi driven
elements to 50 €2 coaxial cable was

20-2 Chapter 20

called a “Q Bar.” This arrangement,
shown in Fig 20-1, is nothing more
than 4 2/4 transmission-ling match-
ing section. In order to match a given
resistive antenna impedance (Z,) to
any transmission-line characteristic
impedance (Z,), a 4/4 transmission-
line matching section of character-
istic impedance Z, can be inserted
between them, The characteristic
impedance of Z, is equal to:

Zy =ZyZ,
(Eq 1)

For example, if you had an antenna
with a feed-point impedance of 20 {2
and wanted to match it to 450€2 lad-
der line, you would need a transmis-
sion line that had a characteristic
impedance of 95 €2,

The characteristic impedance of
parallel-wire transmission line in free
space is found as follows:

2D

(Eq 2)

where D is the center-to-center spac-
ing and d 1s the conductor diameter.

If you had a line made from (.25
inch diameter rods, spaced 0.275
inches center-to-center, you could
achieve a Z, of 95 €2, but it would
make for a tight fit. You also wouldn’t
want to do this for a very long
distance. Note that this only works

if D > d, otherwise the two conduc-
tors would be touching. This sets the
lower spacing limit at 83 (2, not far
from where you are now.

A more modern adaptation of this
technique would be to match to a
50 Q line. This counld not work with
the Q) bars, but could be done with a
transmission line with a characteristic
impedance of 31.6 2. This could be
approximated by paralleling two
75 Q lines, with a resultant imped-
ance of 37.5 Q2

The Folded-Dipole Match

The two wire folded dipole was
shown in Fig 11-11 in Chapter 11.
This antenna takes up essentially
the same space as a conventional
single-wire dipole, but the feed-point
impedance is four times the imped-

e —

A2 Dipole B

A4 Q-Bar
Section

Balanced
Transmission Line
to Stalion or
to Balun

LIBAD1BS A AL

Fig 20-1 — Q-bar matching system.
Note that only a limited range of
values can be accommodated.



ance of a regular dipole. If a Yagi’s
driven element exhibits an impedance
of 12.5 €2, a folded-dipole driven
element would have an impedance

of 50 £3. Note that only the driven
element, not the parasitic elements,
needs to be changed to a folded-
dipole configuration to obtain this
transformation.

The Delta Match

An gutotransformer is a transform-
er with a single winding in which taps
on parts of the winding provide the
desired voltage-to-current ratio, or
impedance ratio. The same concept
applies to antennas. A half wave an-
tenna element has a high impedance
at its ends and a low impedance at the
center. Tf you connect a transmission
line between intermediate points, you
can match virtually any impedance,
from that of the center to that of the
end-to-end impedance.

The delta match is perhaps the sim-
plest implementation of this principle.
It is shown in Fig 20-2. There is
nothing magic about the dimensions,
although the two connections should
be equally spaced from the center to
maintain balance. In use, the connec-
tion points are adjusted until a rea-
sonable match is obtained. This will
change the element tuning semewhat,
s0 the driven element length must
then be adjusted for minimum SWR
and the connection points moved
again, back and forth until you obtain
the desired match.

This match can be used directly
with a balanced transmission line, or
through a balun to coax. You could
use a 4:1 loop balun to match 200 Q3
connection points to 50 £ coax. See
Fig 9-6 in Chapter 9. For this match,
and for the next several connection
methods, the center of the unbroken
driven element is at zero potential, so
you can connect it directly to a metal-
lic boom if you like. If the boom and
mast are well-grounded, this may
have benefits in terms of lightning
protection.

Typical starting points for an HF
dipole connected to 600 €1 line are at
a spacing between connection points
of 0,12 A for HF {0.115 A for VHF)
and a match length of 0.15 A, The
spacing should be moved inward for

DeltaF :gaztgﬁira M2 Dipele Spacing
system. l-.— —.]
Delta
hgatct]ing Match Length
action
lower impedances
until the best match
is found. The driven
element will generally CAm—
need to be shortened a Transmission Line
few percent to obtain fo Station or
to Balun
an exact match.
UBAQ18E . -J_.
The T Match
Another ada:pta‘t:ion‘of the auto- Shorting . Shorting
transformer principle is called the Strap Elemen Strap
T match. It differs from the delta = ane ; o I
match mainly in the connection % 'Bmm E
method. The T match uses bars : e
parallel to the antenna ¢lement to e
make connections to the dipole. Ba'i: i Cg -
Matching adjustment is generally OS0801-HS02

provided through the adjustable
position of sliding shorting bars,
as shown in Fig 20-3. As with
the delta match, the adjustments
should be carried out by moving the
bars the same amount on each side to
maintain balance.

The T match was introduced in
a OST article in 1940.! The authors
(including the soon-to-be-legendary
Dr John Kraus, W8JK), described a
method to connect 600 £ transmis-
sion line to a wire dipole and deter-
mined that the spacing of the shorting
bars should be 24% of the dipole
length for that case, with a spacing in
inches of the T bars of 114/f, in MHz.

Fig 20-3 — T matching system, one of
the most popular systems. It is often
used with a 4:1 balun and coax feed.

For a typical Yagi made of tub-
ing, the T-rods are usually Y: to Y2
the diameter of the driven element.
The distance between shorting bars is
usually a bit less than half the driven
element length.

As with the delta match, the
T match is often adjusted to 200 Q2
and used with a 3/2, 4:1 loop balun
to match to 50 € coaxial cable. The
T match will act to lengthen the
effective dipole length. This can be
accommodated by either shortening

Adjust

UBAQ1ET

Capacitance

e = == Length
Clamp -- \\ /— Antenna Elemert }
Spacing /_ Insulator [ Tubing Capacitor
\— Gamma Rod

Coax to Transmitter

Fig 20-4 — Detall of frombone capacitor for T or gamma match.

Practical Yagis for HF and VHF
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Shorting
Strap

Dipole Element

QE0801-HSM

LIBAGTIR

Fed Element

Bakaiitz
Red

RG-8/U Coax

Fig 20-5 — Gamma matching system.

Essentially half aT match. No balun
required.

the dipole, or by inserting capaci-
tance in the T bar connections. The
capacitance is often made by using
a “trombone” coaxial tuning section
on each side of the T, as shown in
Fig 20-4,

The Gamma Match

The gamma march is just half of
a T match. Tt extends out from the
boom towards one side of the driven
element, as shown in Fig 20-5. Be-
cause it only extends to one side, just
one side of the driven element needs
shortening, or a trombone or other ca-
pacitance can be used to compensate
for the added inductance. The gamma
match, inherently wnbalanced, pro-
vides for direct connection to coaxial
cable without needing a balun.

For a typical Yagi made of tubing,
the gamma rod is usually /5 to ¥ the

Ta
Director .~
l

Ne. B wire halrpin
center grounded
te boom

To

- 2" Quitside
Reflectar

Insulating Board

Boom-to-Elemant

Bracket

Fig 20-6 — Hairpin matching system. Can be visualized as a “folded

T-match.”

diameter of the driven element spaced
about 0.007 A center-ta-center from
the driven element and about 0.04 to
0.05 X long to match 50 €. A capaci-
tance value of about 7 pF per meter
of wavelength will avoid the need to
shorten the driven element beyond
about 3%.

The Hairpin Match

An altemative to tapping out
along the driven element is to load
the center of the dipole with a shunt
inductance connected to each side.
This brings the electrical center el-
fectively further out along each side
of the dipole. A low-loss inductor can
be formed by a short (<< 3/4) section
of balanced transmission line. This
arrangement, shown in Fig 20-6, has
the appearance of a hairpin and thus it
is called a Aqirpin match,

Some early work, reported in QST
in 1962, defined the hairpin param-
eters for a Yagi antenna operating
at 14.28 MHz.? These are shown in
Fig 20-7 and Fig 20-8. The required
inductance and line length (the same
line width should be used) both go
down directly with frequency, so
results can be scaled to provide a
starting point for other frequency
antennas,

This kind of match is simple to
construct and works well. Note that
unlike most of the other techniques
mentioned., it requires a split driven
element. While it will work as shown
in Fig 206, a balun should be in-
serted between the driving point and
the coax to avoid feed-line radiation,
which can distort the antenna pattern.
The balun ¢an be as simple as a coil
of the coax feed line,

e
o

UBAD19%
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S inInches
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Required inductance, microhenries

40
Antenna Driving Point Resistance, Ohms

50

Fig 20-7 — Inductance required for hairpin
matching to various driving point resistances

at 14.28 MHz.
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Let’s Build Some Yagis

Tt

~ Light Nylon Cord

] /// Insulater

20 m Reflector 1065 cm [ 34.94')

2" = 2" Pine or Cedar \

iy

UBADZDT Pipe Spreaders

/ pe R
122

£ S
12 Ve = -~ Hairpin Match

o7
i . 15 m Refiector 708 cm ( 23.23')
10 m Reflector 531 em ( 17.42')
- 20m Driven Element Total Length/Side 488 om { 16.01% 213cm
;,-’( 15m Driven Element 175 m (Biogy
; £ Total Length/Side 335 cm { 10.899 3.74)
7 / 125 cm
Drilt Hole and Thraad i i _ 10m Driven Element {410}
Rope Through to Adjust 3 / .-"; Total LengthiSide 254 cm ( 8.33")
sowhen the Antennais — f,f ,."r 7
Raised it isina * /7 i/ 7 Insulator
Horizontal Plane. -/ ’, k/ / l
e n/n 0 /n e 0 ! 00 i
o i L]
Pevmin ==Y
o ; (& L
Insulators — 3 L Light Nylon Cord

Flg 20-2 — Dimensions of the VE7CA triband 2 element Yagl.

A Portable Two Element
Triband Yagi

Perhaps the simplest of Yagis is
the wire triband HF Yagi designed by
Marcus Hansen, VE7CA.* Hansen
is also the designer of a wonderful
homemade HF transceiver that out-
performs all but the highest perfor-
mance commercial HF transceivers.*

This antenna is made of wire ele-
ments supported between 2 x 2-inch
wooden spreaders. The three bands
are covered by parallel driven
elements, fed with a single hairpin
match. The antenna uses separate
reflectors, optimally spaced for each
band. While shown as a triband,
two element-array, it could be eas-
ily simplified into a two element
monobander, or even a three element
monobander for one of the higher
bands by putting the driven element
near the center and adding a director
element. In my experience, a three
element Yagi for 20 meters would
be at the outer edge of what could
be asked of 2 x 2-inch spreaders,
although it might work for a weekend
operation, when there’s no wind.

A High-Performance 144
MHz 10 Element Yagi

This antenna illustrates the use
of a T match and aluminum tubing
to construct an easy to duplicate,
but no-compromise, YHF Yagi, first
described by K1FOQ. This antenna is
one of many cases of a basic design

Coax Faeding Coll
AboutGtoBTums —
A0 em (47 ) Diameter \\

Wrap Wire Around
Spreader and -
Antenna Wire 7| :;;2 PG
on Both Sides | i

/ Spreader

- p—!
Bcm 4 >
{2.587)
; 2
gcm
(357) 43cm
S ; {16.97)
Hard Drawn Stranded ,.'/ |
#14 Coppar Wire 10em |
#3
#14 Solid Copper " %,
House Wire \L Shoriing
LBAG202 Bar

Fig 20-10 — Close-up of the VE7CA
tribander’s feed point.

Practical Yagis for HF and VHF

that can be used from 10 through 19
elements described in recent editions
of The ARRL Antenna Book’?

This antenna is shown in
Fig 20-13. If you build it closely
following the design specifications
(given in mm to increase preci-
sion), it will yield a gain of 11.4 dBd
(13.5 dBi) and a front-to-back ratio
of better than 17 dB across the whole
144 to 148 MHz band. It has a 39°
azimuth beamwidth when mounted as
a horizontally polarized antenna.

i} .
Max, Gain = 10.31 dBi

Fraq. = 14.05 MHz

Flg 20-11 — Predicted elevation
pattern of the VE7CA tribander

on 20 meters. Other bands will be
similar, but for the same height

{26 feet in this example) will have a
peak lobe at a lower

elevation angle.
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The antenna is constructed on a 1% inch outside Table 20-1

diameter boom with the elements spaced from the re- Dimensions of the 10 Element 144 MHz K1FQ Yagi.
flector as shown in Table 20-1. Details of the driven el- All elements are ¥ inch diameter rod or tubing.
ement construction are shown in Fig 20-13. The design B
is intended for the low end of the band, generally used Element fP 05“:';’}" Length
for long-haul 8§B and CW weak-signal work. It camrbe A Rele) eni)
easily adapted to the FM portion centered at 147 MHz Reflector 0 1038
by shortening all elements by 17 mm, Driven Element 312 955
The antenna is matched by a 200 £ T-match and 2/2 Director 1 447 956
long 4:‘] loop balun designed to feed coaxial cable t.o Director 2 699 939
the radio, When complete, adjust the T-match shorting ,
bars for the best match. This should be done in its final Director 3 1050 die
position, if possible. If not, temporarily mount it as Director 4 1482 906
high as practical and point it upward to minimize near- Director 5 1986 ag7
ground reflection effects while adjusting the macch. Director 6 0553 a91
Director 7 3168 887
Director 8 3831 883
Diameter Matters . .
| have previously discussed the impact of anterina Table A

element diameter on both the resonant frequencyand . _
bandwidth of antennas, The topic is worth repeating in this 14.15 MHz Dipole Lengths for Different
disyussion abdut Yagi antennas, since they use different . Element Diameters
kinds of construction techniques. B .

Wire Yagls are often used at the lower frequency rangas . Diameter in)  Length(in) tength{f) LD #F
where solid rotatable antennas may not be:practical. in the 0,081 402.5 335 49689 4748
upper HF-and higher regions up to UHE Yagis are almost :

always constructed of tubing supported by a single central y _ : 394'§ 2.3 — 4855
boom. The examples | have provided in this chapter include 1-2 Blepped 4056 338 n/a 478.3
antennas in both camps, wire and tubing. 2 290.8 a0 6 195.4 460.9
Yapis at Upper HF 375 3864 322 1030 4566

Atthe fow end of the frequency range for rotatable
antennas, struciures tend o be large and mechanical issues
are often paramount. While lower-frequency rotatable Yagis down to 7 MHz are sometimes encauntered, the 14-MHz
amateur band marks the low end for most Yagi builders. Elements can be 35 feet long-and booms even longer on
20 meters. Even with "lightweight” aluminum materials, a 3 or 4 element 20 meter Yagi can be quite a mechanical
challenge.

The problem is to have elements that can support themselves, both with static and wind: loads, while being
secured at a single point in the center. Larger sizes of thick-wall tubing are strong, but they are heavy. Smaller sizes
are light, but they bend under the: strain of their own weight if they are long, The ahswer is to use telescoping sections
of progressively smaller and lighter tubing as you progress from the center to each end of an element {and boom too).
The center section can be heavy to provide strengih, without much bending moment, while the sections further from
the center ¢an be smaller, with thinner walls since they don't support as much waeight. This technigue is often referrad
to as stepped diameter approach. An additional advantage of this technique is that the element lengths can be easity
adjusted by loosening the joints and sliding the outer ends in and out.

