


The very latest in amateur beam antennas — a few decades ago! This intriguing device 
was a 28-Mc. beam antenna used at W1CCZ in 1928 to test the effectiveness of high-angle radia¬ 
tion at this frequency. The system used three reflectors and two directors in the traditional 
Yagi configuration. It was pointed toward Australia. 

Tests with W6UF and ZL2AC indicated that low-angle was more desirable than high-angle 
radiation, and all later tests have confirmed these findings. 
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Ha A decade has passed since the first edition of this volume was 
Iga offered to the radio amateur. In view of its gratifying acceptance it 
ryq would, in the normal course of events, have gone through successive 

revisions, keeping pace with antenna developments as they oc¬ 
curred. But the war made this impossible; in consequence, the present 
edition is essentially not a revision, but a complete rewriting. 

The ten-year period just passed has brought a clearer understanding 
of the principles of antennas and transmission lines, a growing volume 
of useful design data, and the development of methods and devices for 
determining and optimizing the performance of an antenna system. It is 
with these aspects of antenna operation that the new material in this 
book is largely concerned. There may be some who will be surprised that 
no treatment of microwave antennas is included, but at this writing there 
has been so little of the amateur type of reduction to practice, at frequen¬ 
cies above 1000 Me., that any such material would lack the authenticity 
that comes from first-hand knowledge. That authenticity, we believe, is 
a valuable ingredient of these pages. It is composed of practical experience 
with antenna systems—not the authors’ alone, but that of the hundreds 
of amateurs who, through the pages of QST, have contributed to the 
body of practical know-how that this book expresses. The authors’ task 
has been that of interpreting the basic theory and methods of design, and 
of selecting from the many antenna systems in use those which meet the 
most pressing needs of the communicating amateur. 
The book has two principal divisions. Chapters One through Five 

deal with the principles of antennas and transmission lines, wave propaga¬ 
tion and its relationship to antenna design, and the performance character¬ 
istics of directive antenna systems. These five chapters, prepared by 
George Grammer, technical editor of QST, might be called a textbook on 
antennas; they enable the reader to design a system of his own to fit his 
particular needs. Beginning with Chapter Six, there is a series of chapters 
in which complete data are given on specific designs for the various amateur 
bands. The amateur who has not studied the first section, or who wishes 
to avoid the necessity for making his own calculations, will find in these 
chapters the information necessary for putting up the system that appeals 
to him. The remaining chapters deal with the highly-important mechanical 
features of construction and related subjects such as determining geo¬ 
graphical directions. With the exception of Chapter Nine, which was con¬ 
tributed by QST’s v.h.f. editor, Edward P. Tilton, Chapters Six through 
Fourteen are the work of Byron Goodman, one of QST’s assistant technical 
editors. 

It is sincerely hoped that you will find the work helpful. If there are some 
things left untreated that you wish to know more about, some things you 
do not understand, we shall be grateful if you, the user of the book, will 
give us your suggestions on how a future edition can be made even more 
valuable to you. 
West Hartford, Conn. A. L. Budlong, 
March 1, 1949 Acting Secretary, A.R.R.L. 
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CHAPTER 1 

Wave Propagation 
Because radio communication is carried on by 

means of electromagnetic waves traveling through 
the earth’s atmosphere, it is desirable to know 
something about the characteristics of waves and 
the way in which their behavior is influenced by 
the conditions they meet in their trip from the 
radio transmitter to the receiver. While detailed 
knowledge of wave propagation is not at all es¬ 
sential to the amateur who wants to put up an 
effective antenna, a few facts must be understood 
before the principles of antenna design can be 
intelligently applied. Although an antenna may 
— and usually does — radiate the power applied 
to it with a high degree of efficiency, if that power 
does not travel to the desired receiving point but 
goes somewhere else instead, the antenna is a 
failure. 

Our purpose in this chapter, therefore, is to 
discuss those features of wave propagation that 
have some bearing on the design of an antenna 
system. In doing this we do not mean to infer 
that there is nothing more that the wide-awake 
amateur will want or need to know about the 
subject. Effective radio communication results 
from a combination of equipment, antenna sys¬ 
tem, and operating skill; the latter must include 
that ability to anticipate “conditions” that in 
turn is based on an understanding of the vagaries 
of wave propagation. But the latter, fascinating 
though they are, are somewhat outside the scope 
of this book when they do not directly affect 
antenna design. 

• WAVE CHARACTERISTICS 
The reader who has some knowledge of elec¬ 

tricity has already been introduced to the idea of 
electric and magnetic fields. A radio wave is a 
special combination of both types of field, with 
the energy divided equally between the two. If 
the waves could originate at a point source in 
“free” space —empty space such as occurs, for 
all practical purposes, in the interplanetary and 
interstellar stretches of the universe — they 
would spread out in ever-growing spheres with 
the source as the center. The speed at which the 
spheres expand would be the same as the speed 
of light, since light also is an electromagnetic 
wave. In empty space this speed is 300,000,000 
meters per second, or approximately 186,000 
miles in one second. The path of a ray from 
the source to any point on the spherical surface 
always is a straight line — a radius of the sphere. 

It is obvious that in a remarkably short time a 
sphere growing outward from the center would be 
very large indeed. An observer on such a spheri¬ 
cal surface would conclude, if he could “see” the 
wave in his vicinity, that it does not appear to be 
spherical at all but instead seems like a flat sur¬ 
face just as the earth seems to human beings 
to be flat rather than spherical. A wave that is 
far enough from the source to appear flat is called 
a plane wave. The radio waves with which we 
deal in communication always meet this condi¬ 
tion, at least after they have traveled a short dis¬ 
tance from the transmitting antenna. 

A typical representation of the lines of electric 
and magnetic force in a plane wave is given in 
Fig. 1-1. The nature of wave propagation is such 

Fig. 1-1 — Representation of the magnetic and electric 
fields of a vertically-polarized plane wave traveling 
along the ground. The arrows indicate the instantaneous 
directions of the fields for a wave traveling perpendicu¬ 
larly out of the page tow ard the reader. Reversal of the 
direction of one set of lines reverses the direction of 
travel. There is no change in direction when both sets 
are reversed. Such a dual reversal occurs, in fact, once 
each half cycle. 

that the electric and magnetic lines always are 
mutually perpendicular, as indicated in the draw¬ 
ing. The plane containing the set of crossed lines 
represents the wave front. The direction of wave 
travel always is perpendicular to the wave front, 
but whether the direction is “forward” or “back¬ 
ward” is determined by the relative directions of 
the electric and magnetic forces. 

