Chapter 2

Antenna Fundamentals

words, meaning literally “to lead across” or “to transf@ hus, a transducer is a device that

transfers, or converts, emrgy from one form to anotlheThe purpose of an antenna is to con-
vert radio-frequency electric currerd ¢lectomagnetic waveswvhich are the radiated into space.
[For more details on the properties of electromagnetic waves themselvesesgeer 23RadioWave
Propagation.]

We cannot directly see or heaaste or touch electromagnetic waves, so it’s not surprising that
the process by which they are launched into space from our antennas can be a little mystifying, espe-
cially to a newcome In everyday life we come across many types of transducers, although e don
always recognize them as sughcomparison with a type of transducer that you can actually see and
touch may be usefuYou are no doubt familiar withloudspeake It converts audio-frequency elec-
tric current from the output of your radio or stereo into acoustic pressure waves, also ksound
waves. The sound waves are propagated through the air to your ears, where they are converted into
what you perceive as sound.

We normally think of a loudspeaker as something that converts electrical energy into sound en-
ergy, but we could just as well turn things around and apply soungetea loudspeakewhich will
then convert it into electrical ergy. When used in this manndhe loudspeaker has become a micro-
phone. The loudspeaker/microphone thus exhibits the principkcgfocity, derived from the Latin
word meaning to move back and forth.

Now, let's look more closely at that special transducer we cahéenra. When fed by a transmit-
ter with RF current (usually through a transmission line), the antenna launches electromagnetic waves,
which are propagated through spathis is similar to the way sound waves are propagated through
the air by a loudspeakdn the next town, or perhaps on a distant continent, a similar transducer (that
is, a receiving antenna) intercepts some of these electromagnetic waves and converts them into electri
cal current for a receiver to amplify and detect.

In the same fashion that a loudspeaker can act as a microphone, a radio antenna also follows thi
principle of reciproci. In other words, an antenna can transmit as well as receive signals. Howeve
unlike the loudspeakean antenna does not requirenadium such as a&j through which it radiates
electromagnetic waves. Electromagnetic waves can be propagated throufke aacuum of outer
space or the near-vacuum of the upper ionospiiéis is the miracle of radio—electromagnetic waves
can propagate without a physical medium.

A ntennas belong to a class of devices chtitansduces. This term is derived from two Latin

Essential Characteristics of Antennas

What other things make an antenna different from an ordinary electronic circuit? In ordmary ci
cuits, the dimensions of coils, capacitors and connections usually are small compared with the wave-
length of the frequency in use. Here, we define wavelength as the distance in free space travelec
during one complete cycle of a wavde velocity of a wave in free space is the speed of light, and the
wavelength is thus:
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_ 299.7925 x 10° meters/sec _ 299.7925 (Eq 1)
meters f hertz - fMHz q

whereA qters the Greek letter “lambda,” is the free-space wavelength in meters.

Expressed in feet, Eq 1 becomes:

e = SR a2

When circuit dimensions are small compared,taost of the electromagnetic energy is confined to
the circuit itself, and is used up either performing useful work or is converted into heat. However, when the
dimensions of wiring or components become significant compared with the wavelength, some of the energy
escapes by radiation in the form of electromagnetic waves.

Antennas come in an enormous, even bewildering, assortment of shapes and sizes. This chapter ol
fundamentals will deal with the theory of simple forms of antennas, usually in “free space,” away from the
influence of ground. Subsequent chapters will concentrate on more exotic or specialized antenna types
Chapter 3 deals with the complicated subject of the effect of ground, including the effect of uneven local
terrain. Ground has a profound influence on how an antenna performs in the real world.

No matter what form an antenna takes, simple or complex, its electrical performance can be char-
acterized according to the following important properties:

1. Feed-Point Impedance
2. Directivity, Gain and Efficiency
3. Polarization

FEED-POINT IMPEDANCE

The first major characteristic defining an antenna iseiésl-point impedancé&ince we amateurs
are free to choose our operating frequencies within assigned bands, we need to consider how the feed
point impedance of a particular antenna varies with frequency, within a particular band, or even in"
several different bands if we intend to use one antenna on multiple bands.

There are two forms of impedance associated with any antselianpedancandmutual imped-
ance As you might expect, self impedance is what you measure at the feed-point terminals of an
antenna located completely away from the influence of any other conductors.

Mutual, or coupled, impedance is due to the parasitic effect of nearby conductors; that is, conduc-
tors located within the antenna’s reactive near field. (The subject of fields around an antenna will be
discussed in detail later.) This includes the effect of ground, which is a lossy conductor, but a conduc-
tor nonetheless. Mutual impedance is defined using Ohm’s Law, just like self impedance. However,
mutual impedance is the ratio of voltage in one conductor, divided by the current in another (coupled)
conductor. Mutually coupled conductors can distort the pattern of a highly directive antenna, as well as
change the impedance seen at the feed point.

In this chapter on fundamentals, we won't directly deal with mutual impedance, considering it as
a side effect of nearby conductors. Instead, here we’ll concentrate on simple antennas in free space
away from ground and any other conductors. Mutual impedance will be considered in detail in Chapter
11 on HF Yagi Arrays, where it is essential for proper operation of these beam antennas.

Self Impedance

The current that flows into an antenna’s feed point must be supplied at a finite voltage. The self
impedance of the antenna is simply equal to the voltage applied to its feed point divided by the current
flowing into the feed point. Where the current and voltage are exactly in phase, the impedance is
purely resistive, with zero reactive component. For this case the antenna is tesoreaht (Ama-
teurs often use the term “resonant” rather loosely, usually meaning “nearly resonant” or “close-to
resonant.”)

You should recognize that an antermeed not be resonam order to be an effective radiator.
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There is in fact nothing magic about having a resonant antenna, provided of course that you can devise
some é&icient means to feed the antenna. Many amateurs use non-resonant (even random-length)
antennas fed with open-wire transmission lines and antenna tliheksradiate signals just as well as
those using coaxial cable and resonant antennas, and as a bonus they usually can use these anten
systems on multiple frequency bands. It is important to consider an antenna and its feed line as a
systemin which all losses should be kept to a minimum. See Chapter 24 for details on transmission
line loss as a function of impedance mismatch.

Except at the one frequency where it is truly resonant, the current in an antenna is at a different
phase compared to the applied voltage. In other words, the antenna exhibits a feaugmiane,
not just a pure resistance. The feed-point impedance is composed of either capacitive or inductive
reactance in series with a resistance.

Radiation Resistance

The power supplied to an antenna is dissipated in two ways: radiation of electromagnetic waves,
and heat losses in the wire and nearby dielecffice radiated power is what we want, the useful part,
but it represents a form of “loss” just as much as the power used in heating the wire or nearby dielec-
trics is a loss. In either case, the dissipated power is equat ténlthe case of heat losses, R is a real
resistance. In the case of radiation, howeweis a “virtual” resistance, which, if replaced with an
actual resistor of the same value, would dissipate the power that is actually radiated from the antenna.
This resistance is calleddadiation resistane. The total power in the antenna is therefore equal to
I2(Ry*+R), where R is the radiation resistance and R represents the total of all the loss resistances.

In ordinary antennas operated at amateur frequencies, the power lost as heat in the conductor doe
not exceed a few percent of the total power supplied to the antenna. Expressed in decibels, the loss i
less than 0.1 dB. The RF loss resistance of copper wire even as small as #14 is very low compared witt
the radiation resistance of an antenna that is reasonably clear of surrounding objects and is not toc
close to the groun®&ou can therefore assume that the ohmic loss in a reasonably well-located antenna
is negligible, and that the total resistance shown by the antenna (the feed-point resistance) is radiatior
resistanceAs a radiator of electromagnetic waves, such an antenna is a hifjbigre device.

Impedance of a Center-Fed Dipole

A fundamental type of antenna iettente-fed half-wave dipoleHistorically, theA/2 dipole has
been the most popular antenna used by amateurs worldwidgelyldbecause it is very simple to con-
struct and because it is affextive performe It is also a basic building block for many other antenna
systems, including beam antennas, suE¥aais.