Modeling Stepped-Diameter Antennas — the Results

One possible difficulty is how to effectively model tapered slements by computer. The abrupt change in diameter
as sections.are transitioned is difficult for the NEC engine to handle. Fortunately EZNEG, and other modeling
implementations, implement a correction process for these tapering effects.

To give-an idea of the differences with and without tapering, Table A shows the modeled resonant lengths of dipole

-glements resonant at 14.15 MHz for difierent diameter elements, all mounted 50 feet above typical ground. The 0.81
inch entry represents #12 wire used in my HF example. The 1 to 2 inch tapered antry changes from 2 inches down to -

~a 1 inch diameter, in steps of 0.25 inches. Of particular note is that EZNEC predicts such a tapered slement must be
longer than either & continuous 1 or 2 inch diameter elemsnt.

The entry #/F corresponds to the oft-quoted resonant length of a wire dipole of 468/F, where F is in MHz. That is

- a’reasonable approximation for a wire antenna at lower frequencies but can be misleading when tapered elements of
" tubing are used.
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LBARZ04 0

Freq. = 14.058 MHz

Max. Gain = 10.21 dBi

Fig 20-12 — Predicted main-lobe
azimuth pattern of the VE7CA

Rear Boom Section
1-1/4" QD % 0.049" wall
B0B1-TE round tubing
1218 mm {48"] long

Center Boom Section
1-3/8" OO ¥ D.058" wail
6061-T6 round tubing
1823 mm (72") long

Rear Boom Seclian
1-1/47 QD x 0.048" wall
6061-T& round iubing
1219 mm (48" long

tribander on 20 meters. Other bands
will be simiiar.

p 1
b Nzo. |8-32 e ' Slot and use /
b (2 places) "‘. hose clamp (2 places) |
i y | ;.'
! \ v '
". \". | ,."l
1 L ! ’
20 mm :
Mast Clamp
1828 mm 1018 mm
(727 (40"
3871 mm ___
(152.4")
UBAL20S BOOM LAYOLIT

Fig 20-13 — Layout of 10-element 144 MHz high-performance K1FO Yagi.
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Chapter Summary

This chapter discusses building
and using Yagi antennas. I pre-
sented sorne of the most commonly
encountered methods of matching
Yagi driven elements, which tend to
exhibit lower impedance than dipoles
because of mutual coupling to the
other elements. Examples of designs
with very different construction
methods were presented, including
examples of hairpin and T-match ar-
rangements.

Notes

1J, Kraus, WBIK, and S. Sturgeon,
W8MPH, “The T-Matched
Antenna,’ QST, Sep 1840, pp
24-25,

2J. Gooch, W9YRV, O. Gardener,
WORWZ, and G. Roberts, “The
Hairpin Match,” QST, Apr 1962,
pp 11-14.

3M. Hansen, VE7CA, “A Portable
2-Element Triband Yagi” QST, Nov
2001, pp 35-37.

*M. Hansen, VE7CA, “A Homebrew
High Performance HF
Transceiver--the HBR-2000” Q5T,
Mar 2006, pp 5-9.

5K, D. Straw, Editor, The ARRL
Antenna Book, 21st Edition.
Available from your ARRL dealer
or the ARRAL Bookstore, ARRL
order ne. 9876. Telephone 860-
594-0355, or toll-free in the
US 8BB-277-5289; www.arrl.
orgshop/, pubsales®@arrl.org.

20-8 Chapter 20

Review Questions

20-1. Consider a center-fed dipole with added reflector and director ele-
ments 10 become a unidirectional 3 element Yagi., Why will there likely be a
need to change the method that the coax is connected to the dipole?

20-2. Why can’t Q-bars be used to match a 25 Q impedance Yagi driven
element 1o 50 () coax?

20-3, Compare a T-match to a gamma match, What are some of the benefits
and disadvantages of each?



The log periodic dipole array |s an effective wideband unldirectlonal antenna.
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Log Periodic Dipole Arrays

A wideband unidirectional antenna

design that is frequently encountered

from HF through UHF is called the

log periodic dipole array, or LPDA

for short. This antenna is unique in a

few respects:

* An LPDA can provide wideband
coverage without adjustment over

as much as a 10:1 frequency range,
although usually designed to cover
a narrower range, typically 2:1 or
3:1 (for example, 10 to 30 MHz, or
150 to 450 MHz).

* An LPDA has a relatively constant
gain, pattern and match across the
entire range.

What's an LPDA All About?

The antenna was developed as an
outgrowth of studies of other periodic
structures by Raymond DuHamel and
Dwight Isbell of the University of
Illinois in 1957 and has been in wide
use since.!

As its name implies, an LPDA is
an array of dipoles. These dipoles
are arranged in a special way, with
an element-to-element spacing that
is logarithmic. The cenfiguration
is shown in Fig 21-1. Note that the
dipoles are fed from the front by a
transmission line that is reversed
between cach successive pair of
elements. The combinaticn of out-
of-phase feed and Yagi like element
length tapering result in radiation
focused towards the feed point from
those dipoles in the active region, as
shown in Fig 21-1. The active region
centains the dipoles resenant or near
resonant at the applied frequency.
The LPDA can be fed directly with
a 300 £ balanced transmission line,
or fed with coax through a wideband
4:1 or 6:1 balun transformer.

Performance Across a
Frequency Range

The dipoles in the active region
are responsible for the radiation on a
given frequency. The dipoles on the
left in Fig 21-1 are resonant at higher
frequencies and exhibit a progres-
sively higher capacitive reactance
as you move from the active region
towards the left side of the array.
They thus accept little current and do
not contribute to the radiation at the
chosen frequency. Similarly, ele-
ments to the right of the active region
are longer than resonant and appear

21-2 Chapter 21

inductive at the operating
frequency.

As the frequency
increases, the active
region moves to the left

and operates in a similar Pr—
manner and with similar pE—]
performance until the ik
frequency is higher than

just below the resonant

frequency of the far-left

dipole. As the frequency
is reduced the active
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T

region moves to the right
until it reaches a frequen-
cy somewhat below the
resonant frequency of the
far-right hand element. The far-right
and far-left dipole resonant frequen-
cies define the range of operating
frequencies for the array.

antenna.

How Big or Small is an
LPDA?

From the discussion above, it
should be evident that if the array
is lopped off at one or both ends, it
should still work, but over a narrower
frequency range. That is definitely
the case. Small segments of a larger
LPDA design are sometime used as
driven elements for relatively narrow-
band Yagi arrays. In this hybrid Yagi/
LPDA airay, the Yagi directors help
the LPDA driver cell provide a bet-
ter front-to-back pattern, while the
LPDA driver cell expands the SWR

Fig 21-1 — The basic layout of a log-periodic
dipole array (LPDA) wideband unidirectional

bandwidth beyond the usual narrow-
band coverage of a Yagi with a single
driven element.

In general, the longer the array for
a given frequency range, the lon-
ger the LPDA active region is and
the more elements it must comntain.
LPDA arrays with relatively large
active regions provide more gain and
lower SWR ripple across the region.
For those who would like to see the
design equations, they are straight-
forward, if somewhat tedious, and an
presented in the sidebar. Computer
software is available for those who
need to perform the calculations
often.
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and size effective.
The LPDA is es-

]

pecially well suited
for cases where
operation can occur
on any part of the
spectrum il covers.
Some services,
such as the Ama-

P a— |
T e 272M . ;
O— teur Radio service
wzn | wagn | and the maritime
] | 1741 218 HF service, to
—* | name a few, require
cperation across
the HF range, but
LBagza7

Fig 21-2 — Example of an HF LPDA designed for
operation over the 18.1 to 28-MHz amateur bands.

So What's Not to Like in an
LPDA?

An LPDA can be an excel-
lent choice for some applicitions,
especially those employing wide
band signals, such as very wide
spread spectrum and especially those
employing HF automatic frequency
selection (automatic link estahilish-
ment or ALE) based on changes in
propagation. In the latter, the radio
frequency can shift by a large amount
in the midst of communication in
response e changes in propagation
conditions. This 1s determined by
automatic testing and handshaking
between the two ends of the radio
link. An LPDA, unlike many HF
systems, has no prohlem following
the changes with essentially the same
guin and directivity as the frequency
shifts — perhaps across the entire HF
region.

Perhaps the only downside of an
LPDA is that for any given subset of
its frequency range, other structures,
even narrow-range LPDAs, can be
significantly smaller, This is not a
bad trade for operations in which the
lower frequency end of the range is
generally used, with only occasional
excursions to the high end, since the
majority of the size and mass is being
wsed much of the time, On the other
hand, if most of the operations are at
the higher end of the range, only a
relatively small portion of the mass of
the LFDA is used much of the time
and other options may be more cost

aperate within a
finite number of
relatively narrow
bands within the
range. These services can often be
supported by multiband Yagi designs
that operate on just the multiple nar-
row bands, but not the whole range.
Such systems tend to be smaller and
give higher gain than LPDAs cover-
ing the entire range.

Other LPDA Configurations

LPDAs are seen in a number of
other configurations besides the basic
one shown in Fig 21-1. The next
most commaon is one in which the
transmission line is not crossed be-
tween elements, but the elements are
switched from side to side instead.
The 1wo sides of the transmission line
are generally placed one above the
other and the transmission line itself
serve as booms for the two sets of
elements. Twe thick boomns provide
for a lower-impedance feed than the
thin wires of Fig 21-1 and this can
provide a good match for 50 or 75 O
coax — often fed down the inside of
one of the booms.

LPDAs are often used as receive
antennas for the US television bands.
A single LPDA can previde good
reception for the VHF channels
{including the 88 — 108 MHz FM
broadcast band) from 54 10 216 MHz.
A single LPDA can cover both the
YHF and UHF TV channels (from
470 to 806 MHz). Because of the
resulting unneeded coverage over the
gap between 216 and 470 MHz, it is
more efficient (as discussed in the last
section) to have a separate array for
the UHF channels. These are gener-

Max. Gain = 3.43 dBi

Frag. = 28 MHz

Fig 21-3 —Typical free space
azimuth plot of short LPDA,

ally combined on the same boom

to provide a single feed. The UHF
antenna portion could be ancther
LPDA, but often consists of a comer
reflector array in front of the VHF
LPDA.

Examples of Real LPDA
Systems

A version of an LPDA, adapted
from an early edition of The ARRL
Antenna Book is shown in Fig 21-2.
This was used as the basis for an
EZNEC model to determine the typi-
cal performance of such a system. [
designed it to be shorter than opti-
mum (see sidebar), but physically
manageible.

A representative free-space
azimuth plot is shown in Fig 21-3
and a 200 Q SWR plot is shown in
Fig 21-4. This LPDA is intended 10
be used with a wideband 4:1 trans-
former-type balun and then fed by

UBA0208
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Log Periodic Dipole Arrays

Fig 21-4 — 200 Q SWR of HF LPDA
in Fig 21-2.
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coaxial cable going to the station. The performance
is less than what can be obtained from a single-
band Yagi array on any of its bands, but this LPDA
covers all of the 17, 15, 12 and 10-meter amateur
bands, as well as everything in-between.

Photos of commercially available LPDA systems
for HF and VHF to UHF are shown in Figs 21-§
and 21-6.

Fig 21-5 — Example of an HF LPDA. This antenna covers
13 to 30 MHz..

Fig 21-6 — Another example of a
commercial LPDA, This VHF-to-UHF
anienna, a Comet/NCG CLP-5130,
covers 50 to 1300 MHz, with an
advertised forward gain of 10 to

12 dBl. it occupies a 6.7 foot boom.
(Courtesy Creative Design Corp.)

2 : - A a,;j'y:: i
ments: Qf-thaaa:ray andl. is; SWR
th r_o! H)ehl?ro For
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Chapter Summary

This chapter discussed log-peri-

odic dipole arrays (LPDAs). These Revzew Quesnons '

unidirectional antennas are unique 21-1. Consider an LPDA array in comparison to a Yagi. What are the advan-

in their ability to cover an almost tages and disadvantages of each?

arbitrary range of frequencies with 21-2. Why can’t a 4:1 A/4 coaxial cable loop balun be effectively used with a
relatively constant gain, directivity wide-range LPDA?

and feed-point impedance. They 21-3. Describe any other antennas that could fill the place of an LPDA. How

are straightforward to design and do they compare?

construct, although they do tend to
be large compared to antennas with
sinitlar performance for any single
part of their frequency coverage.
They are used throughout the HF to
mid-UHF range, ofien as rotatable
arrays from the middle of the HF
range through the UHF range.

Notes

'R. DuHamel and D. Isbell,
“‘Broadband Logarithmically
Periodic Antenna Structures,.” IRE
National Convention Record, part
1, pp 119-128, 1957.

*R. D. Straw, Editor, The ARRL
Antenna Book, 21st Edition.
Available from your ARRL dealer
or the ARRL Bookstore, ARAL
order no. 9876. Telephone 860-
594-0355, or toll-free in the US
888-277-5289; www.arrl.org/
shop/; pubsales@arrl.org.
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Loop Antennas

i

This loop antenna, made from plumbing supplies, makes
an effective MF receiving antenna.

Contents
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This chapter really describes two completely different antennas. The two major divisions are based on the size of the
antenna in terms of wavelength, A small loap is one whose diameiler {or diagonal for a rectangular shaped loop) is much
less than a wavelength, while a large loop has a diameter approaching or larger than a wavelength.

The Large Loop in a Vertical Plane

I'l1 start the discussion with the
special case of a square loop in a
vertical plane, with each side having
a length of A/4,

The Square Quad Loop

Lock at Fig 22-1, a repeat of
Fig 7-1, but with arrows added to
indicate the current direction when
each source is fed in-phase. Thisis a
broadside array, which has bidirec-
rional gain perpendicular to the page.
At a #/4 spacing, neither the gain nor
the end-fire cancellation are opti-
mum, but it would still be a useful
performer.

If you bend each dipole towards
the other to maintain a A/4 harizon-
tal section on each dipole, you end
up with the configaration shown in
Fig 22-2. Note that the horizontal
sections are still in-phase, while the
vertical sections each include the
same amplitude of current in op-
posite phase and thus their vertically
polarized radiation is canceled. Note
also that the voltages on each side of
both gaps are the same, since the two
antennas are in phase at correspond-

ing points along their lengths.

Thus, as shown in Fig 22-3,
with the voltages on each
side of the gap the same, you
can connect the ends together
without changing anything.
Having done that, you can
remove the upper (or lower,
your choice) source and both
sides will be fed across the
former gap.

It’s interesting to compare
the performance of such a
quad loop with a dipole, It
you use my usual HF frequen-
¢y of 10 MHz and model both
at 1 A above typical ground
(to the center of the loop)
you get the results shown

UBADZ11
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Fig 22-2 — Array of Fig 22-1, with ends
bent at 90° to form a square. Note that the
currents on the vertical portions are out-
of-phase, while the horizontal portlons
remain in-phase. The two sides of each
gap are at the same potential.

in Fig 22-4, Fig 22-5 and
Fig 22-6. Note that the SWR shown
in Fig 22-4 has about the same shape
and bandwidth as a dipole, but has
an impedance at resonance of 123 02,
rather than the dipole’s 70 £2, This is
not much of an issue since you can
match it quite nicely to 50 Q with a
A4 section of 75-0) line.