If the wave is traveling through anything other 
than empty space its speed is not 300,000,000 
meters per second but is something less. Just how 
much less depends on the substance or medium 
through which the wave is traveling. If the me-

9 



10 CHAPTER 1 
<lium is air instead of empty space, the reduction 
in speed is so small that it can be ignored in most 
calculations. In solid insulating materials the 
speed is in general much slower; for example, in 
distilled water (which is a good insulator) the 
waves travel only one-ninth as fast as they do in 
space. In good conductors such as metals the 
speed is so low that opposing fields (which are set 
up by currents induced in the conductor by the 
wave itself) occupy practically the same space as 
the original wave and thus almost cancel it out. 
This is the reason for the skin effect in conductors 
at high frequencies and also the reason why thin 
metal enclosures form good shields for electrical 
circuits at radio frequencies. 

Phase and Wavelength 

Because the speed at which radio waves travel 
is so great, we are likely to fall into the habit of 
ignoring the time that elapses between the instant 
at which a wave leaves the transmitting antenna 
and the instant at which it arrives at the receiv¬ 
ing antenna. It is true that it takes only one¬ 
seventh of a second for a wave to travel around 
the world, and from a communication standpoint 
that is hardly worth worrying about. But there 
is another consideration that makes this factor of 
lime extremely important. 

The wave is brought into existence because an 
alternating current flowing in a conductor (which 
is usually an antenna) sets up the necessary elec¬ 
tric and magnetic fields. The alternating currents 
used in radio work may have frequencies any¬ 
where from a few tens of thousands to several 
billion cycles per second. Suppose that the fre¬ 
quency is 30 megacycles per second — that is, 
30,000,000 cycles per second. One of those cycles 
will be completed in 1/30,000,000 second, and 
since the wave is traveling at a speed of 300,000,-
000 meters per second it will have moved only 
10 meters during the time that the current is 
going through one complete cycle. To put it an¬ 
other way, the electromagnetic field 10 meters 
away from the antenna is caused by the current 
that was flowing in the antenna one cycle earlier 
in time; the field 20 meters away is caused by the 
current that was flowing two cycles earlier, and 
so on. 

Now if each cycle of current is simply a repeti¬ 
tion of the one that preceded it, the currents at 
corresponding instants in each cycle will be iden¬ 
tical, and the fields caused by those identical cur¬ 
rents also will be identical. As the fields move 
outward they become more thinly spread over 
larger and larger surfaces, so their amplitudes de¬ 
crease with distance from the antenna. But they 
do not lose their identity with respect to the in¬ 
stant of the cycle at which they were generated. 
That is, the phase of the outwardly-moving sur¬ 
face remains constant. It follows, then, that at 
intervals of 10 meters (in the example above) 
measured outward from the antenna the phase 

of the waves at any given instant is identical. 
In this fact we have the means for defining 

rather precisely both “wave front" and “wave¬ 
length." The wave front is simply a surface in 
every part of which the wave is in the same phase. 
The wavelength is simply the distance between 
two wave fronts having identical phase at any 
given instant. In the example, the wavelength is 
10 meters because the distance between two wave 
fronts having the same phase is, as we found, 
10 meters. This distance, incidentally, always 
must be measured perpendicular to the wave 
fronts; in other words, along the same line that 
represents the direction in which the wave is 
traveling. Measurements made along any other 
line between the two wave fronts would lead to 
the erroneous conclusion that the wave is longer 
than it really is. Expressed in a formula, the 
length of a wave is 

where X = wavelength 
V = velocity of wave 
f = frequency of current causing the wave 

The wavelength will be in the same length units 
as the velocity when the frequency is expressed 
in the same time units as the velocity. For waves 
traveling in free space (and nearly enough for 
waves traveling through air) the wavelength is 

. / X $00 
A (meters) — --

/(Me.) 

We shall continually be encountering this idea 
of phase in succeeding chapters in this book, 
because it is fundamental to the operation of an¬ 
tenna systems. It is essential, therefore, to have 
a clear understanding of what it means if antenna 
behavior is to be appreciated. Basically, “phase” 
means “time, ” but when something goes through 
periodic variations with time in the way that an 
alternating current does, corresponding instants 
in succeeding cycles are said to have the same 
phase even though the actual time difference is 
one cycle. In using the word phase in this fashion 
we are inherently using the cycle as the unit of 
time measurement, just as we use one 24-hour 
day as a unit of time measurement. Four o’clock 
this afternoon corresponds to four o’clock yester¬ 
day afternoon in much the same way that an 
instant in an a.c. cycle corresponds to the identi¬ 
cal instant in the preceding cycle. 

In Fig. 1-2 points A, B and C are all in the same 
phase because they are corresponding instants in 
each cycle. This is a conventional drawing of a 
sine-wave alternating current with time progress¬ 
ing to the right. It also represents an instantane¬ 
ous “snapshot” of the distribution of intensity 
of the traveling fields if distance is substituted 
for time in the horizontal axis. In that case the 
distance between A and B or between B and C 
represents one wavelength. This shows that the 
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field-intensity distribution follows the sine curve, 
both as to amplitude and polarity, to correspond 
exactly to the time variations in current that pro¬ 
duced the fields. It must be remembered that 
this is an instantaneous picture; the actual wave 

Fifi. 1-2— 'l he instantaneous amplitude of both field-, 
(electric and magnetic) varies sinusoidally with time as 
shown in this graph. Since the fields travel at constant 
velocity, the graph also represents the instantaneous 
distribution of field intensity along the wave path. The 
distance between two points of equal phase, such as 
A-B and B-C, is the length of the w ave. 

travels along just as a wave in water does. To an 
observer at any fixed point along the wave path, 
the field intensity goes through time variations 
corresponding to the time variations of the cur¬ 
rent that initiated the wave. 

Field Intensity 

The strength of a wave is measured in terms of 
the voltage between two points lying on an elec¬ 
tric line of force in the plane of the wave front. 
The unit of length is the meter, and since the 
voltage in a wave usually is quite low, the meas¬ 
urement is made in microvolts per meter. The 
voltage so measured goes through time variations 
just like those of the original current that caused 
the wave, and so is measured like any other a.c. 
voltage that is, in terms of the effective value 
or, sometimes, the peak value. 