A center-fed half-wave dipole consists of a straight wire, one-half wavelength long as definet] in
and fed in the centeThe term “dipole” derives from Greek words meaning “two poles.’Figéd. A A/2-
long dipole is just one form a “dipole” can take.
Actually, a centefed dipole can be any length elec-

, , , trically, as long as it is configured in a symmetri-
" cal fashion with two equal-length legéhere are
also versions of dipoles that are not fed in the cen-
ter. These are calleaff-cente-fed dipole, some-
times abbreviated as “OCF dipoles.”

In free space—with the antenna remote from
everything else—the theoretical impedance of a
physically half-wave long antenna made of an in-
finitely thin conducto, is 73 +j 425 Q. Thisan-

Fig 1—The center-fed dipole antenna. It is
assumed that the source of power is directly at
the antenna feed point, with no intervening

transmission line. Most commonly in amateur tenna exhibits both resistance and reactance. The
applications, the overall length of the dipole is positive sign in therj 42.5Q reactive term indi-

A/2, but the antenna can in actuality be any cates that the antenna exhibits an inductive reac-
length. tance at its feed point. The antenna is slightly long
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electricall, compared to the length necessary for exact resonance, where the reactarcce i

The feed-point impedance of any antenndfisced by the wavelength-to-diameter rgiiddia) of
the conductors usedheoreticians like to specify an “infinitely thin” antenna because it is easier to
handle mathematicall

What happens if we keep the physical length of an antenna constant, but change the thickness o
the wire used in its construction? Funthehat happens if we vary the frequency from well below to
well above the half-wave resonance and measure the feed-point imp2&anp@egraphs the imped-
ance of a 100-foot long, cemteed dipole in free space, made with extremely thin wire—in this case,
wire that is only 0.001 inches in diamet&here is nothing particularly significant about the choice
here of 100 feefThis is simply a numerical example.

We could never actually build such a thin antenna (and neither could we install it in “free space”),
but we can model how this antenna works using a very powerful piece of computer software called
NEC-4.1 See the sideba®htenrma Analysis by Computérlater in this chapte

The frequency applied to the antenna in Fig 2 is varied from 1 to 30 Whizx-axis has a loga-
rithmic scale because of the wide range of feed-point resistance seen over the frequency range. The
axis has a linear scale representing the reactive portion of the impedance. Inductive reactance is posi
tive and capacitive reactance is negative on the y-@kis bold figures centered on the spiraling line
show the frequency in MHz.

At 1 MHz, the antenna is very short electrigallvith a resistive component of aboutXand a
series capacitive reactance abet000 Q. Close to 5 MHz, the line crosses the zero-reactance line,
meaning that the antenna goes through half-wave resonance there. Between 9 and 10 MHz the antenr
exhibits a peak inductive reactance of aboutOdO0It goes through full-wave resonance (again cross-
ing the zero-reactance line) between 9.5 and 9.6 Mitlabout 10 MHz, the reactance peaks at about
—6500 Q. Around 14 MHz, the line again crosses the zero-reactance line, meaning that the antenna has
now gone through 3/2-wave resonance.

Between 29 and 30 MHz, the antenna goes
through 4/2-wave resonance, which is twice the
full-wave resonance or four times the half-wave
frequeng. If you allow your minds eye to trace
out the curve for frequencies beyond 30 MHz, it
eventually spirals down to a resistive component
somewhere below about @@. This is no co-
incidence, since this is actually the theoretical
376.7Q intrinsic impedane of free space,
the ratio of the complex amplitude of the elec-

; : : : tric field to that of the magnetic field in
' 10 O el Ohme 10000 1onom free spaceThis can also be expressed as
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Fig 2—Feed-point impedance versus frequency for meability of a vacuum ang is the permittivity
a theoretical 100-foot long dipole, fed in the center of a vacuumThus, we have another way of look-
in free space, made of extremely thin 0.001-inch ing at an antenna—as a soft@nsformer one
diameter wire. The y-axis is calibrated in positive that transforms the free-space intrinsic imped-

(inductive) series reactance up from the zero line,
and negative (capacitive) series reactance in the
downward direction. The range of reactance goes

ance into the impedance seen at its feed point.
Now look atFig 3, which shows the same

from —6500 Q to +6000 Q. Note that the x-axis is kind of spiral curve, but for a thickeliameter
logarithmic because of the wide range of the real, wire, one that is 0.1 inches in diamefEhis di-
resistive component of the feed-point impedance, ameter is close to #10 wire, a practical size we
from roughly 2 Q10 10,000 Q. The numbers placed might actually use to build a real dipole. Note

along the curve show the frequency in MHz. Note
that the curve spirals in toward 37 7 Q, the
theoretical intrinsic impedance of free space.

that the y-axis scale ifig 3 is different from
that in Fig 2. The range is fno £3000 Q in
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Fig 3—Feed-point impedance versus frequency for Fig 4—Feed-point impedance versus frequency
a theoretical 100-foot long dipole, fed in the center for a theoretical 100-foot long dipole, fed in the
in free space, made of thin 0.1-inch (#10) diameter center in free space, made of thick 1.0-inch
wire. Note that the range of change in reactance diameter wire. Once again, the excursion in both
is less than that shown in  Fig 2, ranging from reactance and resistance over the frequency
—2700 Q to +2300 Q. At about 5000 Q, the max- range is less with this thick wire dipole than with
imum resistance is also less than that in Fig 2 for thinner ones.

the thinner wire, where it is about 10,000 Q.

Fig 3, while it wast7000 Q in Fig 2 The reactance for the thicker antenna ranges from +28627%00
Q over the whole frequency range from 1 to 30 MHz. Compare this with the range of 581D0Q
for the very thin wire in Fig 2.

Fig 4 shows the impedance for a 100-foot-long dipole using really thick, 1.0-inch diameter wire.
The reactance varies from +1000-tb500 Q, indicating once again that ardeer diameter antenna
exhibits less of an excursion in the reactive component with fregué&uate that at the half-wave
resonance just below 5 MHz, the resistive component of the impedance is still Afpuust about
what it is for a much thinner antenna. Unlike the reactance, the half-wave radiation resistance of an
antenna doestrradically change with wire diametalthough the maximum level of resistance at full-
wave resonance is lower for thicker antennas.

Fig 5 shows the results for a very thick, 10-inch diameter wire. Here, the excursion in the reactive
component is even less: about +400-600 Q. Note that the full-wave resonant frequency is about
8 MHz for this extremely thick antenna, while thinner antennas have full-wave resonances closer to
9 MHz. Note also that the full-wave resistance for this extremely thick antenna is only ab@@,100
compared to the 10,00 shown inFig 2. All half-wave resonances shown in Figgghrough5 remain
close to 5 MHz, regardless of the diameter of the antenna wire. Once again, the extremely thick, 10-
inch diameter antenna has a resistive component at half-wave resonance cld@eAnd6nce again,
the change in reactance near this frequency is very much less for the extremely thick antenna than fol
thinner ones.

Now, we grant you that a 100-foot long antenna made with 10-inch diameter wire sounds a little odd!
A length of 100 feet and a diameter of 10 inches represents a ratio of 120:1 in length tordidonete
eve, this is about the same length-to-diameter ratio as a 432-MHz half-wave dipole using 0.25-inch diam-
eter elements, where the ratio is 109:1. In other words, the ratio of length-to-diameter for the 10-inch
diamete, 100-foot long dipole is not that far removed from what is actually used &t UH

Another way of highlighting the changes in reactance and resistance is shBwnoi This shows
an expanded portion of the frequency range around the half-wave resonant fyeduoene to 6 MHz.