The shapes of the elevation and

azimuth patterns are very similar to
those of a dipole at the same average
height, except the loop has about a

1 dB advantage in gain at this height.
Note the clear tradeoffs between a
dipole and a quad loop. A quad loop
needs half the spacing between sup-
ports. But for comparable low-angle
performance, the quad loop needs
supports thal must be A/8 higher.
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Fig 22-1 — Two horizontal dipoles fed
in-phase 1o form a broadside array.The
arrows indicate the direction of current
flow.

Fig 22-3 — Array of Fig 22-2 with gap closed
to close the square. The single source now
feeds both "bent dipoles” across the gap.
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Fig 22-4 — SWR of quad loop
referenced to 123 Q.

uBAnz14 80

Max. Gain = 8.60 dBi Freq. = 10 MHz

Flg 22-5 — Broadside elevation
pattern of guad loop {solid line)
coinpared to dipole (dashed line).

Max. Gaint = 8.60 dBi

Fraq.= 10 MHz

Fig 22-6 — Azimuth pattern of quad
loop (solid line) compared to dipole
(dashed line) at same average
height.

(When both are mounted at the same
height, the quad loop’s gain at 14°
elevation matches the dipole’s gain.)

But wait there’s more! The loop
needs an additional 2./2 of antenna
wire, but it needs /4 less transmis-
sion line. Since transrission line
generally costs more than twice as
much as wire, that is generally to the
plus side for a loop. In addition, there
is less sag and tension at the top of
the loop, if the wire is supported from
the sides.

So the full-wave quad loop pro-
vides just a bit of additional gain, and
fits into a smaller horizontal space
than a dipole. But it needs 1 minimum
of at least L/3 to A/2 vertical space to
make sense, Otherwise, it acts a lot
like a dipole. As I will discuss in the
next chapter, a quad loop is frequent-
ly used as the basis of multiclement
arrays.

Quad Loops in Other Shapes

Not surprisingly, most other 1 A
loop configurationy have been used,
generally with similar results. The
two most popular besides the square
are shown in Fig 22-7, The first, the
so-called diamond shape, is con-
sidered by some to be less resistant
to ice build up — more important
in some geographical areas than in
others. Note that the diamond can
be suspended from a single support,
but requires 1.4 times the horizontal
clearance of its square brethren. The
single support must be about 0.05 A
higher to have the same effective
height, but that doesn’t generally
matter in practice. If the corners are
secured by ropes to the ground, this
antenna configuration allows manual
azimuth pointing adjustment from the

Diamond Guad Loop
Each Side Generally k4

Fig 22-7 —
Loops In the
diamond
and delta

Deltia Loop
Each Side Ganerally M3

EA0Z16 Fead Paint

configurations.
Each is

generally 1 7 in
circumference.

Feed Point

ground.

The triangular, or delta, configura-
tion is particularly attractive as a di-
pole substitute for cases in which the
dipole’s required 3/2 spacing between
supports is not available, although it
doesn’t have quite the same effective
height.

Operating on Other
Frequencies

A dipole provides useful radia-
tion on frequencies higher than its
resonant frequency, if you can get
power fo it without loss — such as
by feeding it with low-loss open-wire
line. The radiation pattern changes
dramatically above a full wave in
length, moving from being primarily
broadside pattern to a multi-lobed
one. Such a pattern can sometimes
be beneficial, sometimes not, A
quad loop is not quite as frequency
friendly, as shown in Fig 22-8. Note
that the resull is an elevation pattern
pointing mainly upwards. Fig 22-8
shows the endfire view, rather than
the broadside direction. Loops are
best used on or near their fundamen-
tal design frequency, at least until
you lay them on their sides, as will be
discussed in the next section,

Multiband operation is often ac-
complished by switching between
different loops, one for each desired
band. Higher frequency loops are
often nested within lower frequency
loops. The non-resonant loops usually
have sufficiently high impedance that
they can be driven together, with the
energy going where it is supposed to
go. But you must make sure no odd
harmanics are involved since those
will take power and radiate in strange
directions.

uBaAn217 0

Max. Gain = 6.88 dBi Freq. = 20 MHz

Fig 22-8 — Elevatlon plot of 10 MHz
quad loop operated on 20 MHz.
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The Large Loop in a Horizontal Plane

A full wave, or larger loop laid on its side, parallel to
the ground, is a vseful antenna. This is frequently en-
countered in amateur circles, and is often referred toas a
Loop Skywire, a name popularized by a Nov 1983 article
in OST. The usual configuration is a square or diamond
shaped loop about 277 feet in circumference, fed at one
corner. This provides a full wave circumference in the
80 meter band and at multiples of 1 A on many of
the higher amateur HF bands. The layout is shown in
Fig 22-9.

At typical heights of around 50 feet, which is less
than /4 on 80 meters, the radiation is largely upwards,
as shown in Fig 22-10. This is well suited for reliable
near vertical incidence skywave (NVIS) operation out to
around 1000 miles or so. The Loop Skywire has useful
radiation at lower angles as well. Fig 22-11 shows the
azimuth pattern at an elevation angle of 25°, an angle use-
ful for long-haul operation, with a gain of around that of
an isotropic radjator along the diagonal from the comer to
the feed point. There is also a notable lack of deep nulls,
compared to say a dipole, providing reasonable coverage
around the compass.

The feed impedance is similar to the loop in the vertical
plane, and for a single band it can be fed through a match-
ing section with coax, as described earlier. The usefulness
of this orientation becomes more evident as you move
to higher bands, as 1 shall discuss further below. So it is
often fed with low-loss line such as 400 Q) window line.
The SWR plot across 80 meters at 400 2 is shown in
Fig 22-12.

Operating on Other Frequencies

The Skywire Loop works well at harmonics. The
radiation that would otherwise go skyward when a loop
is mounted vertically will now leave towards the horizon,
providing long haul coverage on the traditional long dis-
tance bands. The elevation pattern on 14 MHz is shown in
Fig 22-13. The azimuth pattern at this frequency is inter-
esting. The pattern at 20° elevation is shown in Fig 22-14,
which shows four pronounced lobes, each rivaling a small
Yagi in forward gain.

The SWR at its second harmonic, 7 MHz, to the top
of the HF region is shown in Fig 22-15. Note that it is
reasonable throughout the range for use with low-loss
window line. There are dips of SWR at the harmonics, be-
coming progressively lower on 20, 15 and 10 meters. This
illustrates the flexibility of this antenna in that, much like
the dipole operated on higher frequencies with low-loss
line, this loop is also useful, with more gain and interest-
ing patterns that are different on each band.
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Fig 22-9 — Loop Skywire antenna configuration.
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Max. Gain = 7.06 dBi Freq. = 3.75 MHz

Fig 22-10 — Elevation pattern of Loop
Skywire on 80 meters.

UBAQZ20 0

Max. Gain = 0.22 dBi

Fig 22-11 — Azimuth pattern of
Loop Skywire at 25° elevation on
80 meters.

Freq. = 3.75 MHz




A Loop Variation — the
Terminated Rhombic

The square loop has lobes from
each of the wires, and these combine
in different directions to form com-
plex lobe structures, These lobes vary
as a function of azimuth angle on
the higher frequencies. It is possible
to adjusl the angles of the loop to
concentrate the lobes along the major
axis of the loop, Tables are available
in handbooks to provide the optimum
angles as a function of leg length and
desired elevation angle. The resulis
are shown in Fig 22-16 for the loop

operated on 28.3 MHz, at which each
of the four sides (or legs, in thombic
talk) is now 2 A long. Here, I closed
down the angle ai the feed from 45°
on each side of axis (90° total for a
square), to 35° for a 2 A leg length.
The desired lobe to the right in
Fig 22-16 is the result of current run-
ning from the source towards the far
end. The lobe to the rear results from
current refiected from the far end
returning towards the source. You can
reduce the rearward lobe by termi-
nating the end of the antenna with a
resistance that equals the characteris-
tic impedance of (he antenna system,

[n effect, this antenna looks like a
long transmission line. Around 600 Q
is usually optimal, and with such a
termination you get the pattern shown
in Fig 22-17.

The terminated rhombic makes an
excellent HF, or even VHF, direc-
tional antenna that can be built at low
cost. It does take up a lot of space
compared 10 a Yagi, however, and
does have a narrow beamwidth, so is
best for fixed point-to-point links. If
you adjust the dimensions to compro-
mise lengths and angles, it can be ef-
fectively used for up to a four-to-one
frequency range.
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Fig 22-12 — SWR of Loop
Skywire on 80 meters for 400 Q
transmission line.
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Max. Gain = 11,30 dBi Freq. = 14.15 MHz

Fig 22-13 — Elevation pattern of
Loop Skywire on 20 meters.

UBADZ22 a

Max. Gain = 11.36 dBi Freq. = 14,15 MHz

Fig 22-14 — Azimuth pattern of
Loop Skywire on 20 meters.
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Max. Gain = 15.75 dBi

Freq. =28.3 MHz

Max. Gain = 14.90 dBi Freq. = 28.3 MHz

Fig 22-15 — SWR of Loop Skywire
from 7 to 30 MHz for 400 Q line.

Flg 22-16 — Azimuth pattern
of horizontal loop adjusted for
optimum 10 meter on-axis pattern.

Fig 22-17 — Azimuth pattern of
loop modified to be 10 meter
terminated rhombic.
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The Small Loop Antenna

Loops that are guite small compared to a wavelength
(typically less than (.1 & in circumference) operate in a
very different manner from large loops. Small transmitting
loops are sometimes encountered; however, they suffer
from having a very low radiation resistance, requiring ex-
traordinary measures to avoid excessive losses. They also
have very narrow operating bandwidths — typically in the
tens of kHz in the upper HF range. Still, some are com-
mercially available and some have been home constructed
with satisfactory results, considering their size.

The most frequent application of small loops is for
reception, particularly in the LF to low HF region. A small
receiving loop also suffers from the possibility of low-
efficiency due to losses, but this is not generally much of
a problem for receive loops in this frequency range. The
reason is simple: at LF through MF and into the lower HF
region (80 meters, for example), received signal-to-noise
ratio is limited by external noise picked up on the antenna
along with the signal so any loss reduces both noise and
signal,

If you’re lucky enough to have a 1940s or somewhat
earlier AM broadcast radic in your basement, attic or
perhaps still in operation in your living room, a look at its
back will likely reveal an MF receiving loop. The typical
radio of the period had enough sensitivity that it could
receive local stations with a multiturn loop, serving as the
radio’s input tuned circuit as well as a receiving antenna.

A view of this type of antenna is shown in Fig 22-18.
Note that the multiple turns, as with an electromagnet,

couple to a propagating magnetic field coming from the
edge of the loop, the opposite of the orientation of a large,
full-wave loop. Note also that the horizontal orientation
of the magnetic field implies that a vertically polarized
waveform will provide maximum response.

Well, this is just what you want from a receiving loop at
the lower frequencies. The vertical polarization is compat-
ible with the ground wave signals arriving from broad-
cast stations, with their vertical transmitting arrays. The
directivity does have deep nulls at right angles to the plane
of the loop. Some early broadcast sets had the capability to
maove the antenna angle so that the whole radio wouldn't
need to be reoriented to pick up stations,

After WW 11, ferrites became popular as a magnetic
core usable well into the radio spectrum. The earlier air-
core loops were replaced by compact ferrite core antennas
called loopsticks. These could use less wire for the same
inductance and fit better in the more compact radios of
the period. Such antennas were also used in marine-radio
direction finders, used to determine the bearings to MF
beacons that were located throughout bays and harbors,
These were used until the advent of more recent LORAN
C and then GPS navigation systems.

As 1 will discuss in the next chapter, receiving loops can
be used to advantage as directional antennas for reception
in the MF and low HF bands, discriminating against noise
and interference by taking advantage of their directional
properties.

Feed

Multi-turn Loop

Magnetic
Field
Coupling

—
——

UBAD227

Fig 22-18 — lllustration of a small receiving
loop antenna, with its response to an incoming

magnetic field.

22-6 Chapter 22



Chapter Summary

Loop antennas can take a number
of forms and each has a special place
in radio. Large loops are efficient HF
radiators that can be used by them-
selves or as part of arrays. Vertically
oriented loops give dipoles a run for
their money, and horizontal ones can
provide considerable flexibility from
a single antenna.

While a small loop can be force
fit into transmitting applications, it
shines the most if used for MF receiv-
ing. In this application, its advantages
can be taken advantage of without
excessive concems about its loss
limitations.

Review Questions

22-1. Consider a vertically oriented loop compared to a horizontal dipole.
What are the relative advantages and disadvantages of each in the same space?

22-2. What are the benefits of large horizontal-plane loops compared to
vertical-plane loops on harmonics of their primary resonant frequencies?

22-3. Compare the benefits of small loops for receiving with the use of such
loops as transmitting antennas.
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Loop Antennas You Can Build

This lcop antenna transmits and recelves on 40 meters or
can tilt down for transport.
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Loop Antennas You Can Build

The loop antennas described in the last chapter are not only good performers, especially considering their low cost,
but they are generally easy to build and get operating. They tend to be dimensionally forgiving and generally non-
critical as to construction method compared to some other antenna types. The designs presented here can be scaled in
frequency to work other bands without undue difficulty.

A Quad Loop for HF

The quad loop is an effective antenna,
especially for HF operation. The antenna is
inexpensive to make, has less wingspan than
a Af2 dipole and avoids the center droop and
mechanical loading of an end-supported dipole
with heavy coax feed at its center. Depending on
the spacing between supports and their height
above ground, it can be square, rectangular or
delta shaped.

The key dimension is the total length of the
loop wire, although, as noted previously, the
length depends to a certain extent on whether
the loop 1s square or triangular in shape. For
a square loop with top 88 feet above typical
ground, the length in feet is around 1030/F
(MHz) at 3.8 MHz.

A triangular loop will require about 1016/F
{MHz) at 3.8 MHz. These guidelines were es-
tablished at 3.8 MHz using EZNEC models. The
modeled lengths at some other frequencies are

Quad Leop

Each Side Approximately &4
/
kY
& N

A

Delta Loop
Each Side Approximately A3

Halyards,
Four Corners on GiUa
Two on Delta

Feed Point

T N4of750

Coax to Radle

Uz

Coax to Match to 50 Q

d

Feed Paint

-
-

Fig 23-1 - Loops in the “quad” and “delta” configurations. Each

is generally 1 & In circumference.

equal to that of its center, half way between the two hori-
zontal sections, as you might expect. The delta configura-
tion, with the apex at the bottom will have an effective
height somewhat higher, By comparison, a horizontal
dipole will have its effective height at or slightly above the
height of its center, depending on the amount of sag.
While the full-wave loop has a gain of almost | dB over
a dipole in free space, closer 1o the earth and constrained
by the same support height, the dipole actually has a bit
of an edge at low angles, This is shown in Fig 23-2 and in

shown in Table 23-1. Height above ground, nearby
objects and ground conditions will also make a dif-
ference in resonant frequency, so always start a bit
long and trim a little at a time to move the resonant
frequency to the part of the band you want. Construc-
tion suggestions are provided in Fig 23-1.