There are few, if any, occasions in amateur 
work where a measurement of actual field 
strength is necessary. This is fortunate, because 
the equipment required is elaborate. It is com¬ 
paratively easy, however, to make measurements 
of relative field strength, and thus determine 
whether an adjustment to an antenna system has 
resulted in an improvement or not. 

Polariza tion 

A wave such as is shown in Fig. 1-1 is said to be 
polarized in the direction of the electric lines of 
force. In this drawing the polarization is vertical 
because the electric lines are perj>endicular to the 
earth. A wave “with its feet on the ground’’ as 
shown in Fig. 1-1 is, as a matter of fact, usually 
vertically polarized. This is because the ground 
acts as a rather good conductor, particularly at 
frequencies below about 10 Me., and it is one of 
the laws of electromagnetic action that electric 
lines touching the surface of a good conductor 
must do so perpendicularly. Over semiconduct¬ 
ing ground there may l>e a forward “tilt” to the 
wave front; tliis tilt in the electric lines is greater 
as the energy loss in the ground becomes greater. 

Waves traveling in contact with the surface of 
the earth are of little usefulness in amateur com¬ 
munication because as the frequency is raised the 
distance over which the surface wave will travel 
without excessive loss of energy or attenuation 
becomes smaller and smaller. The surface wave 
is of most utility at low frequencies and through 
the standard broadcast band. At high frequencies 
the wave reaching the receiving antenna ordi¬ 
narily has not had much contact with the earth 
and its polarization is not necessarily vertical. If 
the electric fines of force are horizontal, the wave 
is said to Ire horizontally polarized. However, the 
polarization can be anything between horizontal 
and vertical. In many cases, the polarization is 
not fixed but continually rotates. When this oc¬ 
curs the wave is said to be elliptically polarized. 

Attenuation 

In free space the field intensity of the wave de¬ 
creases directly with the distance from the source. 
That is, if the field strength one mile from the 
source has a value, let us say, of 100 microvolts 
per meter, the field strength at two miles will be 
50 microvolts |x>r meter, at 100 miles will be; 
1 microvolt per meter, and so on. This decrease 
in field strength is caused by the fact that the 
energy in the wave has to spread ont over larger 
and larger spheres as the distance from the source 
is increased. 

In actual communication by radio the atten¬ 
uation of the wave may be much greater than 
this “inverse-distance” law would indicate. For 
one thing, the wave is not traveling in empty 
space. For another, the receiving antenna seldom 
is situated so that there is a clear “line of sight” 
between it and the transmitting antenna. Since 
the earth is spherical and the waves do not pene¬ 
trate its surface to any considerable extent, com¬ 
munication has to be by some means that will 
bend the waves around the curvature of the earth. 
These means exist, but they usually involve ad¬ 
ditional energy losses that increase the attenua¬ 
tion of the wave with distance. 

Reflection, Refraction and Diffraction 

It has been mentioned that radio waves and 
light waves are the same type of wave; the only 
difference is in the scale of wavelength. We are 
all familiar with the reflection of light; radio 
waves are reflected in much the same way. Fre¬ 
quently, however, the reflecting surfaces are 
small (in terms of wavelength) compared with 
the surfaces from which we see light waves re¬ 
flected. An object the size of an automobile, for 
instance, will not reflect much of the energy in an 
80-meter wave. On the other hand, it may be a 
very good reflector of waves only a meter or two 
in length. The thickness of the object is of some 
importance because the waves penetrate it to an 
extent depending on its characteristics. In a 
material of given conductivity, for example, 
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longer waves will penetrate farther than shorter 
ones and so require a greater thickness for good 
reflection. Thin metal is a good reflector even at 
quite long wavelengths, but in poorer conductors 
such as the earth — which certainly meets the 
requirement of having a large surface — the 
longer wavelengths may penetrate quite a few 
feet. 

Reflection may also take place from any surface 
that represents a change in the dielectric constant 
of the medium in which the wave is moving. A 
familiar example in optics is the reflection of light 
from the surface of a pane of glass that is itself 
quite transparent to light waves. When viewed 
from certain angles, it is practically impossible to 
see through the pane of glass because of the re¬ 
flected light. 

Another phenomenon that has a rather familiar 
counterpart in optics is refraction, or the bending 
that takes place when the wave enters (at an 
angle) a medium having a different dielectric 
constant than the medium it has just left. This 
bending is caused by the fact that the wave 
travels at a different speed when the dielectric 
constant is changed. The part of the wave that 
enters the new medium first is either slowed 
down or speeded up (depending on the relative 
dielectric constants) and so tends to get ahead of 
or fall behind the sections of the wave that enter 
later. The effect is to change the direction in 
which the wave is moving. The classic example 
in optics is the apparent sharp bend in a stick 
held partly in and partly out of a body of water at 
an angle. 

Most of the optical examples of refraction are 
based on two homogeneous substances having a 
very definite common boundary, as between air 

and glass. In that case the rays travel in straight 
lines inside either medium and the bending takes 
place at the common surface. In radio transmis¬ 
sion it is frequently the case that the boundary 
between the two areas of differing dielectric con¬ 
stant is not at all sharp; the dielectric constant 
simply changes gradually over quite a distance 
of the wave path. This causes the wave bending 
also to be gradual, and the wave path becomes 
curved. 

A somewhat less familiar optical phenomenon 
that has its radio counterpart is diffraction. To 
the eye, the shadows cast by a pin-point source of 
light appear to be quite sharp. However, close 
examination shows that light bends around the 
edge of an object to some extent, depending on 
the thickness of the edge. This effect becomes 
greater as the wavelength is increased, and can 
be of some importance at radio frequencies. For 
example, with waves traveling in a straight line 
one would expect that no signal could be heard 
behind a hill, but the bending caused by diffrac¬ 
tion does produce a signal in the “shadow area.” 
At high radio frequencies the diffracted signal is 
weak compared with the direct ray, and frequently 
is masked by stronger signals reaching the same 
spot by other means such as reflection or refrac¬ 
tion in the atmosphere. 