In this region, the shape of each spiral curve is almost a straight line. The slope of the curve for the very
thin antenna (0.001-inch diameter) is steeper than that for the thicker antennas (0.1 and 1.0-inch diam-
eters) Fig 7 illustrates another way of looking at the impedance data above and below the half-wave
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Fig 5— Feed-point impedance versus frequency
for a theoretical 100-foot long dipole, fed in the
center in free space, made of very thick 10.0-inch
diameter wire. This ratio of length to diameter is
about the same as a typical rod type of dipole
element commonly used at 432 MHz. The
maximum resistance is now about 1000 Q and

the peak reactance range is from abou t -625Q to

+380 Q. This performance is also found in “cage”
dipoles, where a number of paralleled wires are
used to simulate a “fat” conducto r.
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Fig 6—Expansion of frequency range around
half-wave resonant point of three thicknesses of
center-fed dipoles. The frequency is noted along
the curves in MHz. The slope of change in series
reactance versus series resistance is steeper for
the thinner antennas than for the thick 1.0-inch
antenna, indicating that the Q of the thinner
antennas is highe r.

resonanceThis is for a 100-foot dipole made of #14 wire. Instead of showing the frequency for each
impedance point, the wavelength is shown, making the graph more universal in application.

The behavior of antennas withfidirentA/diameter ratios corresponds to the behavior of ordinary
series-resonant circuits havingfdrent values of QWhen the Q of a circuit is W the reactance is
small and changes rather slowly as the applied frequency is varied on either side of resonance. If the C
is high, the converse is true. The response curve of the low-Q csbuitad; that of the high-Q circuit
sharp So it is with antennas—the impedance of a thick antenna changes slowly over a comparatively
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Fig 7—Another way of looking at the data for a
100-foot, center-fed dipole made of #14 wire in
free space. The numbers along the curve
represent the fractional wavelength, rather than
frequency as shown in Fig 6. Note that this
antenna goes through its half-wave resonance
about 0.488 A, rather than exactly at a half-wave
physical length.
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wide band of frequencies, while a thin antenna
has a faster change in impedangetenna Q is
defined
_ f.AX
where f,is the center frequenc AX is the
change in reactance farAf change in frequeryg
and R, is the resistancetd,. For the Very
Thin,” 0.001-inch diameter dipole iRig 2, a
change of frequency from 5.0 to 5.5 MHz yields
a reactance change from 86 tol33, with an
R, of 95 Q. The Q is thus 14.6. For the 1.0-inch
“Thick” dipole in Fig 4, AX=131 Q and R, is
still 95Q, making Q=7.2 for the thicker antenna,
roughly half that of the thinner antenna.

Let's recapWe have described an antenna first
as a transducgthen as a sort of transformer to the
free-space impedance. Wowe just compared the
antenna to a series-tuned circuit. Near its half-wave



resonant frequenca centefedA/2 dipole exhibits much the same characteristics as a conve re@vies-
resonant circuit. Exactly at resonance, the current at the input terminals is in phase with the applied voltage
and the feed-point impedance is purely resistive. If the frequency is below resonance, the phase of the currer
leads the voltage; that is, the reactance of the antenna is cap&¢tise the frequency is above resonance,

the opposite occurs; the current lags the applied voltage and the antenna exhibits inductive reactance. Just lik
a conventional series-tuned circuit, the ant&nn@actance and resistance determine3.its

ANTENNA DIRECTIVITY AND GAIN
The Isotropic Radiator

Before we can fully describe practical antennas, we must first introduce a completely theoretical
antenna, thésotropic radiator. Envision, if you will, an infinitely small antenna, a point located in
outer space, completely removed from anything else aroufldanh consider an infinitely small trans-
mitter feeding this infinitely small, point antennéu now have an isotropic radiato

The uniquely useful property of this theoretipaint-souce antenna is that it radiates equally well
in all directions. That is to gaan isotropic antenna favors no direction at the expense of any other—in
other words, it has absolutely directivity. The isotropic radiator is useful as a “measuring stick” for
comparison with actual antenna systems.

You will find later that real, practical antennas all exhibit some degree of dirgctiich is the
property of radiating more strongly in some directions than in others. The radiation from a practical
antenna never has the same intensity lidia¢ctions and may even have zero radiation in some direc-
tions The fact that a practical antenna displays directivity (while an isotropic radiator does not) is not
necessarily a bad thinghe directivity of a real antenna is often carefully tailored to emphasize radiation in
particular directions. For example, a receiving antenna that favors certain directions can discriminate agains
interference or noise coming from other directions, thereby increasing the signal-to-noise ratio for desired
signals coming from the favored direction.

Directivity and the Radiation Pattern—a Flashligh  t Analogy

The directivity of an antenna is directly re-
lated to thepatternof its radiated field intensity
in free spaceA graph showing the actual or rela-
tive field intensity at a fixed distance, as a func-
tion of the direction from the antenna system, is
called aradiation patten. Since we can’t actu-
ally see electromagnetic waves making up the 43
radiation pattern of an antenna, we can consider
an analogous situation.

Fig 8 represents a flashlight shining in a to- 12
tally darkened roomTo quantify what our eyes
are seeing, we use a sensitive light meter like
those used by photographers, with a scale gradu-
ated in units from 0 to 10NVe place the meter
directly in front of the flashlight and adjust the
distance so the meter reads 10, exactly full scale.
We also carefully note the distandden, always
keeping the meter the same distance from the
flashlight and keeping it at the same height above
the floar, we move the light meter around the Fig 8—The beam from a flashlight illuminates a
flashlight, as indicated by the awpand take light :gg:]y V‘jﬁ‘;ﬁ;ﬂpﬁ}% ggggﬁiiﬁéﬁ?mhg; gtetﬁnl%s
o ftor all the readings have been taken an rellI sround te irlemay be et piot the

radiation pattern of the flashlight.
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INTRODUCTION TO THE DECIBEL

The power gain of an antenna system is usually ex-
pressed in decibels. The decibel is a practical unit for
measuring power ratios because it is more closely
related to the actual effect produced at a distant receiver
than the power ratio itself. One decibel represents a
just-detectable change in signal strength, regardless of
the actual value of the signal voltage. A 20-decibel
(20-dB) increase in signal, for example, represents 20
observable “steps” in increased signal. The power ratio
(100 to 1) corresponding to 20 dB gives an entirely
exaggerated idea of the improvement in communication
to be expected. The number of decibels corresponding
to any power ratio is equal to 10 times the common
logarithm of the power ratio, or

If the voltage ratio is given, the number of decibels is
equal to 20 times the common logarithm of the ratio.
That is,

|
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dB=20 log,, V—l
2

10 6 When a voltage ratio is used, both voltages must be
measured across the same value of impedance. Unless
this is done the decibel figure is meaningless, because it
9 7 is fundamentally a measure of a power ratio.

8 The main reason a decibel is used is that succes-
sive power gains expressed in decibels may simply be
added together. Thus a gain of 3 dB followed by a gain

Fig 9—The radiation pattern of the flashlight in of 6 dB gives a total gain of 9 dB. In ordinary power
Fig 8. The measured values are plotted and ratios, the ratios must be multiplied together to find the
connected with a smooth curve. total gain.

A reduction in power is handled simply by subtract-
ing the requisite number of decibels. Thus, reducing the
power to /2 is the same as subtracting 3 decibels. For

corded, we plot those values on a sheet of polgxample, a power gain of 4 in one part of a system and
h like that sh i\ Fia 9. Th | a reduction to /2 in another part gives a total power gain

graph pape like that shownn Fig <. e va ues_ |of 4 x¥2=2_1In decibels, this is 6 — 3 = 3 dB. A power

read on the meter are plotted at an angular posititBduction or “loss” is simply indicated by including a

corresponding to that for which each meter readirgegative sign in front of the appropriate number of

was taken. Following this, we connect the plottefeciPels:

points with a smooth curve, also shown in Fig 9.

When this is finished, we have completed a radiation pattern for the flashlight.

Antenna Pattern Measurements

Antenna radiation patterns can be constructed in a similar maRower is fed to the antenna
under test, and a field-strength meter indicates the amount of .sWg@ahight wish to rotate the an-
tenna under test, rather than moving the measuring equipment to numerous positions about the an
tenna. Or we might make use of antenna recipypsitice the pattern while receiving is the same as
that while transmittingA source antenna fed by a low-power transmitter illuminates the antenna under
test, and the signal intercepted by the antenna under test is fed to a receiver and measuring equipmer
Additional information on the mechanics of measuring antenna patterns is contained in Chapter 27.