There is a slight performance difference between
the square quad loop and the delta loop configu-
rations, mainly due to the effective height above
ground. The square loop will have an effective height

Table 23-1 - oo e o

Comparison of Dipole and Loop Dimensions (feet) on Some Amateur Bands. Top Height for
all is 88 Feet.

Band {(Meters/MHz) 80/3.75 40/7.15 20/14.15 10/28.3
Antenna Width Height Width Height Width Height Width  Height
Dipole 128 Ni 66.8 Nil 33.6 Nil 16.8 Nil
Delta Loop 914 792 48.7 422 24.6 21.3 12.4 10,7
Square Loop 67.6 6786 362 362 18.3 18.3 9.2 9.2
23-2 Chapter 23
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Comparison of Dipole and Loop Parameters and Performance.

3.8 MHz Antenna ~ Width (feet) Elevation Angle  Peak Gain (dBi)  Gain at 42° Elevation (dBi)  Impedance (C})

Dipole 126.4 42° 6.29 6.29 90
Delta Loop 80.4 47° 572 5.64 130

Square Loop 66.8 50° b3l 5.16 120

Table 23-2. The difference shows up  of any trade-ofl is the space required  the ground.

mainly in the elevation angle of the between horizontal supports. Dimensions for some amateur
main beam, with lower angles needed  Table 23-2 provides the dimen- bands are provided in Table 23-1 for
for longer distances. As shown, the sions and performance figures for a the bare #12 wire used in the model-
differences are about 1 dB at most, square quad loop, an equilateral delta  ing. In all cases, the antennas are sus-
and thus the physical and mechanical  quad loop and a herizontal dipole pended from 88 foot high supports. If
considerations are often the decision  at 3.8 MHz, all at a top height of insulated “house wire” is used, reduce
makers. 88 feet, corresponding te the height the dimensions by about 2%.

Besides height, the other aspect of the delta apex being 10 feet above

UBA0229 90

Max. Gain = 6.29 dBi Freq. = 3.8 MHz

Fig 23-2 — Elevaticn plot of 3.8 MHz dipole (solid
line), delta (dashed line) and quad loop (dotted
line) at same top height.
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Two Element Cubical Quad for 20 Meters

One of the most popular HF loop
antenna systems is the two element
cubical quad. This is essentially a
two element Yagi using loop ele-
ments. While more than two elements
are sometimes found, the two element
version is the most popular. It is often
said that a two element quad is simi-
lar in performance to a three element
conventional Yagi, due to the free
space gain of a full-wave loop over a
dipole. This difference is maintained
with more elements but a point of
diminishing returns can be reached in
terms of array size.

Still, at the two element point, the
quad is quite attractive. It has a width
about half that of a conventional Yagi,
and its boom length is about half of a
three element Yagi with comparable
gain. Its elements can be constructed
of wire supported by an inexpensive
structure and its higher feed imped-
ance is much easier to directly feed
than that of a Yagi. There's a lot to
like in this picture!

Building a Quad

The only tricky aspect of a quad
array is that the structural elements
holding the corners of the loops can’t
be solid metal. A typical square cubi-
cal quad is shown in Fig 23-3, along
with construction suggestions. Key

Table 23-3

Key Dimensions of 20-Meter, iwo element Cubical

Reflector .,

Banboo of Fiberglass /
"Spreadars” Eight Places

Anlenne Wia Tied
o Bpreeder Ends

LAz 30

_.f " | Drivan Elemant

Wooden or bial
Plale with U-bolts
for Bpreaders and
Flange for Boom
Two Places

Feed Piont
Connect A4 75 {1 o
Transform to 500

Fig 23-3 — Cubical quad construction.

dimensions are shown in Table 23-3
for a quad made of #12 wire with the
antenna’s center S0 feet above the
ground.

Note that I have selected a
10 foot boom for this example. A 13
foot boom would provide a bit more
gain on 20 meters; however, 10 feet
is an easier length to obtain and
works better for higher bands if you
wish to add them later. The LENGTH
x FREQUENCY entry in Table 23-3
is there in case you
wish to move the
center frequency. Just

Quad for 14.15 MHz. divide the value by
the desired frequency
Parameter Length (in the same band)
Total Driven Element 70 feet, 2 inches and you will have the
Length x Frequency 993 new length in feet.

Driven Element Spreader
Total Reflector

12 feet, 5 inches
73 feet, 7 inches

These numbers are
somewhat different
than the oft-published

Length x Frequency 1041 ones, and reflect this
Refiector Spreader 14 feet, 7 inches band at this helgh_t

and element spacing.
Boom 10 feet

Matching Section (75 € Poly, 0.66)
Matching Section (75 €2 Foam, 0.8)

23-4 Chapter 23

11 feet, & inches
13 feet, 11 inches

The spreaders can
be made from bam-
boo poles, which are
sometimes available

free from carpet dealers. Alternately,
there are fiberglass poles made for
fishing that may be suitable. If bambog
is used, it should be given a few coats
of exterior varnish to increase its
weather resistance.

The boom should be made from 1.5
or 2 inch thick walled aluminum tub-
ing, depending on expected wind load
and weight of the completed element
assembly. Modeling showed no dis-
cernible difference with or without an
aluminum boom and a 10 foot alumi-
num mast at its center, so materials for
these functions do not impact electri-
cal performance in the same way that
they do for the element spreaders.

So How’s it Play?

The modeled performance is shown
in Fig 23-4 and Fig 23-5 for a height
of 50 feet above typical ground. Note
the nice azimuth pattern and the sharp
front-to-back ratio. The forward gain
of more than 12 dBi is more than
4 dB higher than a simple quad loop
without a reflector at the same height.
The three element Yagi discussed in
Chapter 20, adjusted at 14.15 MHz at
a height of 50 feet has a forward gain



Max. Gain = 12.05 dBi Frag. = 14.15 MHz

Fig 23-4 — Elevation pattern of two
element 20-meter cubical quad.

URAG232 0

Max. Gain = 12.05 dBi

Freg. = 14.15 MHz

Fig 23-5— Main-lobe azimuth
patiern of two elemant 20 meter
cubical quad.

of 12.3 dBi, so the quad is definitely
a contender in a smaller, perhaps less
expensive and more compact pack-
age.

The 100 Q@ SWR curve is shown
in Fig 23-6. Note how flat it is across
the band. It could be fed directly with
75 Q coaxial cable, or better, with
93 02 coax, if available. The usual ar-
rangement, however, is to transform
the impedance through a 3/4 section
of 75 €2 cable. The result is an almost
perfect match to 50 ) coax at mid
band. Table 23-3 shows the required
lengths of solid and foamed polyeth-
ylene dielectric coax using the typical
values shown. If you have manu-
facturer’s data available, adjust for
published relative dielectric constant.

Adding Additional Bands to
the Two Element Quad

It is possible to use the same
spreaders and quad infrastructure to
support another quad for additional
bands. For the case of a 20 meter
quad, you could choose any of the
four higher frequency HF amateur
bands and install the quad wires
symmetrically inside the two 20

meter loops. Note that a 10 foot boom

length is 0.22 } at 21.2 MHz, a good
spacing for a two element beam.

The resulting dimensions are
shown in Table 23-4. Note that while
the unmaodified 20 meter quad still
operates on 20 meters following the
addition of the second quad, although
its optimum gain and front-to-back
ratio has moved down about 150 kHz.
For this reason, I have shown a new
total length for the 20 meter reflector.
The resonant frequency was not sig-
nificantly changed so I did not change
the driven element’s dimensions.

The 15 meter quad’s performance
is shown in Fig 23-7, Fig 23-8 and
Fig 23-9. The gain is a bit higher due
to the wider spacing. The 20 meter
performance is unchanged, following
the adjustment of reflector length.

Feeding the Two Band Quad

The best way to feed the two-band
quad is by having a A/4 transformer
of 75 Q3 coax from each feed point
and then either separate 50 Q trans-
mission lines back to the station, or
a single 50 Q line with a remotely
controlled relay. Some have simply
connected the feed points together
and uvsed a single line; however,
my modeling indicates that while
the performance does not seriously
suffer, there will be high SWR on
at least one band. This will result in

increased feed-line loss, with a net
decrease in system gain, as well as a
more complicated tuning network at
the transmitter end.

UBADZ33

INF g

!

1
14.0 14.3

Frequency {MHz)

Fig 23-6 — 100-Q SWR of two
element 20 meter cubical quad.

0 L !
Max. Gain = 12.46 dBi

Freq. = 21.2 MHz

Fig 23-7 — Elevation pattern of
two element 15 meter cubical quad
using the same boom length as the
20 meter quad.

Key Dimensions of Interlaced 20 and 15 meter, two
element Cubical Quad for 21.2 and 14.15 MHz.

Parameter
New 20 Meter Reflector

Total 15 Meter Driven Element

Length x Frequency
Driven Element Spreader
Total 15 Meter Reflector
Length x Frequency
Reflector Spreader

Boom

Matching Section (75 Q Poly, 0.66)
Matching Section {75 Q Foam, 0.8)

Loop Antennas You Can Build

Length
72 feet 10 inches
46 feet, 7 inches
987
12 feet, 5 inches
50 feet, 5 inches
1068
14 feet, 7 inches
10 feet
11 feet, 6 inches
13 feet, 11 inches
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Adding Even More Bands

Quad builders have been known to
build quads with wires for as many as
five bands on a single set of spread-
ers. There is no reason that this could
not be done; however, I have a few
caveats:

= Expect to have to deal with a fair
amount of interaction and sub-
sequent retuning. You may want
to provide a mechanism for easy
adjustment of element length.

Max. Gain = 12.47 dBi

Frequency {MHz)

Fig 23-9 — 100-(2 SWR of two

Freq. =212 MHz

* The element spacing at one ar the
other ends of the range is likely to
suffer, resulting in performance far
from optimum on at least one band.
A way to avoid this issue is to
mount the spreaders in sach a way
that the spacing between elements
increases as you get closer to the
outer end of the spreader.

ey

The Loop Skywire

Fig 23-8— Main jobe azimuth
pattern of two element 15 meter
cubical quad.

element 15 meter cubical quad.

The Loop Skywire introduced in the last chapter
is another popular antenna among Amateur Radio
operators. The basic configuration is shown again
in Fig 23-10. You use a | A loop on the lowest
frequency of operation. Many people use it on other
bands as well. The impedance varies by band as
shown in Table 23-5 for a 272 foot overall length,
square loop at a height of 50 feet. Note that unless
the 80 meter resonance is at the very bottom of the
band, the harmonic resonances are not in quite the
right place. While some people feed the Loop Sky-
wire directly with 75 £} coax, the SWR is quite high
on the higher bands, partly masked at the bottom
end of the coax due to the loss caused by the high
SWR. A better solution is to use low loss open wire

Table 23-5 -« covsmsmmmmm s s s

Impedance of 277-Foot Long Loop
Skywire an Different Bands.

Frequency (MHz) Resonant Impedance (1)

3.65 137
7.35 100
10.9 240
14.45 235
21.5 240
286 234
23-6 Chapter23
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Fig 23-10 — Loop Skywire antenna configuration, 272 feet
overall length.

feed line and then to use an adjustable matching device (antenna
tuner) at the bottom to transition to 50 Q coax.

Performance charts for the antenna are shown in Chapter 22.
I have heard from readers who had limited space but who were
successful with all sorts of loop shapes, some at much lower
heights. Perhaps this is based on comparisons with other, even
more unsatisfactory antennas, but the Loop Skywire seems to be
flexible even in such problematic applications!



Low Noise Receiving Loop

From the middle HF frequencies (from 14 MHz upwards), the usual
challenge for a receiver is to capture the maximum signal it can, since
the received signal-to-noise ratio (SNR) is generally limited by noise
within the receiver at those frequencies. Every additional (.1 pV helps!

Below about 14 MHz, depending largely on the time of year, the
location and receiver specifications, much more noise is received by the
antenna than is generated within the receiver itself. Much of this noise
comes from thunderstorm static crashes, plus electrical noise from arc-
ing powerlines and other such manmade sources. Under such circum-
stances, increasing the amount of signal captured generally increases
the received noise, also, with no improvement in the signal-to-noise
ratio (SNR).

This situation allows us to design antennas specifically for improved
SNR, rather than for maximum signal. A small receiving loop is one
antenna that can be used to improve SNR. The improvement is a result
of a number of factors. First, a small loop is quite directional along the
plane of the wires in the loop, so it can be rotated to find the azimuth
with maximum SNR, often by placing specific noise source arrival di-
rections in its deep nulls. In addition, it is responsive to vertically polar-
ized signals arriving from low angles, rejecting horizontally polarized
signals that may come from nearby (or even distant) noise sources.

There are a number of published designs; however, the one that fol-
lows is from an article by Richard Marris, G2BZ(), in ST, Oct 1985,

Fig 23-11 — Schematic of the
HH160RL.. Both L1 and L2
are within the tubing. C2 is

a receiving-type varlahle
capacltor. If a capacltor of at
least 280 pF, or a common
365-pF receiving type Is
used, C1 is not needed.

L1 is a six-turn loop; L2 a
single turn.

L1 L2

To
Reciever
C1  180pF

A0 pF ©2 77 UBADZ3T

pp 45-46. It is straightforward and easy to reproduce, Richard called
his the HH160RL, for Hula Hoop 160 meter receiving loop. He built
his from a discarded Hula Hoop, but you can use any 24 inch length of
semi-flexible plastic tubing with an inside diameter of at least 3 inches.

The circuit of the receiving loop is shown in Fig 23-11. Note that
the very narrow bandwidth and low radiation resistance of such a small
antenna make direct connection inefficient. It is common, as in this de-
sign, to transformer couple to a pick-up loop mounted within the main
Inop to avoid interfering with loop tuning and efficiency.

Construct the loop as described in Fig 23-12, Fig 23-13 and Fig
23-14. A split bamboo or PVC plug that fits into and joins the tubing
ends around the wires can be nsed to hold the ends together. Slide the
plug into each end with the loop wires in the middle until there is a gap
of about Y inch. Use epoxy (or for a PVC joint, PVC cement) to hold it
together. Mount the loop in the chassis box, wire per the schematic and
try it out. Note the directional pattern in Fig 23-15, the oppostie of that
of a large loop.

Fig 23-12 — Pull L2 {2 mm OD stranded
PVC insulated wire} through the
tubing first and secure its end with
tape while 1.1 (0.6 mm solid wire with
PVC insulation) is being wound. If you
have trouble pulling the length of all
six turns through, it may be cut and
spliced at the gap after pulling it all
through.

Optional Braces
{See Text)

Fig 23-13 —The loop Is installed in a
wooden or metal chassls box contalning
the varlable capacitor with wood braces
as shown.
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Fig 23-14 — Detailed views of the chassis construction.
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Maximum
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!