Both reflection and refraction can take place 
in various parts of the atmosphere, and the mech¬ 
anisms by which they occur are likewise varied. 
The result is that radio waves frequently are 
“scattered,” just as light is scattered in the at¬ 
mosphere. Such scattering accounts for the recep¬ 
tion of signals under conditions when they would 
not be expected from the simplified pictures of 
wave travel now to be discussed. 

The Ground Wave 

Waves travel close to the earth in several differ¬ 
ent ways, some of which involve relatively little 
contact with the ground itself. The selection of 
proper nomenclature therefore becomes some¬ 
what confusing, but more or less by common 
consent the term ground wave is applied to 
waves that stay close to the earth and do not 
reach the receiving point by reflection or refrac¬ 
tion from the much higher region of the atmos¬ 
phere known as the “ionosphere.” The ground 
wave therefore can be a wave traveling in actual 
contact with the ground, such as the wave pic¬ 
tured in Fig. 1-1, or it can be a wave that goes 
directly from the transmitting antenna to the 
receiving antenna when the two antennas are 
high enough so that they can “see” each other. 
It can also be a wave that is refracted or reflected 
in the atmosphere near the earth (the tropo¬ 
sphere). 

# THE SURFACE WAVE 

A wave that travels in contact with the earth’s 
surface is called a surface wave. It is the type of 
wave that provides reception up to distances of 
100 miles or more in the standard broadcast band 
during the daytime. The attenuation of this type 
of wave is rather high, so the intensity dies off 
rapidly with distance from the transmitter. The 
attenuation also increases rapidly with frequency, 
with the result that the surface wave is of little 
value in amateur communication with the pos¬ 
sible exception of distances up to perhaps 50 
miles on the 3.5-Mc. band. As explained earlier, 
the surface wave must be essentially vertically 
polarized. The transmitting and receiving an¬ 
tennas therefore must generate and receive verti¬ 
cally-polarized waves, if the surface wave is to be 
utilized to advantage. In general terms, this 
means that both antennas must be vertical. 
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• THE SPACE WAVE 

The conditions that exist when the transmit¬ 
ting antenna and receiving antenna are within 
line of sight of each other are shown in Fig. 1-3. 
One ray travels directly from the transmitter to 
the receiver and consequently is attenuated in 
about the same way as a wave in free space. 
However, the wave from the transmitting an¬ 
tenna also strikes the ground between the two 
antennas, and the ray that does so at the proper 
angle to reach the receiving antenna (the angle 
of incidence being equal to the angle of reflection, 
as in optics) combines with the directray to pro-

The space-wave picture presented is a sim¬ 
plified one and, as usual, there are practical com¬ 
plications that modify it. There is some loss of 
energy when the ray strikes the ground, so the 
reflected ray does not arrive at the receiving an¬ 
tenna with the same intensity as the direct ray. 
Because of the ground loss the phase of the re¬ 
flected ray is not shifted exactly 180 degrees. For 
both these reasons the two waves never cancel 
completely at the receiving antenna. Also, at fre¬ 
quencies in the u.h.f. region it is possible to form 
the wave into a beam, much like the light beam 
from a flashlight. Such a beam puts most of the 
energy into the direct ray and reduces the amount 

Direct Ray 
TRANSMITTING 
ANTENNA 

RECEIVER 
ANTENNA 

that can strike the ground, particularly when 
the transmitting and receiving antennas are 
both at high elevations. Thus the effect of the 
ground-reflected ray is avoided. 

Strictly speaking, the description above ap¬ 
plies only to a horizontally-polarized wave and 
perfectly-conducting earth. Practically, the 
polarization does not make much difference 
because the earth is neither a perfect con-

antenna to the receiving antenna combines with a ray 
fleeted from the ground to form the space wave. 

duce the actual signal at the receiving antenna. 
In most practical cases where the communica¬ 

tion is between two stations on the ground (as 
contrasted with communication between ground 
and an airplane, or between two airplanes) the 
angle at which the ground-reflected ray strikes the 
earth and is reflected will be very small. That is, 
the ray strikes the earth at almost grazing inci¬ 
dence. Now it happens that such a reflection re¬ 
verses the phase of the wave, so if the distance 
traveled by the direct wave and the distance 
traveled by the ground-reflected ray were exactly 
the same, the two rays would arrive out of phase 
and would cancel each other. Actually, the 
ground-reflected ray has to travel a little farther, 
and so the phase difference between the two rays 
depends on the difference in path length as meas¬ 
ured in terms of wavelength. If the difference in 
the length of the two paths is 3 meters, for ex¬ 
ample, the phase difference from this cause will 
lx> only 3 degrees if the wave is 3(i0 meters long. 
This is only a negligible shift in phase from the 
180 degrees caused by the reflection, and so the 
signal strength would be small. On the other 
hand, if the wavelength is 6 meters the phase 
shift caused by the same difference in path length 
would be 180 degrees — enough to overcome 
completely the 180-degree reversal caused by the 
reflection, so the two rays would add at the re¬ 
ceiving antenna. In short, the space wave is a 
negligible factor in communication at low fre¬ 
quencies, because the difference in the distance 
traveled by the two rays always is very small, 
when measured in terms of wavelength. The space 
wave therefore is canceled out at such frequencies. 
But as the frequency is raised (wavelength short¬ 
ened) the space wave becomes increasingly im¬ 
portant. It is the dominating factor in communi¬ 
cation at v.h.f. and u.h.f. 

~ ~ ~ ~ ~ - Gmund reflected Rayjy- —-

Fill. 1-3 — The ray traveling directly from the transmitting 

ductor nor a perfect dielectric. The over-all 
result is that at frequencies below, say, 20 
Me., the space wave is inconsequential. But at 
v.h.f. it is readily possible to transmit to the 
horizon by means of the space wave. 