Some precautions must be taken to assure that the measurements are accurate and repeatable.
the case of the flashlight, Istassume that the separation between the light source and the light meter
is 2 meters, about 6.5 fedthe wavelength of visible light is about one-half micron, where a micron is
one-millionth of a mete

For the flashlight, a separation of 2 meters between source and detector i$21080= 4 mil-
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lion A, a very large number of wavelengths. Measurements of practical HF or even VHF antennas are
made at much closer distances, in terms of wavelength. For example, at 3.5 MHz a full wavelength is
85.7 meters, or 281.0 feet. To duplicate the flashlight-to-light-meter spacing in wavelengths at

3.5 MHz, we would have to place the field-strength measuring instrument almost on the surface of the
Moon, about a quarter-million miles away!

The Fields Around an Antenna

Why should we be concerned with the separation between the source antenna and the field-strengtt
meter, which has its own receiving antenna? One important reason is that if you place a receiving
antenna very close to an antenna whose pattern you wish to measure, mutual coupling between the tw
antennas may actually alter the pattern you are trying to measure.

This sort of mutual coupling can occur in the region very close to the antenna under test. This region is
called thereactive near-fieldegion. The term “reactive” refers to the fact that the mutual impedance be-
tween the transmitting and receiving antennas can be either capacitive or inductive in nature. The reactive
near field is sometimes called the “induction field,” meaning that the magnetic field usually is predominant
over the electric field in this region. The antenna acts as though it were a rather large, lumped-constant
inductor or capacitor, storing energy in the reactive near field rather than propagating it into space.

For simple wire antennas, the reactive near field is considered to be within about a half wavelength
from an antenna’s radiating center. Later on, in the chapters dealing with Yagi and quad antennas, you
will find that mutual coupling between elements can be put to good use to purposely shape the radiated
pattern. For making pattern measurements, however, we do not want to be too close to the antenn:
being measured.

The strength of the reactive near field decreases in a complicated fashion as you increase the dis-
tance from the antenna. Beyond the reactive near field, the antenna’s radiated field is divided into two
other regions: theadiating near fieldand theradiating far field. Historically, the termd$-resneland
Fraunhoferfields have been used for the radiat-
ing near and far fields, but these terms have been
largely supplanted by the more descriptive termi-
nology used here. Even inside the reactive near-
field region, both radiating and reactive fields co-
exist, although the reactive field predominates
very close to the antenna.

Because the boundary between the fields is
1 — rather “fuzzy,” experts debate where one field
For e e begins and another leaves off, but the boundary
between the radiating near and far fields is gen-
erally accepted as:

2
D=~ 2= (Eq 4)
Near Radiating
Field
where L is the largest dimension of the physical
antenna, expressed in the same units of measure-
ment as the wavelength Remember, many spe-

Fig 10—The fields around a radiating antenna.
Very close to the antenna, the reactive field

dominates. Within this area mutual impedances
are observed between an antenna and any other
antennas used to measure response. Outside of
the reactive field, the near radiating field
dominates, up to a distance approximately equal
to 2L %/\, where L is the length of the largest
dimension of the antenna. Beyond the near/far
field boundary lies the far radiating field, where
power density varies as the inverse square of
radial distance.

cialized antennas do not follow the rule of thumb
in Eq 4 exactlyFig 10 depicts the three fields in
front of a simple wire antenna.

Throughout the rest of this book we will dis-
cuss mainly the radiating far-fields, those form-
ing the traveling electromagnetic waves. Far-field
radiation is distinguished by the fact that the in-
tensity is inversely proportional to the distance,
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COORDINATE SCALES FOR
RADIATION PATTERNS

A number of different systems of coordinate scales or
“grids” are in use for plotting antenna patterns. Antenna
patterns published for amateur audiences are sometimes
placed on rectangular grids, but more often they are
shown using polar coordinate systems. Polar coordinate
systems may be divided generally into three classes:
linear, logarithmic, and modified logarithmic.

A very important point to remember is that the shape 270
of a pattern (its general appearance) is highly dependent
on the grid system used for the plotting. This is exempli-
fied in Fig A-(A), where the radiation pattern for a beam
antenna is presented using three coordinate systems
discussed in the paragraphs that follow.

Linear Coordinate Systems

The polar coordinate system for the flashlight
radiation pattern, Fig 9, uses linear coordinates. The
concentric circles are equally spaced, and are graduated
from 0 to 10. Such a grid may be used to prepare a linear
plot of the power contained in the signal. For ease of
comparison, the equally spaced concentric circles have
been replaced with appropriately placed circles represent-
ing the decibel response, referenced to 0 dB at the outer
edge of the plot. In these plots the minor lobes are
suppressed. Lobes with peaks more than 15 dB or so
below the main lobe disappear completely because of
their small size. This is a good way to show the pattern of
an array having high directivity and small minor lobes.

270
Logarithmic Coordinate System

Another coordinate system used by antenna manufac-
turers is the logarithmic grid, where the concentric grid lines
are spaced according to the logarithm of the voltage in the
signal. If the logarithmically spaced concentric circles are
replaced with appropriately placed circles representing the
decibel response, the decibel circles are graduated linearly.
In that sense, the logarithmic grid might be termed a linear-
log grid, one having linear divisions calibrated in decibels.

This grid enhances the appearance of the minor
lobes. If the intent is to show the radiation pattern of an
array supposedly having an omnidirectional response, this
grid enhances that appearance. An antenna having a
difference of 8 or 10 dB in pattern response around the
compass appears to be closer to omnidirectional on this
grid than on any of the others. See Fig A-(B).

ARRL Log Coordinate System

The modified logarithmic grid used by the ARRL has
a system of concentric grid lines spaced according to the 270
logarithm of 0.89 times the value of the signal voltage. In
this grid, minor lobes that are 30 and 40 dB down from the
main lobe are distinguishable. Such lobes are of concern
in VHF and UHF work. The spacing between plotted

points at 0 dB and —3 dB is significantly greater than the 240 120
spacing between —20 and —23 dB, which in turn is signifi-

cantly greater than the spacing between —50 and —53 dB.

The spacings thus correspond generally to the relative 210 150
significance of such changes in antenna performance. 180 (c)

Antenna pattern plots in this publication are made on the

modified-log grid similar to that shown in Fig A-(C).
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and that the electric and magnetic components, although perpendicular to each other in the wave front,
are in time phasé he total energy is equally divided between the electric and magnetic fields. Beyond
several wavelengths from the antenna, these are the only fields we need torcéimidecurate

measurement of radiation patterns, we must place our measuring instrumentation at least several wave
lengths away from the antenna under test.

Pattern Planes

Patterns obtained above represent the antenna radiation in just one plane. In the example of the

flashlight, the plane of measurement was at one height above tmeAibdwally, the pattern for any
antenna is three dimensional, and therefore can-

not be represented in a single-plane drawing. The
“solid” radiation pattern of an antenna in free space
would be found by measuring the field strength at
every point on the surface of an imaginary sphere
having the antenna at its cent€he information

so obtained would then be used to construct a solid
figure, where the distance from a fixed point (rep-
resenting the antenna) to the surface of the figure

is proportional to the field strength from the an-  *”
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three-dimensional wire-grid representation of the “:"’»'00'0"'-
radiation pattern of a half-wave dipole. "0\%‘0‘2':.'"! 120
For amateur workrelative values of field Qo

strength (rather than absolute) are quite adequate in
pattern plotting. In other words, it is not necessary
to know how many microvolts per meter a particu-
lar antenna will produce at a distance of 1 mile when
excited with a specified power level. (This is the kind
of specifications theAM broadcast stations must
meet to certify their antenna systems to the FCC.)
For whatever data is collected (or calculated
from theoretical equations), it is common ta-o
malize the plotted values so the field strength in
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Fig A—Radiation pattern plots for a beam
antenna on three different grid coordinate
systems . At A, the pattern on a linear-power dB
grid. Notice how details of sidelobe structure are
lost with this grid. At B, the same pattern on a

(8)

Fig 11—Directive diagram of a free-space dipole.
At A, the pattern in the plane containing the wire

grid with constant 10 dB circles. The sidelobe
level is exaggerated when this scale is em-
ployed . At B, the same pattern on the modified
log grid used b y ARRL. The side and rearward
lobes are clearly visible on this grid. The con-
centric circles in all three grids are graduated in
decibels referenced to 0 dB at the outer edge of
the chart. The patterns look quite different, yet
they all represent the same antenna response!

axis. The length of each dashed-line arrow
represents the relative field strength in that
direction, referenced to the direction of

maximum radiation, which is at right angles to

the wire 's axis. The arrows at approximately 4 5°
and 315° are the half-power or -3 dB points . At B,
a wire grid representation of the “solid pattern”

for the same antenna. These same patterns apply

to any center-fed dipole antenna less than a half
wavelength long.
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the direction of maximum radiation coincides with

the outer edge of the chart. On a given system 0f

polar coordinate scales, tisbape of the pattern
is not altered by proper normalization, only itg
Size.