UBAOD241 Null

Fig 23-15 — Reception (azimuth) patiem of the receiving loop. It is
turned to make best use of its sharp null to minimize noise.



Chapter Summary

Large loop antennas can be effectively used for both transmitting and receiving and offer some physical advantages
over other types of structures. There are a number of configurations and each has a special place in antenna technology.
Small loops can be made into very narrow-band transmitting antennas, but really shine as directional MF receiving

antennas, They can improve received SNR while taking little space and costing little.

Review Questions

23-1. Which antenna, strung from the same halyards, has the most of its
radiation at lower angles — a dipole, square loop or delta loop with apex at the
bottom? Which is next? What accounts for the difference?

22-2, Why is low-loss line recommended for a Loop Skywire on the har-
monics of its 1 X resonant frequency?

22-3. Why would an indoor low-noise receiving loop not likely to be of
significant benefit at VHF?
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Antennas for Microwave
Applications

Daryl, KGAPRR, installs a microwave reflector array.
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Antennas for Microwave Applications

The antennas I've discussed so far have been what 1 would call traditional, in that they are connected to transmitters
via transmission lines. At the higher UHF inte microwave frequencies, the losses associated with transmission lines can
be avoided by using other technology for RF power delivery.

pd

Waveguide

One such system is called wave-
guide, a replacement for coaxial
cable in the upper UHF to SHF range
for many applications. A waveguide
is a completely different kind of
transmission medium from tradi-
tional coaxial or other transmission
lines. Transmission lines have loss
that goes vp logarithmically with fre-
quency. For example, a very satisfac-
tory 50 Q coax cable for HF, such as
RG-213, will have a matched loss for
100 feet at | MHz of about 0.2 dB,
about 0.6 dB at 10 MHz, 2 dB at 100
MHz, 8 dB at 1 GHz and about 30
dB at 10 GHz.

The reason for the increase of loss
with frequency is simple: there are
two primary loss mechanisms. The
first is the resistance of the conduc-
tors, primarily the inner conductor
because of its smaller size. The resis-
tance goes up with frequency due to
skin effect.

Losses within the dielectric be-
tween the conductors in a coax cable
generally also increase with frequen-
cy, for any kind of solid material.

Since power at microwave frequen-
cies is usually expensive to generate,
coaxial cable is generally found only
in very short interassembly cables or
for noncritical functions.

A waveguide is a metallic duct
structure that accepts a propagat-
ing wave and supports transmission
through the length of the duct with
minimal attenuation. In order to do
this, waveguide must be of a size
comparable to a wavelength. The
inside surface of the duct is a good
conductor — often silver plated —
that establishes boundary conditions
allowing fields that support propaga-
tion down the guide. The fields are
excited inside one end of the wave-
guide by small antennas that form a
transition between circuit elements,
including transmission lines, on the
outside and propagating fields on the
inside of the waveguide.

One way to think about waveguide
is as an extension of open-wire trans-
mission line. Fig 24-1 shows an open-
wire transmission line with a single
A /4 shorted stub in parallel with the

line. The shorted stub has an infinite
impedance at its open end and thus
can be bridged across the line without
changing the flow of energy down the
line. You could continue adding such
stubs on both sides of the line until
they become a continuous tube with a
rectangular cross section. The result
is a waveguide that will transport
RF at a frequency corresponding to
its width of 2 x A /4, or A /2. Signals
with a frequency much below this
cutoff frequency will not be propagat-
ed, supporting the size-to-frequency
relationship of the waveguide.
Although I've seen waveguide
used in high budget military radars at
frequencies around 450 MHz, most
are used at frequencies above 2 GHz,
allowing reasonably sized structures.
By 10 GHz, the size of waveguide
approaches that of a large coaxial
cable. Waveguide is most often found
in rigid sections, straight or angled,
and interconnected by flanges. Some
semi flexible waveguide is available,
making it almost as easy-to-handle as
semirigid coax.

Fig 24-1 — Open-wire transmission line with A/4 shorted stub.
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Horn Antennas

A number of popular microwave
antennas follow directly from the use
of waveguide, although they are not
restricted to waveguide use. The first
I shall discuss is the Acrns antenna.
The hom antenna, in its simplest
form, is just a waveguide opened up
on the end to let a wave propagating
in the wavegnide escape and become
a wave propagating in space.

The horn antenna is essentially a
flared out section of waveguide, in
one or both dimensions. By gradually
expanding the dimensions, the field
can be smoothly transitioned into a
plane wave with a larger aperture,
providing defined directivity in either
or both axis. For usual waveguide
mades, the electric-field vector is
across the narrow direction, roughly
correlating to the voltage across a
transmission line model, as seen
in Fig 24-1 and Fig 24-2, with the
magnetic-field vector in the direction
aligned to the larger dimension of
the waveguide, and the electric field
vector perpendicular and across the
narrow dirnension, as shown in
Fig 24-3. Thus, either vertical or hor-
izontal polarization can be selected,
merely by orienting the waveguide
section before the transition to the
horn.

Rectangula cross-section wave-
guides transition naturally to rect-
angular or pyramidal horas, while
circular or elliptical waveguides more
naturally feed into eylindrical or oval-
shaped horns. While waveguide feed
of horns is a natural fit, horns can
be transitioned from coaxial cable
through a very short section of closed
waveguide with a coax-to-waveguide
coupling section.

Horn Dimensions

The key dimensions of a rectan-
gular hom are the length (L) and
aperture size (A, and A,). These are
shown in Fig 24-3. For a circular
horn, the corresponding aperture di-
mension is the common diameter (D).
The dimensions are related in that for

A/4 Shorted Stubs

UBANZ43

Fig 24-2 — Open-wire transmission line with multiple A/4 shorted

stubs.

a given aperture (and hence beam-
width and gain), there is an optimum
horn length that provides uniform
illumination to allow the effective use
of that aperture. The relationships are
defined in Table 24-1.!

The resulting gain of the horn
follows from the directivity and is
approximately given by:

Guin (dBi) = 10log;((7.5x AgAy)

(Eq 1)

Horn Applications

The horn can be, and often is,
used directly as an antenna. Perhaps
more commonly, however, it can be
placed at the focus of a parabolic-dish
reflector and used to drive a higher-
gain system. Through the adjustment
of the above parameters, the horn

Table 24-1

=T

URANZ44

Fig 24-3 — View of rectangular homn
antenna terminating a waveguide.

can provide uniform illumination of
the dish with minimal waste of dish
aperture, or of power being wasted
by illuminating area outside the dish,
In addition, the dish offers almost
infinite front-to-back ratio, reducing
extruneous responses in undesired
directions.

Beamwidth of Horn Antenna as a Function of Key Dimensions (i)

Aperture Beam Width (degrees}

Between First Nuils Between 3-dB Points
Length for uniform illumination 115/L 51/L
Rectangular horn E-plane 115/L 56/A,
Rectangular horn H-plane 172/L 67/A,
Circular horn 140/L 58D

Antennas for Microwave Applications
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Slot Antennas

The slor antenna is an interesting configuration that
truly requires “thinking outside the box"! Fig 24-4 shows
a pair of A/4 shorted stubs, used previously to describe a
waveguide. In this example, however, they are fed at the
center. This won’t make a very good antenna because the
currents on opposite sides are out-of-phase, equal and so
close that radiation is essentially cancelled. If you take
this case and turn it inside out by cutting a A/4 slot in
a sheet of metal, the currents will flow as shown in Fig
24-5, migrating from the immediate area of the slot. The
result is an efficient radiating structure that can be used
as an antenna, The radiation will be bidirectional towards
both sides of the sheet and will be vertically polarized if
oriented as shown. The impedance at the center is about
500 Q. By feeding it about A/20 from one end of the slot,
a good match to 50 £ coaxial cable can be obtained.

A slot can also be fed directly by a waveguide. By
merely attaching a flat plate, typically a minimum of 33/4

jt—— A4 —t—— A4

URAN?45 Source

Fig 24-4— Two A/4 shorted stubs in parallel, fed as an
antenna.
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wide and A/2 high with a slot matching the waveguide
opening, you have a form of unidirectional slot. It will
radiate fairly uniformly across the hemisphere on the open
side. Unfortunately, my antenna modeling tools only work
with wire antennas, so I don’t have the capability to pro-
vide the usual modeled results for these antennas.

A unidirectional slot antenna can also be made by
putting an empty box behind the opening with a depth of
about A/4. This could also be considered a A/4 shorted-
waveguide stub and can serve as a very nice reflector, The
applications for metal vehicle bodies should be apparent,
especially since the slot need not be air, but could be some
kind of dielectric structure to avoid turbulence.

To obtain additional directivity, multiple slots can
be spaced and oniented just as the linear phased arrays
discussed for HF. A multiple-aperture slot array can also
be constructed by putting multiple slots in the appropriate
places on the surface of a waveguide.

Fig 24-5— Slot-antenna configuration.



The Patch Antenna

An interesting structure is called N2 Square Patch Supported Above Ground Structure
the patch antenna. Tt is constructed
from a simple rectangle of metal, A/2
on a side, suspended over a metal
ground plane, This is shown in
Fig 24-6. The coaxial feed is connect-
ed inward from the center of an edge
at a point that matches the coaxial-
cable impedance, with the shield just
below on the ground plate. Current
flows across the patch radiating in a
direction perpendicular to the plate.
The pattern and gain are similar to a
pair of in-phase dipoles, spaced A/2,
positioned in front of a reflector. The RGO
resulting gain is about § dBi with a
3 dB beamwidth of about 60°. If the
ground plane were infinite in extent,
the front-to-back ratio would also be

Ground
Structure

Fig 24-6 — Construction of a patch antenna over a finite ground plate.
The radiation is perpendicular to patch.

infinite. With a small ground plane, and predictable response make it some changes in pt_:rfonnance and
somewhat larger than the patch, the popular as a feed antenna tor home- resonance. If fed directly on the edge,
F/B will be about as with a Yagi. made dish antenna systems. Tt can strip-line transmission-line sections
The patch is a versatile antenna also be easily fabricated on double- can be easily etched at the same time
that can be found in a number of sided printed circuit board, although  toresult in a match to whatever the
applications, Its ease of construction  the dielectric material will result in systern designer needs as a load.

At frequency ranges with small ' 4
wavelengths, different antenna RBVIBW Quesztl ons
structures are possible than at the 24-1. What is it about microwave antennas that make them different
most time in this book, Keep in mind, 24-2. Why are long coaxial cable runs not often encountered at
though, there is nothing directly microwave frequencies?
related to frequency associated with 24-3, What are the relative advantages of patch and hom antennas as
these structures and they could be feed systems for dish antennas?

built for lower frequencies as well if
there were particular requirements
for them.

Notes

1,2 J. Kraus, Anlennas, second
edition, McGraw-Hiill Book
Company, New York, 1988, pp
651-653.
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There’s almost no limit to the antennas you can support from some vehicles.
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- Vehicle Antennas

Most of the antennas I have covered so far have been
developed assuming that they were mounted some dis-
tance from the ground and thus were pretty much alone in
their environment. This works well for antennas suspend-
ed a distance above ground from halyards or on a structur-
al support such as a tower. There is another category that

challenges.

shares some of the previous characteristics, but that brings

We often take for granted the
telecommunications capabilities of
modern motor vehicles. Many have
receive capability at MF (AM broad-
cast), VHF (FM broadcast) and UHF
(satellite-based GPS navigation) as
well as UHF two-way communica-
tion for cellular telephone, or spe-
cialized service programs (On-Star).
In addition, most public service and
utility vehicles provide dedicated
two-way VHF or UHF radiotele-
phone and often data systems. There
are also some two-way mobile HF
systems in common use, principally
by Amateur Radio operators and
military vehicles. It’s amazing that
among these, only the occasional
Amateur Radio operator’s vehicle
looks a bit like a porcupine or a fish-
ing trawler!

Receive-Only Antennas

MF receive antennas go back in
time to just after it became pos-
sible to make compact AM broad-
cast receivers that could fit into car
dashboards. The typical antenna is
a short vertical monopole, much
shorter than A/4. While a full-size
/4 monopole would be quite a good
performer at 550 kHz, the bottom of
the AM broadcast band, it would be
about 425 feet tall. This would be a
mechanical challenge, not to mention
the problems associated with going
through the drive-through lane of
your bank!
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The typical antenna is arod 3
or 4 feet high. It receives a much
smaller amount of the usual broadcast
ground-wave signal than a full-sized
antenna, but because the SNR is
limited by external noise, the signal
is strong enough to provide usable re-
ception. An MF automotive receiver
generally has additional RF amplifi-
cation compared to a home radio, to
bring the received signal above that
generated within the receiver,

VHF-FM broadcast reception is
much more straightforward. The FM
broadcast band extends from 88 to
108 MHz in the US. At 100 MHz, A/4
is just 1.5 meters or about 59 inches
long, not much longer than the length
of the shortened MF monopole. With
the ground side connected to the ve-
hicle body at the base of the antenna,
it can be easily matched to the input
of the receiver. The reception will be
fine for line-of-sight (LOS) paths to
transmitters, and broadcast transmit-
ters are generally well elevated to
account for low receive antennas.

Reception of GPS satellite signals
adds a new dimension to the vehicle
problem, In the previous cases, I have
discussed reception from transmit-
ters sending signals at low angles of
arrival — from LOS or ground-wave
paths. Whatever we expect from
satellites, it won’t likely be restricted
to low-angle reception.

The elevation pattern of a A/4
monopole over a near perfect ground,

special challenges — antennas mounted on vehicles.

In this context, by vehicles I mean land-operating
motor vehicles, aircraft and water-borne vessels, Each
may need to be equipped with radio communication or
radionavigation systems, and each brings its own set of

and-Operating Motor Vehicles

UBADZaB 90

Max. Gain = 5.14 dBi

Freq. = 1000 MHz

Fig 25-1 — Elevation pattern of
1-GHz 1/4 monopole on vehicle.

Max. Gain = 4.16 dBi

Freq. = 1000 MHz

Fig 25-2 — Elevation pattern
of 1-GHz 2/4 bent monopole or
inverted L on vehicle.

such as a metal vehicle roof at UHF,
is shown in Fig 25-1. Tt clearly will
be much better at reaching low-angle
cellular towers than high-angle satel-
lites for GPS or satellite-radio use.
By bending about % of the vertical
portion over to become horizontal,
you form an antenna that would be
called an inverted L in the MF and
HF region.

The resulting elevation plot is
shown in Fig 25-2. Note that while
the low-angle response is only down




UBADZS0 1

Max. Gain = 3,97 dBi Freg. = 1000 MHz

Fig 25-3 — Azimuth pattern
of 1-GHz A/4 Inveried L at 15°
elevation angle.

UBAGZS1 o

Max. Gain = 1.10 dBi

Freq. = 1000 MHz

Flg 25-4 — Azimuth patiern
of 1-GHz 1/4 inverted L at 60°
elevation angle.

about 1 dB, the high-angle response
is significantly increased. Lest you
wonder about the azimuth coverage,
low- and high-angle plots are shown
in Fig 25-3 and Fig 25-4, These show
that the uniform response is main-
tained. The SWR of the antenna at
1000 MHz is shown in Fig 25-5. It
is moderately sharp, but could easily
be adjusted for either GPS operation
at 1575 MHz or cellular coverage at
either 860 or 1900 MHz.