' 'Line-of-Sight” Propagation 

From inspection of Fig. 1-3 it appears that use 
of the space wave for communication between 
two points depends on having a line of sight be¬ 
tween the two locations. This is not quite literally 
true. The structure of the atmosphere near the 
earth is such that under “normal” conditions (a 
theoretical normal, rather than an actual one; in 
many parts of the world, at least, the “normal” 
is an average which is statistically useful but 
seldom represents the actual condition of the at¬ 
mosphere) the waves are bent into a curved path 
that keeps them nearer to the earth than true 
straight-line travel would. This effect can be ap¬ 
proximated by assuming that the waves travel in 
straight lines but that the earth’s radius is in¬ 
creased in dimension by one-third. On this as¬ 
sumption, the distance from the transmitting 
antenna to the horizon is given by the following 
formula: 

D (miles) = (feet) 

where If is the height of the transmitting antenna, 
as shown in Fig. 1-4. The formula assumes that 

H p- -|- ---P» -I 

Fig. 1-4 — The distance, D, to the horizon from an 
antenna of height II is given by the formula in the text. 
The maximum line-of-sight distance between two ele¬ 
vated antennas is equal to the sum of their distances to 
the horizon, as indicated in the drawing. 
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the earth is perfectly smooth out to the horizon; 
of course, any obstructions that rise along any 
given path must be taken into consideration. The 
point at the horizon is assumed to be on the 
ground. If the receiving antenna also is elevated, 
the maximum line-of-sight distance between the 
two antennas is equal to D + Di; that is, the sum 
of the distance to the horizon from the transmit¬ 
ting antenna and the distance to the horizon from 
the receiving antenna. The distances are given in 
chart form in Fig. 1-5. Two stations on a flat 
plain, one having an antenna on a tower 60 feet 
high and the other having an antenna supported 
40 feet in the air, could be separated approxi¬ 
mately 20 miles for line-of-sight communication. 

In addition to the “normal” refraction or bend¬ 
ing, the waves also are diffracted around the cur¬ 
vature of the earth, so that the actual distance 
that can be covered does exceed the line-of-sight 
distance. However, the amount of diffraction at 
v.h.f. and u.h.f., where the space wave is of chief 
importance, is rather small and the signal 
strength drops off very rapidly in a short distance 
beyond the earth’s “shadow”. 

To make maximum use of the ordinary space 
wave discussed here it is necessary that the an¬ 
tenna be as high as possible above the surround¬ 
ing country. A hill that juts above the adjacent 
terrain is usually an excellent location. However, 

Fig. 1-5 — Distance to the horizon from an antenna of 
given height. The solid curve includes the effect of at¬ 
mospheric refraction. The optical line-of-sight distance 
is given by the broken curve. 

the peak of a hill is not necessarily the best spot, 
particularly if it is of the nature of a plateau. Ar¬ 
riving waves may have to be diffracted over the 
brow of the hill to reach the antenna unless the 
latter is placed on a high pole or tower; in other 
words, the brow of the hill may shield the an¬ 
tenna from waves arriving from a desired direc¬ 
tion. Also, it is advantageous to have the ground 
drop off fairly sharply in front of the antenna, as 
this frequently prevents the ground-reflected ray 
from approaching at such a flat angle as it would 
over level ground. Generally speaking, a location 
just below the peak of a hill is the optimum one 
for transmitting and receiving in a desired direc¬ 
tion, as indicated in Fig. 1-6. 

Since the space wave goes essentially in a 
straight line from the transmitter to the receiver, 
the antenna used for radiating it should concen¬ 
trate the energy toward the horizon. That is, the 
antenna should be a “low-angle” radiator, be¬ 
cause energy radiated at angles above the horizon 
obviously will pass over the receiving antenna. 
Similarly, the receiving antenna should be most 
responsive to waves that arrive horizontally. 

In general, the polarization of a space wave re¬ 
mains constant during its travels. Therefore, the 
receiving antenna should be designed to give 
maximum response to the polarization set up at 
the transmitting antenna. Antennas used at v.h.f. 
arc usually either horizontally or vertically polar¬ 
ized, the former being more generally preferred. 
The principal reason for this preference is that 
the chief source of radio noise at v.h.f. — that 
generated by the spark in the ignition systems of 
automobiles — is predominantly vertically polar¬ 
ized. Thus horizontally-polarized antennas tend 
to discriminate against such noise and thereby 
improve the signal-to-noise ratio. 

At the present time there is increasing interest 
in circular polarization (a special case of elliptical 
polarization). The direction of rotation with this 
type of polarization depends on the design of the 
antenna, and may be made either clockwise or 
counterclockwise. An antenna designed for clock¬ 
wise rotation will give poor response to a wave 
that is rotating counterclockwise. This feature 
can be used to advantage, because the direction 
of rotation of the ground-reflected wave is re¬ 
versed on reflection. Hence a properly-designed 
receiving antenna will respond chiefly to the di¬ 
rect ray and will discriminate against the ground-
reflected ray. 
• PROPAGATION IN THE 

TROPOSPHERE 

Weather conditions in the atmosphere at 
heights of a few thousand feet to a mile or two at 
times are responsible for bending waves down¬ 
ward. This tropospheric refraction makes com¬ 
munication possible over far greater distances 
than can be covered with the ordinary space 
wave. The amount of the bending increases with 
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frequency, so tropospheric communication im¬ 
proves as the frequency is raised. The bending is 
relatively inconsequential at frequencies below 
28 Me., but provides interesting communication 
possibilities at 50 Me. and above. 

Refraction in the troposphere takes place when 
masses of air become stratified into regions having 
differing dielectric constants. If the boundary be¬ 
tween the two masses of air is sharply defined, 
reflection as well as refraction may take place for 
waves striking the boundary at grazing angles. 

Fig. 1-6 — Propagation conditions are generally best 
when the antenna is located slightly below the top of a 
hill on the side that faces the distant station. Communi¬ 
cation is poor when there is a sharp rise immediately in 
front of the antenna in the direction of communication. 

The most common cause of tropospheric refrac¬ 
tion is the temperature inversion. Normally, the 
temperature of the lower atmosphere decreases 
at a constant rate of approximately 3 degrees F. 
per 1000 feet of height. When this rate is de¬ 
creased for any reason, a temperature inversion 
is said to exist and greater-than-normal wave 
bending takes place. Some of the types of tem¬ 
perature inversion are the dynamic inversion, re¬ 
sulting when a warm air mass overruns a colder 
mass; the subsidence inversion, caused by the 
sinking of an air mass heated by compression; 
the nocturnal inversion, brought about by the 
rapid cooling of surface air after sunset; ami the 
cloud-layer inversion, caused by the heating of air 
above a cloud layer by reflection of the sun’s rays 
from the upper surface of the clouds. Sharp tran¬ 
sitions in the water-vapor content of the atmos¬ 
phere may also bring about refraction and reflec¬ 
tion of v.h.f. waves. 