E and H-Plane Patterns

The solid 3-D pattern of an antenna in freq
space cannot adequately be shown with field
strength data on a flat sheet of papg@artogra-
phers making maps of a round Earth on flat piece
of paper face much the same kind of prohlém

»

we discussed above, cross-sectional or plane dig-

grams are very useful for this purpo$o such
diagrams, one in the plane containing the straigit

(0, -67.5',50")

X

135" Long
Z
(0,67.5,50")
7,8 .9 10 g
Source = Feed Point \1
50’ High

‘\\J\ v
(0',0,0%

Origin

wire of a dipole and one in the plane perpendicu
lar to the wire, can convey a great deal of info
mation. The pattern in the plane containing th
axis of the antenna is calledetk-plane pattern
and the one in the plane perpendicular to the ax
is called tle H-plane patten. Thesedesignations
are used because they represent the planes
which the electric (symbol E), and the magneti¢
(symbol H) lines of force lie, respectiyel

The E lines representélpolarizationof the
antenna. Polarization will be covered in more de
tail later in this chapteThe electromagnetic field
pictured inFig 1 of Chapter 23as an example, is
the field that would be radiated from a vertically,
polarized antenna; that is, an antenna in which th
conductor is mounted perpendicular to the earth.

When a radiation pattern is shown for an an

e

Fig D—Model for a 135-foot long horizontal
dipole, 50 feet above the ground. The dipole is
Eover the y-axis. The wire has been segmented
into 11 segments, with the center of segment
g®umber 6 as the feed point. Note that the left-
hand end of the antenna is

-67.5 feet from the

nter feed point and that the right-hand end is

| at 67.5 feet from the cente r.

tenna mounted over ground rather than in freg
space, two frames of reference are automatically
gaingl] anazimuth angland arelevation angle
The azimuth angle is usually referenced to th
maximum radiation lobe of the antenna, where thg
azimuth angle is defined @¢t, or it could be ref-
erenced to the EarthTrue North direction for an
antenna oriented in a particular compass directiof.
The E-plane pattern for an antenna over ground |
now called theazimuth patten.

The elevation angle is referenced to the hori
zon at the Eartls surface, where the elevation
angle is0°. Of course, the Earth is round but be-

[€)]

67.5'Long

(0, —=67.5x5in60°,
67.5% Cos60°)

N

120°

87.5'Long  (0,67.5xSin60°,

67.5xCos60°)

cause its radius is sortge, it can in this context

the antennaAn elevation angle of @ is straight
over the antenna, and a&levation is toward
the horizon directly behind the antenna.

be considered to be flat in the area directly undgf 9 E—Model for an inverted-V dipole, with an
included angle between the two legs of 12
Sine and cosine functions are used to describe
the heights of the end points for the sloping

arms of the antenna.

o°.
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ANTENNA ANALYSIS BY COMPUTER

With the proliferation of personal computers since the early 1980s, significant strides in computerized
antenna system analysis have been made. It is now possible for the amateur with a relatively inexpensive com-
puter to evaluate even complicated antenna systems. Amateurs can obtain a greater grasp of the operation of
antenna systems—a subject that has been a great mystery to many in the past.

The most commonly encountered programs for antenna analysis are those derived from a program devel-
oped at US government laboratories called NEC, short for “Numerical Electromagnetics Code.” NEC uses a
“Method of Moments” algorithm. The mathematics behind this algorithm are pretty formidable to most hams, but
the basic principle is simple. In essence, an antenna is broken down into a number of straight-line wire “seg-
ments,” and the field resulting from the RF current in each segment is evaluated by itself and also with respect to
other mutually coupled segments. Finally, the field from each contributing segment is vector-summed together to
yield the total field, which can be computed for any elevation or azimuth angle desired. The effects of flat-earth
ground reflections, including the effect of ground conductivity and dielectric constant, may be evaluated as well.

In the early 1980s, MININEC was written in BASIC for use on personal computers. Because of limitations in
memory and speed typical of personal computers of the time, several simplifying assumptions were necessary in
MININEC, which limited potential accuracy. Perhaps the most significant limitation was that “perfect ground” was
assumed to be directly under the antenna, even though the radiation pattern in the far field did take into account
real ground parameters. This meant that antennas modeled closer than approximately 0.2 A over ground some-
times gave erroneous impedances and inflated gains, especially for horizontal polarization. Despite some limita-
tions, MININEC represented a remarkable leap forward in analytical capability. See Roy Lewallen’s “MININEC—
the Other Edge of the Sword” in Feb 1991 QST for an excellent treatment on pitfalls when using MININEC.

Because source code was made available when MININEC was released to the public, a number of program-
mers have produced some very capable versions for the amateur market, many incorporating exciting graphics
showing antenna patterns in 2D or 3D. These programs also simplify the creation of models for popular antenna
types, and several come with libraries of sample antennas.

By the end of the 1980s, the speed and capabilities of personal computers had advanced to the point where PC
versions of NEC became practical, and several versions are now available to amateurs. Like MININEC, NEC is a
general-purpose modeling package, and it can be difficult to use and relatively slow in operation for certain specialized
antenna forms. Thus, custom software has been created for quick and accurate analysis of specific antenna varieties,
mainly Yagi arrays. See Chapter 11.

The most difficult part of using a NEC-type of modeling program is setting up the antenna’s geometry—you
must condition yourself to think in three-dimensional coordinates. Each end point of a wire is represented by three
numbers: an x, y and z coordinate. An example should help sort things out. See Fig D, showing a “model” for a
135-foot center-fed dipole, made of #14 wire placed 50 feet above flat ground. This antenna is modeled as a
single, straight wire.

For convenience, the ground is located at the origin of the coordinate system, at (0, O, 0) feet, directly under
the center of the dipole. Above the origin, at a height of 50 feet, is the dipole’s feed point. The “wingspread” of the
dipole goes toward the left (that is, in the “negative y” direction) one-half the overall length, or —67.5 feet. Toward
the right, it goes +67.5 feet. The “x” dimension of our dipole is zero. The dipole’s ends are thus represented by
two points, whose coordinates are: (0, —67.5, 50) and (0, 67.5, 50) feet. The thickness of the antenna is the
diameter of the wire, #14 gauge.

Now, another nasty little detail surfaces—you must specify the number of segments into which the dipole is
divided for the method-of-moment analysis. The guideline for setting the number of segments is to use at least 10
segments per half-wavelength. In Fig D, our dipole has been divided into 11 segments for 80-meter operation.
The use of 11 segments, an odd rather than an even number such as 10, places the dipole’s feed point (the
“source” in NEC-parlance) right at the antenna’s center and at the center of segment number six.

Since we intend to use our 135-foot long dipole on all HF amateur bands, the number of segments used
actually should vary with frequency. The penalty for using more segments in a program like NEC is that the
program slows down roughly as the square of the segments—double the number and the speed drops to a fourth.
However, using too few segments will introduce inaccuracies, particularly in computing the feed-point impedance.
The commercial versions of NEC handle such nitty-gritty details automatically.