An improvement of this approach
is the popular wideband blade an-
tenna. This is an adaptation of the slot
antenna described in Chapter 24, and
will be discussed further in the air-
craft section that follows. The blade
antenna can cover the entire range
and looks a bit like a small dorsal fin
on the back of many recent sedans.

Two-Way Radio Antennas for
Motor Vehicles

Antennas for effective transmission
and reception from motor vehicles di-
vide nicely by the portion of the radio
spectrum into which they fall, In the
VHF and UHF ranges, the most com-
mon antenna is a vertical monopole.
It provides the omnidirectional cover-
age sought by most vehicle systems.
Such an antenna is quite efficient,
sin¢e the size of the typical vehicle
body makes for a good ground system
under the antenna. Typical lengths
range from A/4 to SA/8, with the
longer sizes used mainly at higher
frequencies where the physical length
is still reasonable.

The major limitation of such
systems is that they are essentially
limited to line-of-sight paths, and
those generally provide limited range
between land vehicles. Most
VHF/UHF systems operate between a
base station with an elevated antenna
and multiple mobile units, or via re-
mote repeater stations in high terrain
that can “see™ all mobile units over
a wide geographical extent and relay
transmissions between them.

HF and even MF two-way mobile
systems have been in use for a long
time, in spite of the fact that efficient,
reasonably sized antennas for that
frequency range are hard to come by,
Before municipal police departments
moved into the VHF range somewhat
after WW IL, they used MF frequen-
cies just above the broadcast band for
communications between headquar-
ters and mobile vnits.

V.1 |

1200

fFrequency (MHz}

Fig 25-5 — SWR plot of 1-GHz /4
inverted L.

(CB) at 27 MHz is just at the edge of
practicality with full-size antennas

G feet long, frequently seen mounted
on trucks.

For lower-frequency HF opera-
tion, electrically short antennas are
usually used. It’s necessary to
cornpensate for the shorter length
in some manner. The choices are to
have a whip antenna with a match-
ing network beneath the vehicle
body, or to electrically lengthen the
monopole by loading it. This term,
borrowed from telephone company
line-compensating parlance, means
substituting an inductor for part of the
antenna length to provide a resonant
antenna that is physically shorter than
A4, The loading inductance can be
mounted at the base or somewhere in
the whip itself and is sometimes used
in combination with a capacitance at
the top. A loaded mobile antenna is
shown in Fig 25-6, with its EZNEC

The challenge with
HF mobile opera-
tion is thai the same
A/4 monopoles that
work well at VHF
are much bigger at
HEF. At the top of the
HF range, 30 MHz,

a Af4 monopole is
about 8 feet long, and
it appears often as a
stainless steel flexible
whip antenna operated
against the vehicle

Upper Monopols
Section

Lower Monopole
Section -

et

i

UBaG253

. Loading Coil

e

body as a ground.

The US citizen's band ~ mounted on

Fig 25-6 — HF whip antenna, with loading coil

auto fender.
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Fig 25-7 — EZNEC model of motor vehicle with anfenna on front fender.

model, borrowed from a QST article, This model includes
the car body itself acting as a grounding system, as shown
in Fig 25-7.!

If a matching network is used, the requirements on
the matching network are rather extreme. For example,
an 8 foot whip antenna has an impedance at its base at
3.85 MHz of about 3.25 —j 2395 Q. If you use a matching
network with an inductor whose Q is 100, you would have
losses in excess of 15 dB within the matching network
itself, The loaded antenna, including such a matching
network, will have similar losses.

It’s interesting to look at the modeled results of various
configuration of HF mobile antennas. Fig 25-8 shows
the elevation pattern for three cases. The first case (solid
line) is a full-size monopole adjusted to be resonant at
3.85 MHz. While this is not too useful in a practical
sense, it does indicate an upper efficiency limit. Next,
insert an ideal, no-loss, loading inductor at the center of
the 8 foot whip (dashed line), and finally use one with a
realizable Q of 100 (dotted ling). The maximum signal

Table 25-1 ---rormem - e

Transmitted Signal Intensity of Three 3.85-MHz
Mobile Antenna Configurations.

Configuration
Full size monopole

Loaded 8 foot, ideal inductor
Loaded 8 foot, real inductor

Signal Intensity (dBi)
—1.24

-5.85
-15.36
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intensity is summarized in Table 25-1.

Another result of the losses in the real inductor is
shown in the SWR plots of the two loaded cases in
Fig 25-% and Fig 25-10. Note that the ideal inductor re-
sults in a low resistive feed-point impedance at resonance
and a very narrow bandwidth, narrower even than some
modulation schemes. The low resistance requires addi-
tional matching elements, usually a shunt inductor at the
base, in order to provide a matched feed to coax. By using
a lossy real inductor, both problems disappear — along
with about an additional 90% of the radiated power!

The 3.85 MHz example here is about the worst case for
HF mobile antennas. At the other end of the HF range,
30 MHz, the § foot whip is a full-sized /4 monopole with
performance comparable to a ground mounted antenna,
Frequencies in-between perform in-between the two
extreme cases, as you would expect, with antennas around
half of full size (around 15 MHz for an 8 foot whip) not
giving up much performance compared to full-sized an-
tennas, as shown in Table 25-2.

LTSN D
s

Max. Gain =-1.24 dBi

Freq. = 3.8 MHz

Fig 25-8 — Response of a full-sized

A/4 monopole (solid line) on vehicle,
compared with an 8-foot whip using
lossless center-loaded inductor (dashed
line) and an 8-foot whip with a real
inductor with a Q of 100 {(dotted line).
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Frequency {MHz)

Fig 25-9 — 6.5 O SWR plot of

3.85 MHz center loaded antenna
with lossless loading inductor.

INF

10.0

UBAD257

Frequency (MHZ)

Fig 25-10 — 58 2 SWR plot of
3.85 MHz center loaded antenna
with real world loading inductor.

Transmitted Signal Intensity of 8 Foot Center Loaded Moblle Antenna Compared to Full Size at

Selected Frequencies.

Frequency Full Size Height (feet)  Full Size Infensity (dBi)
3.8 MHz 68.6 -1.24
7.15 MHz 356 —1.21
14.15 MHz 174 0.2
21.2 MHz 11.3 1]
0.56

28.3 MHz 8.4

8-Foot Signal Intensily (dBi}  Penalty (dB)
14.1

-15.36
-8.22
-2.09

-71
0.45

7.0
1.9
0.7
0.1

Water Borne Vehicles

Water borne vehicles often use
technology for their antenna sys-
tems similar to that of land vehicles;
however, they have a few significant
advantages:

= Salt-water vessels have an almost
ideal ground structure beneath
them, and often a metal hull that is
tightly coupled to it.

» Many watercraft are much larger

than land vehicles in all dimen-
sions. They also often include
masts and other structures that

can support taller HE antennas as
well as providing a higher view for

VHF/UHF systems.

» While on open water, they have
much longer LOS distances than
land vehicles do in all but the most

flat of terrains.

Vehicle Antennas
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Alrcraft Antennas

Aircraft clearly are on top of the
heap when it comes to LOS distances.
On the other hand, they offer some
of the most severe constraints for the
antenna designer due to requirements
that they not have protrusions that
increase air resistance.

Traditional Aircraft Antennas

Early and slower aircraft used
many systems in common with other
vehicles — wire antennas for HF
and whips for VHF/UHF. Many still
employ such systems — a short mast
forward on the fuselage secures one
end of a wire that terminates on an in-
sulator at the top of the tail’s vertical
stabilizer. This provides reasonable
MF and HF coverage, if combined
with a matching network inside the
fuselage. Some slow-moving strategic
communications platforms have even
used vertically trailing wire antennas
thousands of feet long to provide long
range LF or MF communications.

Short VHF and UHF monopoles,
constructed of thin wire have often
been used on low to medium perfor-
mance aircraft. [f mounted below the
fuselage, they provide coverage to a
wide area.

Antennas for High-
Performance Aircraft

High-performance aircraft provide
a completely different perspective
compared to their lumbering coun-
terparts. In an aircraft world in which
a nvet head is a no-no, any kind
of protrusion is generally rejected.
Fortunately, there are configura-
tions that make use of slots, patches
or other technology to allow a fully
streamlined configuration. Such
antennas are not generally added to
the airframe, but are designed into the
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skin of the fuselage as a part of the
system-design process. [ will discuss
a few of the many solutions in current
use.

Slot antennas are an ideal example
of such a configuration. A slot in the
skin of the fuselage can be driven
by a waveguide from inside, or be
backed by a box and coax fed, with
the slot covered in insulating material
with absolutely no indication from
the outside that it is there — other
than perhaps a “no step” admonition.

A variation of the slot is the
blade antenna. In this case, rather
than attempting to approximate an
infinite ground sheet, specific tapered
dimensions and offsets are used to
provide coverage over a wide band
of frequencies. This configuration is
shown in Fig 25-11.

A vertical monopole with no
height, at least from the perspective
of drag, can be constructed using
a flush disk as a capacitive load-
ing element as shown in Fig 25-12,
Again, with nonconductive material
between the outside of the disk and
the circular hole in the fuselage, the
aircraft surface streamlining can be
maintained. This antenna provides
omnidirectional coverage with verti-
cal polarization.

Some antennas, such as rotat-
ing radar dish antennas, are more
difficult to streamline. While many
aircraft that have extra space, place
traditional dishes behind radomes
that correspond to the shape of the
aircraft, the more modern approach is
to synthesize the beam shapes by us-
ing multiple slot or other streamlined
antennas in phased arrays with the
phase controlled by computer sys-
tems to determine the desired beam
positioning.

Metal Blade

Coex Inside Biade
Structure to Radio

Fig 25-11 — Siot driven aircraft
biade antenna.

et

Skin

Circular Disk

Coax Inside Aircraft

URANZEA to Radia

Fig 256-12 — Side view of flush disk
antenna.



Chapter Summary

Antennas for use on vehicles are
just adaptations of the same prin-
ciples as antennas I have discussed
previously. What makes vehicle an-
tennas special is that they add addi-
tional constraints in terms of size —
particularly height for land vehicles
or air resistance for aircraft. The
result is often a compromise between
practicality and performance. Often
the performance can be compen-
sated for at the other end of the link,
through higher antennas, additional
power or sensitivity or special signal
processing. Fortunately, there is usu-
ally a configuration that can be made
to fit almost any application.

Notes

'S, Cerwin, “The Arch,’ QST, Jan
2008, pp 39-41.

Review Questions

25-1. What performance limitation makes MF vehicle receiving antennas
easier to design than many others?

25-2. If heights as high as 12 feet can be accommodated by highway under-
passes, what is the approximate lowest frequency that can use a full sized A/4
monopole on a vehicle if the base of the monopole is mounted 2 feet above the
roadway?

25-3. Why are slot, blade and disc antennas particularly suited for high-
performance aircraft?
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This homemade field strength meter can be used to
map the response of transmitting antennas in different
locations or directions.
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Antenna Measurements

Measuring antenna characteristics and performance are important considerations in any antenna application or devel-
opment project. Modeling is often much easier, quicker and better defined: however, there are always assurmnptions and
limitations within the modeling process that can be best validated throogh actual physical measurcments.

Measurement System Limitations

Unfortunately, it is not just modeling that has assumptions and limitations; measurements do as well. It is important
to understand what some of these limitations are to be able to make valid judgments and druw appropriate conclusions
from measured data. T will try to discuss these as I describe some of the various measurements that can be taken.

RF Voltage and Current

It is relatively straightforward to measure RF voltage, at least at
relatively low frequencies. A series resistor, at least 100 times the
value of the line 7 is connecied to the line under load to minimize
change to the conditions we are trying to measure. The resultant
signal is rectified by a semiconductor diode, filtered and presented
to a meter. A circuit of such a meter that can be built in a small
metal box and placed in the line is shown in Fig 26-1." It is also
possible to build the components into a cigar tube with the resistor
lead protruding and use it as an RF probe using a usual test meter
as an indicator. Note that R1 and R2 must be composition resis-
tors, not the more commonly used film type, which act more like
inductors than resistors at radio frequencies.

The values of the components are shown in Fig 26-1 and are de-
signed to make the meter read fairly linearly with RF voltage. You
should establish reference points using a power or voltage meter
of known accuracy for initial calibration of the voltmeter.

RF current can also be measured, by simply measuring the volt-
age across y small resistor in series with the line. To avoid chang-
ing the system SWR, the resistor should be both noninductive
and it should have a value much less than that of the Z, of the line
being measured. Note that in this case, both sides of the measure-
ment system are at high RF potential with respect to the chassis of
the metering circuit.

A type of RF ammeter called a thermocouple meter was in
commeon use during WW II and samples are still frequently found.
This meter, useful only through the HF region, uses a thermo-
couple, a device that converts temperature rise to voltage, to
measure the RF current going through a resistance that is part of
the thermocouple assembly. These types of RF ammeters are not
commonly available as new products,
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Fig 26-1 — Schematic diagram and parts list
for an RF voltmeter for coaxial line. (Courtesy
The ARRL Amtenna Book.)

C1,C2 — 0.005 or 0.01 uF ceramiec capacitor.
D1 — Germanium diode, type 1N34A or
equivalent.

J1,J2 — Chassis mount coaxial sockets to
match connectors In use.

M1 — Milliammeter, 0-1 mA or more sensitive.
R1 — 6.8 k } compasition resigtor. 1 W for
each 100 W of RF through device.

R2 — 680 Q, 1 W compaosition resistor.

R3 — 10 k ), 2 W composition or film reslstor.



Standing Wave Ratio

Standing wave ratio (3WR) is one
of the more straightforward measure-
ments to make on an antenna system,
SWR is a measure of how well the
antenny, as a system load, matches
the nominal system impedance, The
usual way of measuring SWR is to
separate the two waves that ap-
pear on a mismatched transmission
line — the incident wave and the
reflected wave. The incident wave
represents the wave travelling from
the signal source, which is usually a

transmitter, towards the load, which is
often an antenna. If the load imped-
ance does not match the transmission-
line characteristic impedance (Z,),
some fraction of the incident wave
will be reflected back towards the
transmitter. The power actually deliv-
ered to the load equals the difference
so that P, =P.—P,.

A common miscenception is that
the P, term implies “lost power” in
the system. Power can be lowered if
the sysiem cannot accommadate the

Measuring SWR

The Direct Method

Incident and reflected waves will
both exist along the length of the
transinission line if there is SWR
on that line. At any given point, a
measurement of the voltage across
the line will show the algebraic sum
of the voltage from each wave. If
there is no reflected wave (indicat-
ing a perfect match), the voltage
for a lossless line will be constant
along its length. On the other hand,
if there is a reflected wave, it will
add and subtract from the voltage of
the incident wave as they propagate
along the line, A direct measurement
of voltage can be taken using a meter
of the type shown in Fig 26-1. The
SWR is defined as being equal to the
ratio of the maximum voltage over
the minimum voltage. Again, if there
is no reflected wave, the voltage will
be the same everywhere and the SWR
will be 1:1.