Because the atmospheric conditions t hat pro¬ 
duce tropospheric refraction are seldom stable 
over any considerable period of time, the strength 
of the received signal usually varies or “fades” 
over a wide range. Hourly and seasonal variations 
are observed. Best conditions often occur in the 
evening and just before sunrise, and conditions 
are generally poorest at midday when the at¬ 
mosphere is relatively stable. Tropospheric re¬ 
fraction is generally greatest in the early summer 
and early fall. It is also more pronounced along 
t he seacoasts. 

The tropospheric wave maintains essentially 
the same polarization throughout its travel, so 
the transmitting and receiving antennas should 
have the same type of polarization. Since waves 
that enter the refracting region at anything other 
than practically grazing incidence are not bent 
enough to be useful for communication, the trans¬ 
mitting antenna should be designed for maximum 

radiation horizontally. The receiving antenna 
likewise should be a low-angle affair if the received 
signal is to be most efficiently utilized. 

Atmospheric Ducts 

In some parts of the world, particularly in the 
tropics and over large bodies of water, tempera¬ 
ture inversions are present practically continu¬ 
ously at heights of the order of a few hundred 
feet or less. The boundary of the inversion is usu¬ 
ally well enough defined so that waves traveling 
horizontally are “trapped” by the refracting 
layer of air and continually bent back toward the 
earth. The air layer and the earth form the upper 
and lower walls of a “duct” in which waves are 
guided in much the same fashion as in a metallic 
wave guide. The waves t herefore follow the curva¬ 
ture of the earth for distances (sometimes hun¬ 
dreds of miles) far beyond the optical horizon of 
the transmitter. 

Because the height of an atmospheric duct is 
relatively small, only waves smaller than a certain 
limit will be trapped. If the refracting layer is 
only a few feet above the surface the lowest usa¬ 
ble frequency may be as high as a few thousand 
megacyles, so ultrahigh or superhigh frequencies 
must be used. Under some conditions, however, 
the height and dielectric characteristics of the 
layer may be such that waves in the medium 
v.h.f. region will be transmitted. The line of dis¬ 
tinction, if any, between ducting and ordinary 
tropospheric propagation is hard to draw in such 
a case. 

A feature of duct transmission is that the an¬ 
tennas, both transmitting and receiving, must be 
inside the duct if communication is to be estab¬ 
lished. If the duet extends only a few feet above 
the earth and the transmitting antenna is on a 
tower or promontory abore the duct, no signals 
will Im? heard at the receiving point. Likewise, a 
receiving antenna situated above the duct will 
not pick up energy trap|x*d nearer the earth. 
Atmospheric ducts also are formed between 

two layers of air having suitable characteristics. 
If the lower layer refracts the waves upward 
while the upper layer refracts them downward, 
waves will be trapped between the two layers and 
again can travel for great distances. In such a 
case antennas either below or above the duct will 
be ineffective. Ducts of this type have been ob¬ 
served from airplanes, where good signals will be 
received with the ’plane at the optimum height 
but the signal strength drops off rapidly at either 
higher or lower altitudes. 

Much remains to be learned about the extent 
of duct transmission at amateur frequencies. 
There appears to be no significant difference in 
the signal strength with either horizontal or ver¬ 
tical polarization. Communication via ducts may 
well turn out to be the most important mode at 
u.h.f. and s.h.f. when the amateur bands in that 
frequency range become more thickly populated. 
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The Sky Wave 

At frequencies below 30 Me. practically all 
amateur communication—-except for “local” 
work over distances of a few miles — is carried on 
by means of the sky wave. This is a wave that, 
on leaving the transmitting antenna, would travel 
on out into empty space if it were not for the fact 
that under certain conditions it can be sufficiently 
reflected or refracted, high up in the earth’s at¬ 
mosphere, to reach the earth again at distances 
varying from zero to about 2500 miles from the 
transmitter. By successive reflections at the 
earth’s surface and in the upper atmosphere, 
communication can be established over the max¬ 
imum possible terrestrial distances. 

• THE IONOSPHERE 

The region in which the waves are bent back 
to earth is called the ionosphere. This is a sec¬ 
tion of the upper atmosphere in which the air 
pressure is so low that “free” electrons and ions 
can exist for a long time without getting close 
enough to each other to be attracted together 
and thus recombine into a neutral atom. A wave 
entering a region in which there are many free 
electrons will be affected in much the same way as 
one entering a region of differing dielectric con¬ 
stant; that is, its direction of travel will be 
shifted. The mechanism is complicated, but in a 
broad sense is the result of the interaction of 
electric forces when the free electron is set in 
motion by the passing wave. In the ionosphere 
the moving wave tends to be bent back toward 
the earth. 

Ultraviolet light from the sun is the primary 
cause of ionization in the upper atmosphere. The 
amount of ionization does not change uniformly 

Fig. 1-7 — Typical curve of distribution of ion density 
with height in latitude of Washington, D. C., near a 
sunspot minimum. The ion density and the heights at 
which the maxima occur for each layer will depend on 
the latitude and the period in the sunspot cycle. The D 
region is not shown because it is not ordinarily measur¬ 
able by the methods used in ionosphere sounding; its 
presence is known principally because of the observed 
absorption of lower-frequency waves during the day¬ 
time hours. 

with height above the earth, as might be ex¬ 
pected at first thought. Instead, it is found that 
there are relatively dense layers of ionization, 
quite thick vertically, at rather well-defined 
heights. Nor is the ionization uniform within the 
layer itself ; it is highest at the center of the layer 
and tapers off gradually both above and below. 
Fig. 1-7 is a representative plot of the intensity 
of ionization with height above the earth. Both 
the height and ionization intensity of any given 
region vary with the time of day, the season of 
the year, and the 11-year sunspot cycle. This is 
because the amount of ultraviolet radiation re¬ 
ceived from the sun at any given spot depends 
on these factors. 