Let's get a little more complicated and specify the 135-foot dipole, configured as an inverted-V. Here, as shown in
Fig E, you must specify two wires. The two wires join at the top, (0, 0, 50) feet. Now the specification of the source
becomes more complicated. The easiest way is to specify two sources, one on each end segment at the junction of
the two wires. If you are using the “native” version of NEC, you may have to go back to your high-school trigopnometry
book to figure out how to specify the end points of our “droopy” dipole, with its 120° included angle. Fig E shows the
details, along with the trig equations needed.

So, you see that antenna modeling isn’t entirely a cut-and-dried procedure. The commercial programs do
their best to hide some of the more unwieldy parts of NEC, but there’s still some art mixed in with the science.
And as always, there are trade-offs to be made—segments versus speed, for example.
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Professional antenna engineers often describe an afgeomeantation with respect to the point
directly overhead—using #zenith anglerather than the elevation anglée elevation angle is com-
puted by subtracting the zenith angle fron1.90

Referenced to the horizon of the Earth, the H-plane pattern is now calletettagion pattern
Unlike the free-space H-plane pattern, theray@und elevation pattern is drawn as a half-circle, rep-
resenting only positive elevations above the Earslarface. The ground reflects or blocks radiation at
negative elevation angles, making below-surface radiation plots unngcessar

After a little practice, and with the exercise of some imagination, the complete solid pattern can be
visualized with fair accuracy from inspection of the two planar diagrams, provided of course that the
solid pattern of the antenna is “smooth,” a condition that is true for simple antermaglilipoles.

Plane diagrams are plotted on polar coordinatepagealescribed earhiél' he points on the pattern
where the radiation is zero are calladlls. The curved section from one null to the next on the plane
diagram, or the corresponding section on the solid pattern, is edbded. The strongest lobe is com-
monly called themain lobe Fig 11A shows the E-plane pattern for a half-wave dipole. InlHigthe
dipole is placed in free space. In addition to the labels showing the main lobe and nulls in the pattern,
the so-calld half-powerpoints on the main lobe are shawrhese are the points where the power is
3 dB down from the peak value in the main lobe.

Directivity and Gain

Let us now examine directivity more clogeAs mentioned previoug] all practical antennas, even
the simplest types, exhibit directiyitFree-space directivity can be expressed quantitatively by com-
paring the three-dimensional pattern of the antenna under consideration with the perfectly spherical
three-dimensional pattern of an isotropic antenna. The field strength (and thus power per unit area, or
“power density”) are the same everywhere on the surface of an imaginary sphere having a radius of
many wavelengths and having an isotropic antenna at itsrcAhtbe surface of the same imaginary
sphere around an antenna radiating the same totalrptheadirective pattern results in greater power
density at some points on this sphere and less at offftexsatio of the maximum power density to the
average power density taken over the entire sphere (which is the same as from the isotropic antenn:
under the specified conditions) is the numerical measure of the directivity of the afteanss,

P
B (Eq 5)

where

D = directivity

P = power density at its maximum point on the surface of the sphere

P,y = average power density

The gain of an antenna is closely related to its direcyivisecause directivity is based solely on the
shape of the directive pattern, it does not take into account any power losses that may occur in an actual
antenna systenifo determine gain, these losses must be subtracted from the power supplied to the
antennaThe loss is normally a constant percentage of the power input, so the antenna gain is

where
G = gain (expressed as a power ratio)
D = directivity
k = efficiency (power radiated divided by power input) of the antenna
P and B, are as above

For many of the antenna systems used by amateurdfitherecy is quite high (the loss amounts to
only a few percent of the total). In such cases the gain is essentially equal to the dirddtevinore
the directive diagram is compres§edr, in common terminolog the “sharper” the lobésthe greater
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the power gain of the antenrBhis is a natural consequence of the fact that as power is taken away
from a lager and leger portion of the sphere surrounding the radiatos added to the volume repre-
sented by the narrow lobes. Power is therefore concentrated in some direxdtitvesexpense of oth-

ers. In a general wg the smaller the volume of the solid radiation pattern, compared with the volume
of a sphere having the same radius as the length ofrestdobe in the actual pattern, the greater the
power gain.

As stated above, the gain of an antenna is related to its dirgcémid directivity is related to the
shape of the directive patterA commonly used index of directiyitand therefore the gain of an
antenna, is a measure of the width of the major lobe (or lobes) of the plotted pattern. The width is
expressed in degrees at the half-powerdB points, and is often called theamwidk.

This information provides only a general idea of relative gain, rather than an exact méasuse
because an absolute measure involves knowing the power density at every point on the surface of :
sphere, while a single diagram shows the pattern shape in only one plane of that sphere. It is customar
to examine at least the E-plane and the H-plane patterns before making any comparisons betwee
antennas.

A simple approximation for gain over &wotropic radiatocan be used, but only if the sidelobes in
the antenna pattern are small compared to the main lobe and if the resistive losses in the antenna are
small When the radiation pattern is complex, numerical integration is employed to give the actual
gain.

G~ 41253

T o — Eq 7
HSdB X E3dB ( q )
where Hyg and Eyg are the half-power points, in degrees, for the H and E-plane patterns.

Radiation Patterns for Center-Fed Dipoles at Different Frequencies

Earlier, we saw how the feed-point impedance of a fixed-length céededipole in free space
varies as the frequency is chang&hat happens to the radiation pattern of such an antenna as the
frequency is changed?

In general, the greater the length of a cente
fed antenna, in terms of wavelength, thgéa the
number of lobes into which the pattern splis 0
feature of all such patterns is the fact that the main
lobe—the one that gives thedgest field strength
at a given distance—always is the one that makes
the smallest angle with the antenna wire. Furthe
more, this angle becomes smaller as the length of
the antenna is increased.

Let's examine how the free-space radiation 270
pattern changes for a 100-foot long wire made of
#14 wire as the frequency is variedafying the
frequency effectively changes the wavelength for
a fixed-length wire.)Fig 12 shows the E-plane 240 120
pattern at teA/2 resonant frequency of 4.8 MHz.
This is a classical dipole pattern, with a gain in
free space of 2.14 dBi referenced to an isotropic .
radiata.

Fig 13shows the free-space E-plane pattern for
the same antenna, but now at the fuII-wa\idZ)Z Fig 12—Fre§-space_E-PIane radiation pattern for
resonant frequency of 9.55 MHz. Note how the paf; elol?;?t gf'pzlgoa,tw'tHszh‘"’T":]'i‘;"ir’ﬁef;;?ggt
tern has been “pinched in” at the top and bottom (ﬁ auency : |

) i .14 dBi gain. The dipole is located on the
the figure. In other words, the two main lobes havgéne from 90 ° to 270°.

Free Space E—Plane

210 150

dB = 2.14 dBi 180 4.800 MHz
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0 Free Space E—Plane 0 Free Space E—Plane

270

270

240 120 240 120
210 2o 210 150
. 180 0 dB = 3.44 dBi 180 14.600 MHz
0 dB = 3.73 dBi 9.550 MHz
Fig 13—Free-space E-Plane radiation pattern for z?olo{golztr?jie_irea;fitEs_zl/gne)\r?g;t:;?npﬁge:;:\%r
a 100-foot dipole at its full-wave resonant of 14.60 MHzp The pattern has broken u ir?to sixy
frequency of 9.55 MHz. The gain has increased Iobe§ and thl.JS thep cak qain is down top
to 3.73 dBi, because the main lobes have been 344 éBi P 9

focused and sharpened compared to  Fig 12.

0 Free Space E—Plane

0 Free Space E—Plane

270

270

240 [ \ 240 120

210 150
0 dB = 3.96 dBi 180 19.450 MHz 0 5 — 475 dbi 180 2450 W
= 4, | S z
Fig 15—Fre(_e-space_E-P|e_me radiation pattern for Fig 16—Free-space E-Plane radiation pattern for
a 100-foot dipole at its twice full-wave resonant a 100-foot dipole at its 5/2 A resonant frequency
frequency of 19.45 MHz. The pattern has been of 24.45 MHz. The pattern has broken down into
refocused into four lobes, with a peak gain of eight lobes, with a peak gain of 4.78 dBi

3.96 dBi.
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0 Free Space E—Plane

270

240 120

210 150

0 dB = 4.70 dBi 180 29.450 MHz

Fig 17— Free-space E-Plane radiation pattern for
a 100-foot dipole at its three-times full-wave
resonant frequency of 29.45 MHz. The pattern
has come back to six lobes, with a peak gain of
4.70 dBi.

become sharper at this frequgnmaking the gain
3.73 dBi, higher than at thé2 frequeng.