To be sure that you have captured
the extreme maximum and minimum
values, you must take samples along
alength equal to at least A/2. This di-
rect measurernent reguires that a non-
loading voltage measurement, such as
that just described, be made along the
whole Jength. The object is to find the

peak and minimum voltages, since
their location will be a function of the
phase angle of the load impedance.
This method can be employed only
if voltage sample points are available
all along the line. This is not pos-
sible with regular coaxial cable, but is
feasible with bare open wire line — if
you can measure it without disturbing
the values you are trying to measure.
At the high VHF to microwave
range, it is possible to insert a section
of slotted line into the system. A slot-
ted line is just a precision rigid sec-
tion of air-dielectric coaxial cable that
has a slot through the shield, through
which a voliage-measuring probe can
be inserted. If the probe has a high
impedance compared to the line Z,,
an accuorate measure of the line volt-
age can be made at each point along
the length of slot. If the slot is at least
A/2 long, the SWR can be determined
directly from the ratio of maximum
and minimum voltage readings.
While a slotted line (or even neon
bulbs along HF open-wire line} can
be used to measure SWR (or in the
case of the neen bulbs to get a sense
of the magnitude of SWR), the tech-
nique is no longer commonly used
— except perhaps to demonstrate the

actual Joad impedance seen at the
transmitter. If the transmitter can per-
form properly, however, and if there
are no other losses in the system, the
reflected power is re-reflected at the
source and heads back up the trans-
mission line toward the load again. Of
course, a real system cannot be totally
lossless, and the losses do increase
with SWR. Still if the transmitter can
drive the resulting impedance seen

at its output when there is an SWR,
most of the power will reach the load.

concept in school laboratories. The
most common method is to measure
the forward and reflected power and
compute SWR from those values.

SWR by Measuring Forward
and Reflected Power

If a relatively short, in terms of
wavelength, section of sampling
transmission line is coupled to the
main transmission line, inside the
shield in the case of coax, a sample
of the power going in either direction
can be obtained. In Fig 26-2. a small
sample (typically down 20 dB) of the
signal in the main transmission line is
obtained on the sampling line, which
is terminated in a resistance at the
far end. Reflected signals, return-
ing from the outpur side of the main
transmission line, are also coupled to
the sampling line and go to the diode
rectifier, which sends de to a meter.
With proper calibration, the reflected
power can be read from the meter.
Some systems have two sensors, one
in each direction, so that forward and
reflected power can be read simul-
taneously — others have a single
sensor with metering circuit and the
coupling loop is reversed to measure
the power in the other direction. The
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To Matering Circuit

ably resultin a
change in the
impedance and
thus the SWR.
In addition, in
many antenna
installations,

UBAQ260

Tarminating
Reasistor

the antenna’s

feed point is at
the top of a tall
support structure
— often not the
best spot from

Cutpirt
Signal

Fig 26-2 — Example of directlonal coupler used for
measuring relative forward or reflected power.

coupling is a function of the fraction-
al wavelength of the coupling line, so
calibration i3 a function of frequency.
The forward and reflected powers
do not show SWR directly, although
some metering systems have scales
calibrated to read directly in SWR. In
most cases, the two power readings
are noted and a calculation is made
to determine SWR. This is easiest if
done in two steps. The first step is
to determine the magnitude of the
reflection coefficient p. While the
reflection coefficient is a complex
quantity, the phase information is not
needed here so you will just consider
the magnitude of the quantity. This
value is found as follows:

=JP /P
|P| R'YF (Eq 1)

The SWR is then found as follows:

SWR:l+|p|_1+,,'PRfPl_~

1-lp| " 1-/Pa 7Pz

(Eq 2)
This allows us to easily convert
from forward and reflected power in
waltts or other units to SWR.

SWR Measurement Pitfalls
and How to Avoid Them

SWR seems like a very straightfor-
ward item to measure; however, you
are faced with a bit of a quandary. To
perform the most accurate measure-
ment, you need to measure at the load
itself, which is usually an antenna.
Placing measuring equipment, and
even worse measuring people, at
the antenna’s feed point will prob-
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which to be
taking measure-
ments.

The usual remedy for both prob-
lems is to measure the SWR at the
bottom of the feed line. That’s usually
where the transmitter is and that’s the
part of the system that usually cares
most about the SWR, so it seems like
a best place to take the data. It can
be, but it can also lead to errors in
conclusions. If the line is lossless, the
SWR at the bottom will equal that
at the top. Unfortunately, real-world
transmission line has losses, and the
losses increase with SWR. Thus an
SWR measurement at the bottom
cormpares the full forward power with
the attenuated reflection of the attenu-
ated forward power that reaches the
antenna.

Here’s an example, Let’s say you
have a 1{0 W transmitter driving
100 feet of coax that has a loss of 3
dB (50% power loss) at some particu-
lar frequency, The antenna will see
50 W of power. But let’s say 20% of
the power 1s reflected due to the an-
tenna being mismatched to the Z, of
the transmission line, That will result
in 10 W being reflected back toward
the source. The 3 dB loss in the line
results in 5 W showing up as reflected
power at the transmitter at the bottom

of the line,

Table 26-1 summarizes the power
at the two locations. Note the rather
distressing result. A very acceptable
measurement of an SWR of 1.6:1 at
the bottom of the coax is the result
of an unpleasant SWR of 4:1 at the
antenna. In this example, our 100
W of power results in only 40 W
radiated from the antenna — yet atl
of our measurements make us think
we'te doing well. Unfortunately, this
example is not unusual, especially
at the upper end of HF into the VHF
range. If it happens at higher frequen-
cies, it is usually more evident since
nothing much ends up geing in or out
of the system! The sidebar discusses
ways that this can be calculated, and
perhaps avoided, through the use of
software.’

Another problem that can confuse
SWR measurements is if there are
any stray common-mode currents
present, such as those on the outside
of the coax shield. This makes the
transmission System a complex one,
while the SWR instrumentation is
happily measuring what is happening
inside the coax, it only has a view
into part of the total system. Thus,
results are not accurate.

You can sometimes determine
whether you have common-mode
problems by observing the SWR
as you move your hands along the
outside of the coax. If everything is
working as designed, there should
be no change. However, if readings
do change, stop taking the measure-
ments — they will not be particularly
meaningful, You will have 1o use
appropriate measures, such as adding
common-mode chokes or current
baluns, to force currents te flow onl
on the inside of the coax, not on th
outside of the coax’s shield.

Forward and Reflectsd Power as Seen at Each End of the

Trangmission Line

Measurement
Forward Power (W)

Reflected Power (W)

Indicated Refiection Coefficient

Indicated SWR

Bottomn of Cable  Top of Gable

100 50
5 10
0.224 0.447

1.6 4.0
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Field Strength

Field strength is a quantity that
is easy to measure, but that can be
difficult to interpret. A basic field-
strength meter (FSM) can be as
simple as an untuned crystal radio re-
ceiver with a short antenna connected
to a meter movement, as shown in
Fig 26-3.

For most antennas, the long-range
performance is what you'd like to
measure. For a multiclement array
that exhibits a good deal of gain,
such as a long-boem Yagi, the field-
strength meter must be physically far
away from the array, well into the far
field. The far field boundary is a func-
tion of the size and complexity of the
array, as well as the wavelength. The
distance to the boundary, R, can be
approximated by the following:

_a?

& (Bq 3)
where L is the largest antenna dimen-
sion, and A is the operating wave-
length, all in the same units. This
expression is valid for L > A. Note
that for the case of a 1A boom Yagi,
L = A, and Eq 2 reduces to:

R=2A

Making Field-Strength
Measurements

A meeter such as the one in
Fig 26-3 can be used to provide a

R

Max, Gain =7.84 dBi

Freq. =145 MHz |

Fig 26-4 — Elevation pattern of
three element Yagi in Chapter 19, in
free space,
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relative indication of field strength.
There are difficulties associated with
attempting absolute measurements.
For example, a field-strength meter
can be a good tuning aid to determine
antenna, transmission line or trans-
mitter settings that provide maximum
signal strength to a particular loca-
tion, or to adjust phasing lines for a
null in a specific direction. Since the
scale is not necessarily linear, com-
parisen between signals is best done
with the meter at the same peint and a
variable attenuator or calibrated trans-
mitter power setting used to achieve
the same response.

In spite of a number of limitations
and caveats with such devices, as well
as the general field-strength issues to
be discussed, there are useful mea-
surements that can be obtained with
such a simple device. For example, to
measure an antenna’s front-to-back
ratio at the location of the FSM, first
point the back of the antenna towards
the FSM and adjust the power output
for a solid reading, Turn off the trans-
mitter and make sure the meter reads
zero, Other transmitters in the area
can make the use of an untuned FSM
unusable!

Turn the transmitter back on and
make note of the transmitter power.
Turn the antenna so the front of the
antenna is facing the FSM, with
everything ¢lse the same. Reduce
the transmitter power until the same
reading is obtained and measure the
power. The ratio of the recorded pow-
ers is the F/B,

Another approach to cbtaining
relative measurements is to use the
antenna under test as a receiving
antenna. In this case you use a nearby
steady signal source, along with
a stable receiver. Many receivers
incorporate a signal-strength indica-
tor. While some have calibrations
indicating signal strength, few are
accurate, as I've indicated before. If a
calibrated signal generator is at hand,
the meter indications, or possibly the
automatic gain contrel (AGC) voltage

Plekup Antenna

(R A

RFC

|
I
I
I
¥ b Rhi\ I
I
|
I
I

LIRANZR1

Fig 26-3 — Schematic diagram
and parts list for a simple RF field
strength meter.

C1 — 0.005 or 0.01 pF ceramic
capacitor,

D1 — Germanium diode, type
1N34A or equivalent.

M1 — Milliammeter, 0-1 mA or more
sensltive.

R1 — Rheostat for setting meter
sensltivity. Value should be about
100 times the meter resistance.
RFC — RF choke with at least

10 k2 impedance at operating
frequency. Alternately, a 10 kQ or
higher value composition resistor
can be used.

can be used to directly compare sig-
nals for F/B or to make direct A-to-B
comparison measurements.

If a calibrated step attenuator
is available, an even better way is
to take a reference reading on the
weaker signal with the attennator at
(} dB, and then click in attenuation
until the stronger signal is reduced
to the same reading. The value of the
attenuator then is the same as the dif-
ference between readings.

Field-Strength Measurement
Pitfalls and How to Avoid
Them

The biggest challenge facing those



trying to evaloate antenna perfor-
mance is generally separating the
antenna from its environment. In this
case, what this means is anything
around the antenna that will modify
its performance. The ground is often
the biggest hurdle, however, nearby
antennas, aerial cables and even metal
rain gutters can all modify the way an
antenna performs.

As an example, look at the 143
MHz Yagi examined in Chapter 19.
There | examined the antenna in
free space to avoid just the kind of
problem being addressed here. The
free-space elevation pattern is shown
in Fig 26-4. This is the pattern associ-
ated with the antenna devoid of any
external influences. Compare that to
the pattern at a typical height of 40
feet above real ground shown in
Fig 26-5. Note that the maximum

gain has increased by a bit less than

6 dB due to ground reflections; how-
ever, the gain varies by as much as 20
dB as you make slight changes in el-
evation. Compounding this height ef-
fect is that the FSM antenna will also
exhibit the same performance, just as
any antenna will if it is mounted more
than about A/2 over ground.

In an antenna range, the usual prac-
tice is to adjust both the antenna un-
der test and the sense antenna up and
down to make sure each is at the peak
of response. A reference antenna,
such as a dipole, with a known gain,
then replaces the antenna under test.
The process is repeated for the dipole
and then the gain difference between
the two can be stated.

For this kind of measurement, it is
also very useful to model the antenna
beforehand to gain insight into how

quickly performance changes with
azimuth angle. This will demonstrate
the resolution required in adjust-
ments.

Some parameters are more sensi-
tive to ground reflections than others.
For example, Fig 26-6 is the azimuth
plot of the antenna over ground at
the elevation angle of its first peak at
2°, Fig 26-7 is the azimuth plot with
the elevation set near the first null at
5°. Note that while the forward gain
difference is more than 20 dB, both
plots have a F/B of 31 dB, within a
few tenths of a dB, suggesting that
front-to-back measurements can he
made with little concern about where
the antenna is in the elevation pattern,
a fact 1 implicitly took advantage of
earlier.

UBAD263

Max. Gain = 13.74 dBi

Freq. = 145 MHz

Fig 26-5 — Elevation pattern of three element
Yagl 40 feet above typical ground.

Max. Gain = 13.43 dBi

Fraq. = 145 MHz

Max. Gain =-7.13 dBi

Freq. = 145 MHz

Fig 26-6 — Azimuth pattern of three
element Yagi 40 feet above typical

ground at 2° elevation.

Fig 26-7 — Azimuth pattern of three
element Yagi 40 feet above typical

ground at 5° elevation.
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ipter Summary

Many systems are available to

measure antenna operation and R eVi ew Qu est l Oons

performance; however, their effec- 26-1. How can current and voltage measurements be uscd to determine
tive use requires an understanding power on a transmission line? What precaution must be taken, particularly if
of how to separate the antenna frem  the SWR is greater than i:1 to make the calculation valid?

its environment. This is particularly 26-2. Under what conditions can’t the SWR at the bottom of a transmission
critical for gain measurements, but line be directly used to determine antenna SWR?

can impact all types of measure- 26-3. What are the limitations that affect the ability 1o use field-strength

ments. [t is also critical to understand  measurements for absolute gain determination?
what it is that is being measured and

how measurements in one location

can be properly or improperly used

to determine what is happening.

Notes

'R. D. Straw, Editor, The ARAL
Antenna Book, 215t Edition.
Available from your ARRL dealer
or the ARRL Bookstare, ARRL
order no. 9876. Telephane B60-
594-0355, or toll-free in the US
888-277-5288; www.arrl.org/
shop/; pubsales@arrl.org.

2J. Hallas, W1ZR, “| Know What's
Happening at the Shack -- What's
Happening at the Other End of
my Feed Line?" QST, Feb 2007,
p63.
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Introduction

You may well wonder how some-
one can determine just how well
and in which directions an antenna
will radiate. This is an old problem
traditionally settled using an antenna
range, which consisted of a large
open space with big towers and ex-
pensive measuring equipment so that
the actual directivity and gain of an
antenna could be determined.

Of course, there have always been
theoretical methods to determine
antenna performance, but these often
couldn’t take into account some im-
portant factors. Key elements often
missing in theoretical analyses have
been the effects of ground reflec-
tions and antenna interactions with
other nearby objects, such as support
structures, or vehicle structure for
mobile, airborne or shipboard anten-
nas. Fortunately, in our twenty-first
century computer-criented society,
we have software tools that help us
avoid the need to climb towers.

can be modeled by dividing up the
antenna into a number of segments,
and then adding up the radiation from
each of these individual segments as
seen at a distnat point. The computer
must take into account both magni-
tude and phase from each segment,
and can determine the resultant as
the energy combines at some distant
locatien, at any desired angle with
respect to the antenna.