Layer Characteristics 

The ionized layers or regions are designated by 
letters. The lowest one known, at a height of 
about 30 to 55 miles, is called the D region. Be¬ 
cause it is in a relatively dense part of the atmos¬ 
phere the atoms broken up into ions by sunlight 
quickly recombine, so the amount of ionization 
depends directly on the amount of sunlight. Thus 
D-region ionization is maximum at local noon and 
disappears at sundown. When electrons in the 
D region are set in motion by a passing wave the 
collisions between particles are so frequent, be¬ 
cause of the rather high air density, that a sub¬ 
stantial proportion of the wave energy may be 
used up as heat. The probability of collisions 
depends on the distance an electron can travel un¬ 
der the influence of the wave. This distance de¬ 
pends on the frequency of the wave, because dur¬ 
ing a long cycle (low frequency) the electron has 
time to move farther, before the direction of the 
field reverses and sends it back again, than it does 
in a short cycle (high frequency). If the frequency 
is low enough the collisions between particles will 
be so frequent that practically all of the energy 
in the wave will be absorbed in the D region. This 
usually happens at frequencies in the 3.5-4.0 Me. 
amateur band at the time of maximum ß-region 
ionization, particularly for waves that enter the 
layer at the lower vertical angles and thus have 
to travel a relatively long distance through it. At 
times of sunspot maxima even waves entering the 
layer directly upward will be almost wholly ab¬ 
sorbed, in this frequency band, around the middle 
of the day. The absorption is less in the 7-Mc. 
band and is quite small at 14 Me. and higher 
frequencies. The D region is relatively ineffective 
in bending waves back to earth, and so plays no 
significant part in long-distance communication 
except as an absorber of energy. It is a principal 
reason why amateur communication on the 
lower frequencies (3.5 and 7 Me.) is confined to 
short distances during the daytime. 

The lowest layer that affords long-distance 
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communication has a mean height of about 65 
miles and is called the E layer. It is a region of 
fairly high atmospheric density and consequently 
the ionization varies with the height of the sun. 
The ionization drops rapidly after sundown, 
when the ions and electrons recombine in the 
absence of sunlight, and reaches a minimum at 
about midnight. It again increases rapidly at 
sunrise and reaches a maximum at about noon 
local time. As in the case of the I) region, the 
E layer absorbs energy from low-frequency 
waves during the time of maximum ionization. 

creased, a condition will eventually be reached 
where the bending will not be sufficient to return 
the wave to earth, even though the wave leaves 
the transmitting antenna at the lowest possible 
angle and thus requires the least bending in the 
ionosphere. A typical “in-between” condition is 
illustrated in Fig. 1-8, a simplified illustration of 
the paths taken by high-frequency waves and 
considering only the effect of a single layer. 

Fig. 1-8 shows a condition that is frequently 
typical of the way waves are bent in a single layer. 
(When several layers are involved, the paths are 

Fig. 1-8 Behavior of waves on encountering the ionosphere. Waves entering 
the ionized region at angles higher titan the critical angle are not bent enough to 
be returned to earth. Waves entering below the critical angle reach the earth 
at increasingly greater distances as the angle approaches the horizontal. 

The second important “com¬ 
munication” layer is the F2 
layer. This is the most in¬ 
tensely ionized layer, and its 
height — of the order of 150 
to 250 miles — varies with the 
time of day, the season, and 
the sunspot cycle. At these 
heights the atmosphere is very 
thin, and so the ions and elec¬ 
trons are slow to recombine. 
Because of this, the ionization 
is not so responsive to the 
height of the sun; it reaches a 
maximum shortly after noon, 
local time, but “tails off” 
gradually thereafter. It con¬ 
tinues at a rather high, but gradually decreasing, 
level throughout the night, reaching a minimum 
just before sunrise. At sunrise it increases rapidly 
and attains the daytime level in the course of an 
hour or two. 

During the day the F2 layer sometimes splits 
into two layers, the lower (and weaker) one oc¬ 
curring at a height of 120 miles or so and being 
designated the Fi layer. The F1 layer is, in general, 
of little importance in communication, except 
for introducing additional energy absorption of 
waves traveling through it. It disappears at 
night. After sundown, too, the height of the F2 
layer decreases, the maximum ionization occurring 
in the neighborhood of 175 miles. (The night¬ 
time F2 layer was formerly called the F layer, 
but present usage is to drop the separate designa¬ 
tion for the night layer.) 

Refraction in the Ionosphere 

The amount by which the path of a wave is 
bent in an ionized layer depends on the intensity 
of ionization and the wavelength. The greater 
the ionization, the more the bending at any 
given frequency. Or, to put it another way, at a 
given degree of ionization the bending will be 
greater as the frequency of the wave is lowered — 
in other words, as its wavelength is increased. 
Two extremes thus become possible. If the 

ionization is intense enough and the frequency is 
low enough, a wave entering the ionized region 
perpendicularly will be turned back to earth. But 
as the frequency is raised or the ionization is de-

naturally more complex, since the layers have 
differing characteristics.) In this case the layer 
is capable of refracting waves that enter it at 
low angles. However, as the angle at which the 
ray strikes the layer is increased, a critical angle 
is reached at which the ray just manages to be 
bent back to earth. Rays entering at still greater 
angles are not bent enough and pass through 
the layer into empty space. Since such rays are 
useless for communication, it is obvious that 
energy radiated at angles above the critical 
angle is wasted. 

Note also that the point at which a ray reaches 
the earth on its return journey from the iono¬ 
sphere depends on the angle at which it left the 
transmitting antenna. The larger the angle with 
the surface of the earth the shorter the distance 
from the transmitter to the point at which the 
returning ray arrives. 

Skip Distance 

When the critical angle is less than 90 degrees 
the highest-angle wave that can be bent back to 
earth will return at an appreciable distance from 
the transmitter. For some distance, then, de¬ 
pending on the critical angle, there is a region 
about the transmitter where the sky-wave signal 
will not be heard. This “silent” region, extending 
from the limit of the useful ground wave to the 
distant point where the sky-wave signal can 
first be heard, is called the skip zone, because all 
signals skip over it. The skip zone is indicated 
in Fig. 1-8. 
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The skip distance — the distance from the 

transmitter to the point where the sky-wave 
signal is first heard — depends on the critical 
angle and the layer height. The lower the critical 
angle the farther the skip distance extends. Since 
higher frequencies are, in general, bent less than 
lower frequencies, the skip distance is greater 
the higher the frequency. For a given critical 
angle, it is also greater the greater the height of 
the layer in which the bending takes place. Thus 
for the same critical angle, the skip distance with 
/'Vlayer bending will be greater than for waves 
returned to earth from the E layer, because the 
Fg layer is higher. 