Fig 14 shows the pattern at tl3a/2 frequency
of 14.6 MHz. More lobes have developed compared
to Fig 13 This means that the power has split up into
more lobes and consequently the gain decreases a
small amount, down to 3.44 dBihis is still higher
than the dipole at its/2 frequeny, but lower than at
its full-wave frequeng. Fig 15shows the E-plane re-
sponse at 19.45 MHz, tH&/2, or2 A, resonant fre-
gueng. Now the pattern has re-formed itself into only
four lobes, and the gain has as a consequence risen to
3.96 dBi.

InFig 16the response has become quite com-
plex at thebA/2 resonance point of 24.45 MHz,
with 10 lobes showing. Despite the presence all
these lobes, the main lobes now show a gain of
4.78 dBi. Finaly, Fig 17 shows the pattern at the
3\ (6A/2) resonance at 29.45 MHz. Despite the
fact that there are fewer lobes taking up power
than at 24.45 MHz, the peak gain is slightly less
at 29.45 MHz, at 4.70 dBi.

The pattern—and hence the gain—of a fixed-
length antenna varies considerably as the fre-

guency is changed. Of course, the pattern and gain change in the same fashion if the frequency is ker
constant and the length of the wire is varied. In either case, the wavelength is changing. It is also
evident that certain lengths reinforce the pattern to provide more peak gain. If an antenna is not rotatec
in azimuth when the frequency is changed, the peak gain may occur in a different direction than you
might like. In other words, the main lobes change direction as the frequency is varied.

POLARIZATION

We’ve now examined the first two of the three major properties used to characterize antennas: the
radiation pattern and the feed-point impedance. The third general proppofanzation. An antenn&

Vertical

Polarization Horizontal

4 Polarization

Dipole

|
Dipole |
|

“«—-———<>
!\\ Direction Of ]

v Electric Field

I

Earth

Fig 18— Vertical and horizontal polarization of a
dipole above ground. The direction of
polarization is the direction of the maximum
electric field with respect to the earth.

polarization is defined to be that of its electric field,
in the direction where the field strength is maxi-
mum.

For example, if &/2 dipole is mounted hori-
zontally over the earth, the electric field is stron-
gest perpendicular to its axis (that is, at right angle
to the wire) and parallel to the earithus, since
the maximum electric field is horizontal, the po-
larization in this case is also consideredadadri-
zontal with respect to the earth. If the dipole is
mounted verticall, its polarization will e verti-
cal. SeeFig 18. Note that if an antenna is mounted
in free space, there is no frame of reference and
hence its polarization is indeterminate.

Antennas composed of a numbérnd2 ele-
ments arranged so that their axes lie in the same
or parallel directions has the same polarization
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as that of any one of the elements. For examplé€;
a system composed of a group of horizontal di- Zenith Angle
poles is horizontally polarized. If both horizon-
tal and vertical elements are used in the same
plane and radiate in phase, however, the polar-
ization is theresultantof the contributions made

by each set of elements to the total electromag-
netic field at a given point some distance from
the antenna. In such a case the resultant polar-
ization is stilllinear, but is tilted between hori-
zontal and vertical.

In directions other than those where the ra-
diation is maximum, the resultant wave even for
a simple dipole is a combination of horizontally ' Y
and vertically polarized components. The radia-
tion off the ends of a horizontal dipole is actu-
ally vertically polarized, albeit at a greatly re-
duced amplitude compared to the broadside hori-
_zon_tally polarized _radiatidﬁ the s_ense_ of polar- Fig 19—Diagram showing polar representation
ization changes with compass direction. of a point P lying on an imaginary sphere

Thus it is often helpful to consider the radia- surround a point-source antenna. The various
tion pattern from an antenna in terms of polarangles associated with this coordinate system
coordinates, rather than trying to think in purely aré shown referenced to the x, y and z-axes.
linear horizontal or vertical coordinates. Jag
19. The reference axis in a polar systemaestiv
cal to the earth under the antenna. The zenith angle
is usually referred to & (Greek letter theta), and the azimuth angle is referredg@d@eeek letter phi).

Instead of zenith angles, most amateurs are more familiaelgitation angleswvhere a zenith angle of 0

is the same as an elevation angle df 8@raight overhead. NatieEC or MININEC computer programs

use zenith angles rather than elevation angles, although most commercial versions automatically reduc
these tcelevation angles.

If vertical and horizontal elements in the same plane are fed out of phase (where the beginning of
the RF period applied to the feed point of the vertical element is not in time phase with that applied to
the horizontal), the resultant polarizatioreiiptical. Circular polarization is a special case of ellipti-
cal polarization. The wave front of a circularly polarized signal appears (in passing a fixed observer) to
rotate every 90between vertical and horizontal, making a complete 36tation once every period.

Field intensities arequalat all instantaneous polarizations. Circular polarization is frequently used
for space communications, and is discussed further in Chapter 19.

Sky-wave transmission usually changes the polarization of traveling waves. (This is discussed in
Chapter 23.) The polarization of receiving and transmitting antennas in the 3 to 30-MHz range, where
almost all communication is by means of sky wave, need not be the same at both ends of a communi-
cation circuit (except for distances of a few miles). In this range the choice of polarization for the
antenna is usually determined by factors such as the height of available antenna supports, polarizatior
of man-made RF noise from nearby sources, probable energy losses in nearby objects, the likelihood o
interfering with neighborhood broadcast or TV reception, and general convenience.

Elevation
Angle

Azimuth Angle

Other Antenna Characteristics

Besides the three main characteristics of impedance, pattern (gain) and polarization, there are
some other useful properties of antennas.
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RECIPROCITY IN RECEIVING AND TRANSMITTING

Many of the properties of a resonant antenna used for reception are the same as its properties ir
transmission. It has the same directive pattern in both cases, and delivers maximum signal to the re:
ceiver when the signal comes from a direction in which the antenna has its best reEpemnsged-
ance of the antenna is the same, at the same point of measurement, in receiving as in transmitting.

In the receiving case, the antenna is the source of power delivered to therreading than the
load for a source of power (as in transmitting). Maximum possible output from the receiving antenna is
obtained when the load to which the antenna is connected is the same as the impedance of the antenn
We say that the antenna is “matched” to its load.

The power gain in receiving is the same as the gain in transmitting, when certain conditions are
met. One such condition is that both antennas (usd&+ong antennas) must work into load imped-
ances matched to their own impedances, so that maximum power is transferred in both cases. In addi
tion, the comparison antenna should be oriented so it gives maximum response to the signal used in th
test; that is, it should have the same polarization as the incoming signal and should be placed so it
direction of maximum gain is toward the signal source.

In long-distance transmission and reception via the ionosphere, the relationship between receiving
and transmitting, howevemay not be exactly reciprocalhis is because the waves do not always
follow exactly the same paths at all times and so may show considerable variation in the time between
alternations between transmitting and receividigo, when more than one ionospheric layer is in-
volved in the wave travel (seehapter 2} it is sometimes possible for reception to be good in one
direction and poor in the otheover the same path.

Wave polarization usually shifts in the ionosphédrke tendency is for the arriving wave to be
elliptically polarized, regardless of the polarization of the transmitting ant&femtcally polarized
antennas can be expected to show no mdferdnce between transmission and reception than hori-
zontally polarized antennas. On the average, howaweantenna that transmits well in a certain direc-
tion also gives favorable reception from the same direction, despite ionospheric variations.

FREQUENCY SCALING

Any antenna design can be scaled in size for use on another frequency or on another amateur banc
The dimensions of the antenna may be scaled with Eq 8vbelo

D= ;—% xd (Eq 8)
where

D = scaled dimension

d = original design dimension

f1 = original design frequency

f2 = scaled frequency (frequency of intended operation)

From this equation, a published antenna designsfy, 14 MHz, can be scaled in size and con-
structed for operation on 18 MHz, or any other desired band. Siwikrlantenna design could be
developed experimentally ¥ HF or UHF and then scaled for operation in one of the HF bands. For
example, from Eq 8, an element of 39.0 inches length at 144 MHz would be scaled to 14 MHz as
follows: D = 144/14x 39 = 401.1 inches, or 33.43 feet.