Antenna-simulation programs
make the assumption that individual
segments are small enough so that the
current leaving a segment is the same
as the current entering it. Other struc-
tures, such as other antennas, guy
wires or towers, not connected to the
antenna itself can also be modeled,
and the currents induced in them will
be part of the overall calculation.

The resulting model can be an ef-
fective tool to predict how a particu-
lar antenna will function, without
having to actually construct and then

any simulation, your mileage may
vary, but under most circumstances
modeling provides at least a good
starting point.

EZNEC

One popular antenna-modeling
program is named EZNEC (pro-
nounced easy-nec). The “NEC” part
of the name comes from the core
calculation engine, the Numerical
Electromagnetics Code, a powerful
antenna-analysis tool that forms the
basis of a number of antenna analy-
sis programs. The “EZ” part of the
name comes from the fact that this
Windows implementation is indeed
easy to use. EZNEC is available from
its developer, Roy Lewallen, W7EL
at www.eznec.com. The program is
available in a number of versions,
including a free demo version with no
time limit. The demo is restricted in
size to 20 segments, enough to get a
feel for simple

The radiation from an antenna

measure the way it works. As with

Getting Your Feet Wet With EZNEC

If you follow along in this Appendix, you will get an
understanding of how to use EZVEC to model antennas
and obtain results very quickly. It is impertant to note
that as antennas get more complicated, or get close to the
ground, a number of complications make accurate results
more difficult to obtain. l.ock at the information on the
EZNEC Web site, or at other sources such as www.cebik.
com, to get a sense of the limits in modeling.

To use EZNEC, you might start out with a sample an-
tenna definition (some are supplied with the program). Or
you might decide to enter the physical dimensions of your
antenna in X, Y and Z coordinates. You also must specify
wire gauge or diameter and pick a segment quantity. As
mentioned above, the free demeo version has a limit of 20
segments, while the basic version has a limit of 500 seg-
ments. These values are all entered on the WIRES tab.

On the SOURCES tab you specify which wires will
be connected to source(s), and the location where a source
connection will go in terms of percentage distance from
one end of a wire. Pick the type of ground you want from

A-2 Appendix A

the GROUND tab choices. That’s all it takes to model an
antenna.

To calculate some results, you might select the SWR
tab and give the program a range of frequencies over
which to determine the antenna’s impedance and SWR
(the default is 50 £2, but you may specify other impedanc-
es). Most folks will want to see a plot of their antenna’s
pattern. You may select azimuth or elevation plots on the
PLOT TYPE tab, and then you would click on FF PLOT
to see the results. It takes less time to do it than talk about
it.

Of course, there are some refinements and details that
make such modeling even more useful, but I expect you
will find out about them as you need them. If you want to
determine the effect of changing the length of a wire, you
can adjust the dimensions in the WIRES tab and run the
calculations again. If yon want to find how your antenna
works at another frequency, just type in another frequency

in the FREQUENCY tab and click FF PLOT again.



Using EZNEC to Model Some Sample

Antennas

1 have put together some
EZNEC maodels of a simple
antenna to serve two purposes
— first, to show how easy it is
to use, and second to illustrate
some antenna principles that we
have discussed in an abstract way
earlier.

A Dipole in Free Space

The first antenna I will model
is a horizontal half-wave dipole
in free space, I have picked a
frequency of 10 MHz (a
30 meter wavelength). 1 will
use the antenna configuration
shown in Fig A-1. The WIRES
entry table that I created is
shown in Fig A-2,

Note that T have picked a
particular length so that the an-
tenna will be resonant at almost
exactly 10.0 MHz. Exact reso-
nance is not really necessary,
but this does represent a half-
wave resonant dipole. I selected
a height (the Z coordinate) to be
half a wavelength above ground.
Note that for “free space” the
ground height doesn’t matter, but
you must specify some height.

I selected AWG #14 wire cop-
per wire for the material. I could
have specified it as a wire size
(with the # symbol) or putin a
number indicating diameter in
inches. It is possible to set the ta-
ble up in metric or English units,
by the way. I selected a number
of segments (19) to fit within the
free demo. The program will give
a warning message if you select
a number of segments that result
in too small or large a segment
length. Keeping in mind the 500
segment limit {20 for the free
demo), one way to gauge the size
is 1o temporarily double the num-
ber and see if the results change
very much. If not, your original
selection is likely to provide valid

End 1 Coordinates:
X. Y. Z2=-239,0,48.2 Fest

X.Y,Z=0,0,48.2 Fest

End 1 Coordinates:
X, Y,Z=-23.9,0,49.2 Feel

Height, Z = 49.2 Feet

Wire 1, Source at 50% From End 1

Ground

&
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2
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Fig A-1 — Physical configuration of modeled antenna.
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Fig A-2 — EZNEC WIRES data entry screen.

Fig A-3 — EZNEC SOURCES data entry screen.

results.

Now you've got a model and the
EZNEC main window should look
like Fig A-4. By clicking the SWR
button, you would bring up the screen
in Fig A-5 on which you can specify
the range and resolution you would
like for an SWR plot. Fig A-6 shows
the resulting plot of SWR around the
resonant frequency. Note that by put-
ting the cursor on the 10 MHz axis,
the data shown is for 10 MHz. 1 could
select any other [requency in the
range. The readout starts out with the
data at the low frequency limit.

Note also that 1 could use this

window to “trim” the antenna to be
resonant, with a reactance close to
zero 2. 1 would make the dimensions
longer if the reactance were negative,
and shorter if the reactance is posi-
tive. [ can continue in this fashion un-
til T got quite close to zero. Note also
that my final length, 29.9 feet is close
to resonance and that I conld have
gotten even closer by using more
decimal places. Going beyond about
L/10 of a foot for an HF wire antenna
is a level of precision that works in
the model, but is not realistic for my
real-world ruler and wire cutters. The
message is that the model is fine as

Getting Started in Antenna Modeling with EZNEC A-3
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far as it goes, but don’t let it result in
unattainable values!

If I were actually making an anten-
na like this (and 1 have many times),
I would use the model as a guide and
start with perhaps an extra 6 inches of
antenna length on each side. I'd raise
the antenna to its operating height
temporarily, measure the SWR over
the frequency range T wanted, lower
the antenna and shorten the ends a
little at a time until T achieved the
results I wanted.

If you want to adjust your model
to indicate the SWR at a different
Z,, you merely change the Alternate
Z, on the main EZNEC window. For
example, you might change

advantage of this effect.

The antenna patterns of your
dipole are shown below for azimuth
(Fig A-9) and elevation (Fig A-10),
Note that the length of the line from
the center of the plot to the pattern
at a particular angle shows the signal
strength at that angle. In this case of a
dipole in free space, the elevation pat-
tern is uniform all the way around the
antenna, meaning that the elevation
pattern is “omnidirectional.”

The azimuth pattern shown is typi-
cal of what we would expect of a di-
pole — maximum radiation broadside
to the antenna and no radiation from
the ends. As expected, the maximum

UBAQZTS
Fig A-5 — EZNEC SWR parameter
entry screen.

broadside radiation is about 2 dBi,
2 dB above an isotropic antenna.

Down to Earth — the Dipole
Model over Real Ground

The last section dealt with an ideal
dipole in free space. While space is
still pretty free, it's hard to get to and
most dipoles are fabricated closer
to the earth! A feature of EZNEC is
the ability to easily move between
free space, perfect ground (as in an
infinite gold shect) and real ground.
By just clicking on the GROUND
tab of the main EZNEC window you
are offered a choice. I have done that
with this model, as shown Fig A-11.

to 73 2, the value that the l

antenna shows at resonance. ; T
The resulis would be shown in Eadm 1} INF — T =
Fig A-7. S
You could also use the 4 I L P ;
model to predict the SWR ? :
over a wider frequency range.
You just need to make another | e e §
pass and change the SWR SWR :
entry frequency limits. An QY I i
example is shown in Fig A-8. 5
Note that this highlights the ;
fact that most antenna types z S e e e
have multiple resonances, as - T— il
seen at slightly above the third ’ b :
harmonic of the 10 MHz half-
wave resonance at 30.5 MHz. L S i Ao S S I S
Some antenna designs take 98 Freq MHz 10.2
4 M 00
Fig A-6 — EZNEC SWR plot for e s
modeled antenna in free space wiom T38 ]
with 50-Q reference. | Ueaoz74
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You can accept the EZVEC default
grotind parameters or insert actual

ones depending on your knowledge
of local soil conditions.
Fig A-12 shows the resulting SWR

plot. While it has a similar shape

to that of the free-space plot, you

can see that the resonant frequency
has shifted. This 1s a typical, in that
changing almost anything about an

antenna causes change in the perfor-
mance. This is one reason why many

Freg WAz

Frag
antennas have adjustable element s
lengths to F:(.Jmpensate for changes in Sy
local conditions.

FolLoas

The elevation plot in Fig A-13 is

D W

1.58

7503 mt 2473 ey,
= BB0B -) 31 51 ohms
0,202 B4 45 ey
=0UNN - j0HR
131 a8

Source# 1
it} 73 ohme

very different from Fig A-10, the plot

for the free-space antenna. Fig A-13
is for a dipole placed a half wave
above flat ground. It dramatically
shows the result of a reflected signal
from the flat ground below. Fora
horizontally polarized antenna, the
teflection i8 out of phase with the
incident wave. At a height of 4 half
wavelength above ground, the radia-
tion cancels in the upward direction at

Fig A-7 — Data of Fig A-6 with

reference impedance (Z) changed to 73 (2.

EZMEC Pras

very low takeoff angles, for example,
at the horizon. At very high elevation
angles, radiation cancels, for exam-

ple, straight up. Fien

As the plot data indicates, the max- z
imum signal appears at an elevation Refl Coelt
Ret Loss

angle of 28° with the dipole mount a

10 WHz

1.46

7. M ot 002 deg.

» 73.24 | DT 48 ohere
0.188E ot 000 deg

= 01886 . | 0.0Q0PTTF
14548

Sourea 1
I 50 ohmy

half wavelength high. LRA2re:

Fig A-8 — Data of Fig A-6 with expanded frequency range.

“eter apode Er

) Plok: 30 Meler Dipule - Fres Space a5

mﬁ!ﬂ EINEC Prof
10 WHz | 10 WHZ
Elavation Piat Cirscr Elev 0.0 deg. [rmanpo Cirsor Seer 20 deg,
Bearing 00 deg. Gain 2.0 o8I | Elevation Angle 00 dag Gan 206 dfn
4 Culer Ring 206 d8i 0.0 cBmax CQuter Ring 2.06 Bl 0.0 ciimex
Slice Mz Gain 206 dBl @ Bev Angle = 0.0 deg. : Slice Max Gan 2,06 dbi @ Pearing = 20 deg.
Fronl/Sie 0odh || From/Side #46dB
Beaarwicth ? 1 Emamwidi TE2 deg. -308 ¢ 3209, 391 deg.
Sigelobs Omin =100 dE Sidelobe Gain 2,06 ¢Bi @ Bearing = 1790 deg.
Fronl/Sioetsbe = 100 dB . Front/Sidelcha 0.0 df
UBADZTT ‘OBADRTE
Fig A-9 — EZNEC graphical output (FFFLOT) with Fig A-10 — EZNEC graphical output (FFPLOT) with
PLOT TYPE sat to ELEVATION. PLOT TYPE set to AZIMUTH, elevation angle set to

0° (horizon).
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In general, as the antenna is raised
higher above the ground, the major
radiation lobe is lowered, but it never
quite reaches the horizon, no matter
how high i1 is placed.

The plot in Fig A-14 provides

the azimuth pattern at a 28° eleva-
tion angle. Note that EZNEC allows
you to specify any elevation angle
for the azimuth plot. I selected the
elevation that yielded the maximum
signal, but you may be interested in
the signal at other takeoif angies. In
Fig A-14 EZNEC has selected the
azimuth with the strongest signal for
the detailed readouts at the bottom
of the plot. As with all EZNEC plots,

1'whire. 19 segmants

1 Sousce

0 Loads

0 Transmission Lines.
0T

TL Networks

0 Param Networks

FaalMigh Acmusacy

1 Medium [0.005, 13)

I
R

by merely clicking on another point
on the plot, you can sclect the readout
for that point. In Fig A-15, I have
selected the data at 45° off axis, just
by clicking on that point of the curve.
This is a very powerful tool!

Going Further with EZNEC

The various forms of dipoles we've
looked at here just scratch the surface
of EZNEC’s capabilities. Additional
elements can be added just by defin-
ing additional “wires” separate from
the first. For parasitic elements, that’s
all there is to it. For additional driven
elements, multiple sources can be de-
fined or the elements can be connect-

ed using transmission lines, defined
in their own parameter screen.

Most outputs are available in tabu-
lar form so they could be input into
other programs for further analysis.
As with all such analysis tools, more
complicated antenna models can
have pitfalls, and it is best to read the
EZNEC documentation to understand
how far limitations can be pushed
before the results suffer.

In any event, try different models
of the antennas shown in the book or
that you think might provide interest-
ing results. It is much easier, faster
and cheaper than building them in the
back yard!

Fig A-11 — EZNEC main screen atter selecting REAL/
HIGH ACCURACY ground in place of FREE SPACE.

S mm
! c ) :
" Bowce i
;
i I 76.03 o -24.73 cieg.
= B9.08 - 31.87 ohms
Req Coetf 03008 o 4412 deg
= 0216-j0.2095
Relloss 104dD
e

EZNEC Prof4

Fig A-12 — EZNEC SWR plet for modeled antenna
over real ground with 50-Q reference.

73 B

1 Slice Max Gain 736 dBl @ Etey Angle = 25 0 g,

32 ey, 206 @ 131,455 deg
7 36 ol g8 Eiwy Angie = 1520 deg.
0008

UBAD2E1

Fig A-13 — EZNEC graphical output (FFPLOT)
with PLOT TYPE set to ELEVATION for model
over real ground.
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Eevation Angee 250 deg oy THE
Ol Fing 73 g8 0.0 cSte

Shcn Mox Gon 7,58 i @ Bearing = 0.0 deg.
Fron/Sism 10,58 6

Beamwichh 880 deg | 38 & 3170, 430 deg.
Sicelobs Con 739 dh € Blearing = 1400 deg
Front/Sidecte  0.048

Fig A-14 — EZNEC graphical output (FFPLOT)
with PLOT TYPE set to AZIMUTH, elevation
angle set to 28° for model over real ground.

Axvrum Aol
Bevelin Angs 730 deg. Gain 4EeB
Quter Ring TR -329 dbmax

Stes Max Gan  7.39 dfi & Bearrg = 00 deg
Front/Side 1065 45

[ &0 deg. 308 @ M 7.0, 471 deg
Siaeooe Jain 7 39 Bl ) Bearing = 1800 deg.
Front/Sieiobe 0.0 dBl

Fig A-15 — Same plot as Fig A-14, except cursor
is set to a 45° azimuth angle to determine value
is at that bearing.
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