To scale an antenna properll physical dimensions must be scaled, including element lengths,
element spacings, boom diameters, and element diameters. Lengths and spacings may be scaled in a straig
forward manner as in the above example, but element diameters are often not as conveniently scaled. Fc
example, assume a 14-MHz antenna is modeled at 144 MHz and perfecté-iwith cylindrical ele-
ments. For proper scaling to 14 MHz, the elements should be cylindrical, o#t24##lor 3.86 inches
diamete. From a realistic standpoint, a 4-inch diameter might be acceptable, but cylindrical elements of
4-inch diameter in lengths of 33 feet or so would be quite unwieldy (and quite expensive; not to mention
heavy). Choosing anothemore suitable diameter is the only practical amswe
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Diameter Scaling

Simply changing the diameter of dipole-type elements during the scaling process is not satisfac-
tory without making a corresponding element-length correction. This is because changing the diameter
results in a change in tiAédia ratio from the original design, and this alters the corresponding resonant
frequency of the elementhe element length must be corrected to compensate fofféwt ef the
different diameter actually used.

To be more precise, howayehe purpose of diameter scaling is not to maintain the same resonant
frequency for the element, but to maintain the same ratio of self-resistance to self-reactance at the ope
ating frequency—that is, the Q of the scaled element should be the same as that of the original element
This is not always possible to achieve exactly for elements that use several telescoping sections o
tubing.

Tapered Elements

Rotatable beam antennas are usually constructed with elements made of metal'hégeneral
practice at HF is to taper the elements with lengths of telescoping tlhiegenter section has adea
diamete, but the ends are relatively smdihis reduces not only the weight, but also the cost of mate-
rials for the elementJapering of HF Yagi elements is discussed in detaildhapterll.

Length Correction for Tapered Elements

The effect of tapering an element is to alter its electrical lefdjht is to sg, two elements of the
same length, one cylindrical and one tapered but with the same average diameter as the cylindrica
element, will not be resonant at the same frequélitee tapered element must be made longer than the
cylindrical element for the same resonant freqyenc

A procedure for calculating the length for tapered elements has been worked out by Dave Leeson,
WG6QHS, from work done by Schelkuifat Bell Labs and is presented in Leesohook,Physical
Design ofYagi Antennas(see Bibliography). On the disk accompanying this book is a subroutine
called EFFLEN.FOR. It is written in Fortran and is used @SEALEprogram to compute the “effec-
tive length” of a tapered elementhe algorithm uses the W6QHS-Schelktfradgorithm and is com-
mented step-by-step to show what is happening. Calculations are made for only one half of an ele-
ment, assuming the element is symmetrical about the point of boom attachment.

Also, read the documentation SCALE.DOC foe 8CALEprogram, which will automatically do
the complex mathematics to scaé’agi design from one frequency to anather from one taper
schedule to anothe

THE VERTICAL MONOPOLE

So far in this discussionncdAntenna Funda-
mentals, we have been using the free-space, cen-

Voltage :
7 T e ter-fed dipole as our main exampl@nother
A4 simple form of antenna derived from a dipole is
_— Current called amonopoé. The name suggests that this is
A2 one half of a dipole, and so it iEBhe monopole is
_—— Current 7 Ground Plane always used in conjunction withground plare,

/

| Image Antenna
e

Fig 20—The A/2 antenna and its A/4 counterpart.

The missing quarter wavelength can be
considered to be supplied as an image in the
ground, if it is of good conductivit .
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which acts as a sort of electrical mirr&ee Fig

20, wherea A/2 dipole and a\/4 monopole are
compared. Thimage antena for the monopole

is the dotted line beneath the ground plane. The
image forms the “missing second half’ of the an-
tenna, transforming a monopole into the functional
equivalent of a dipole. From this explanation you
can see where the teimage plamis sometimes
used instead of ground plane.



Although we have been focusing throughout
this chapter on antennas in free space, practical
monopoles are usually mounted vertically with
respect to the surface of the grouAd such, they

are calle vertical monopols, or simplyverticals. Vi

A practical vertical is supplied power by feeding \7

the radiator against a ground system, usually made

up of a series of paralleled wires radiating from Feed Line

and laid out in a circular pattern around the base

of the antennalhese wires are terrdeadials. Fig 21—The ground-plane antenna. Power is

The term “ground plane” is also used to deapplied between the base of the vertical radiator
scribe a vertical antenna employiag\/4-long and the center of the four ground-plane wires.
vertical radiator working against @unterpoise
system, another name for the ground plane that
supplies the missing half of the antenfihe counterpoise for a ground-plane antenna consists of four
M4-longradials elevated well above the earth. Sag 21

Chapter Jevotes much attention to the requirements forfacient grounding system for vertical
monopole antennas, afthapter 4gives more information on ground-plane verticals.

Characteristics of a A/4 Monopole

The free-space directional characteristics af&amonopole with its ground plane are the same as
that ofa A/2 antenna in free spac& A/4 monopole has aomnidrectional radiation pattern in the
plane perpendicular to the monopole.

The current in a/4 monopole varies practically sinusoidally (as is the caseamt wire), and is
highest at the ground-plane connection. The RF voltage, howsveghest at the open (top) end and
minimum at the ground plan&he feed-point resistance close\d resonance of a vertical monopole
over a “perfect ground plane” is one-half that far2a dipole at its\/2 resonance. In this case, a perfect
ground plane is an infinitely ftge, lossless conduato

See Fig 22, which shows the feed-point impedance of a vertical antenna made of #14 wire, 50 feet
long, located over perfect ground. This is over the whole HF range from 1 to 30Ad&in, there is
nothing special about the choice of 50 feet for the length of the vertical radiator; it is simply a convenient
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-1000

-1400

-1800 i - - - =600 -HH-HAHHHHHHHHHR R
1 10 100 1000 10000 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
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Fig 22—Feed-point impedance versus frequency Fig 23—Feed-point impedance for the same
for a theoretical 50-foot high grounded vertical antennas as in Fig 21, but calibrated in
monopole made of #14 wire. The numbers along wavelength rather than frequenc v, over the range
the curve show the frequency in MHz. This was from 0.132 to 0.30 O A, above and below the
computed using “perfect” ground. Real ground guarter-wave resonance.

losses will add to the feed-point impedance
shown in an actual antenna system.
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length for evaluation-ig 23 shows an expanded portion of the frequency range above and belo th
resonant point, but now calibrated in terms of wavelength. Note that this particular antenna goeathroug
4 resonance at a length of 042X, not at exactly 02A. The exact length for resonance varies with the
diameter of the wire used, just as it does ferNf2 dipole at its\/2 resmance.

The word “height” is usually used for a vertical monopole antenna whose base is on or near the
ground, and in this context, height has the same meaning as “length” when appl2dipole antennas.
Older texts often refer to heights in electrical degrees, referenced to a free-space waveler@jthbat 36
here height is expressed in terms of the free-space wavelértgghrange shown iirig 23 is from
0.1 A to 0.300A, corresponding to a frequency range of 2.0 to 5.9 MHz.

The reactive portion of the feed-point impedance depends highly on the length/dia ratio of the conduc-
tor, as was discussed previously for a horizontal cdatedipole The impedance curve iigs 22 and 28
based on a #14 conductor having a length/dia ratio of abou80®s usual, thicker antennas can be
expected to show less reactance at a given height, and thinner antennas will show mor

Efficiency of Vertical Monopoles

This topic of the Hiciency of vertical monopole systems will be covered in detdilliapter 3but its
worth noting at this point that théfieiency of a real vertical antenna over real earth oftéfesidramati-
cally compared with that of @2 antennaWithout a fairly elaborate grounding system, tffeeency is not
likely to exceed 50%, and it may be much less, particularly at monopole heights\belo
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