Whim waves at any and all angles are returned 
to earth from the layer there is, of course, no skip 
zone. In such instances the sky wave frequently 
is stronger than the ground wave, at amateur 
frequencies, even as close as a few miles from 
the transmitter location. This is because the 
wave is attenuated less in its travel up to the 
layer and back again than it is in going a 
few miles over the ground, surprising as it may 
seem. 

Single- and Multihop Propagation 

Fig. 1-8 also shows two of the modes by which 
the signal can reach a distant receiving point. 
In one case the wave is bent in the layer at a 
point about midway between the transmitter and 
the receiving point, B. The wave thus makes the 
trip in one “hop. ” However, that is not the only 
possibility. A ray that is reflected midway be¬ 
tween the transmitter and point A (which in turn 
is midway between the transmitter and B) will 
be reflected when it strikes the earth at A and 
will go up to the layer again. Here it is once more 
reflected, returning to earth, finally, at B. This 
is “two-hop” transmission. More than two hops 
arc readily possible. 

The picture of long-distance propagation by 
means of a series of hops, while satisfying be¬ 
cause it is geometrically simple, is seriously open 
to question. It does not explain all the phenomena 
observed in practice. For one thing, under some 
conditions it would be expected to lead to a sec¬ 
ond skip zone. So far as is known, such a thing 
has not been observed. For another, it would re¬ 
quire that the layer be capable of reflecting the 
wave all along a path that may be extremely 
long. In actual practice it has been found that it 
is only the conditions in the layer at points rela¬ 
tively close to the transmitter and receiver loca¬ 
tions that determine whether or not satisfactory 
communication is possible. (This is discussed 
further in this chapter in the section on maximum 
usable frequencies.) In long-distance transmis¬ 
sion (distances beyond the theoretical limit for 
one hop) it seems quite likely that a more ac¬ 
curate theory of propagation will develop as more 
data on propagation via the ionosphere are col¬ 
lected. 

Virtual Height and Critical Frequencies 

By using a frequency low enough so that waves 
entering the ionosphere at the maximum angle of 
90 degrees (i.e., waves going vertically from the 
transmitting antenna to the ionosphere) are re¬ 
turned to earth, it is possible to measure the 
height of the ionosphere. This is done by measur¬ 
ing the time taken by the wave to go up and 
back. Knowing the time and velocity of propaga¬ 
tion, the distance can be readily calculated. The 
distance so found is the virtual height, or the 
height from which a pure reflection would give 
the same effect as the refraction that actually 
takes place. The method is illustrated in Fig. 1-9. 
Because a certain amount of time is required for 
the wave to make the turn at the top of its travel, 
the virtual height is somewhat higher than the 
actual height, as the illustration shows. 

If the transmitting frequency is gradually 
increased while height measurements of this type 
are being made, eventually a frequency range 
will be encountered where the virtual height 
seems to increase rapidly, until finally the wave 
does not come back. The highest frequency that 
is returned to earth is known as the critical 
frequency. As the frequency is further increased 
beyond the critical frequency, the wave must 
enter the ionosphere at progressively smaller 
angles in order for it to be bent back to earth. At 
the very lowest angles long-distance transmission 
is possible at frequencies up to about 2.5 times the 
critical frequency. Thus, the critical frequency is 
a measure of the ability of the ionosphere to re¬ 
turn high-frequency waves to earth. 

Fifi. 1-9 — The “virtual" height of the refracting layer 
is measured by sending a wave vertically to the layer 
and measuring the time it takes for it to come hack to 
the receiver. The actual height is somewhat less because 
of the time required for the wave to “turn around" in 
the ionized region. 

Since the refracted wave acts as though it were 
reflected from a mirror at the virtual height, it is 
customary to use the terms “reflection” and 
“refraction” almost interchangeably in connec¬ 
tion with ionospheric propagation. In most cases 
the actual process is refraction. However, it is 
possible for true reflection to occur if the bound¬ 
ary of the layer is sharply defined and the wave 
strikes it at a small enough angle. 

Virtual heights, of course, depend on the height 
of the ionized region. The critical frequencies vary 
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with the intensity of ionization in the layers, 
being greater when the ionization increases. Since 
the ionization is greatest at the peak of the sun¬ 
spot cycle, critical frequencies are highest in both 
the E and F2 layers during that period. Conversely, 
they are lowest during a sunspot minimum. The 
E-layer critical frequency ranges from about 1 to 
4 megacycles, depending on the period in the 
sunspot cycle and the time of day. The F2 critical 
frequency varies with the time of day, the season, 
and the sunspot cycle, ranging from a low of per¬ 
haps 2 to 3 Me. at night in a sunspot minimum 
to a high of 12 or 13 Me. in daytime during a 
sunspot maximum. Whenever the critical fre¬ 
quency is above an amateur band, it is possible to 
communicate on that band over distances from 
zero to the maximum possible via that layer, ab¬ 
sorption permitting. 

Maximum Usable Frequency 

Of more interest, from a practical standpoint, 
than the critical frequency is the frequency range 
over which communication can be carried on via 
one or the other of the two reflecting layers. In 
particular, it is useful to know the maximum 
usable frequency (abbreviated m.u.f.) for a par¬ 
ticular distance at the time of day at which com¬ 
munication is desired. It is always advantageous 
to use the highest possible frequency because the 
absorption is less the higher the frequency. 
Therefore the m.u.f. always gives the greatest sig¬ 
nal strength at the receiving point for a given 
transmitting power. 

The m.u.f. depends upon the critical frequency 
and thus is subject to seasonal variations as well 
as variations throughout the day. To employ the 
m.u.f. requires that the antenna system radiate 
well at very low vertical angles, because at the 
m.u.f. the critical angle is practically horizontal. 

Regular observations of the ionosphere, and 
correlation with observed signals from various 
distances over different paths, have made it 
possible to predict with a high order of reliability 
the maximum usable frequencies to be expected 
over periods of several months. These predictions, 
for both the E and F2 layers, are issued by the 
Central Radio Propagation Laboratory of the 
National Bureau of Standards each month in the 
form of charts showing the predicted m.u.f. three 
months in advance. The charts, known as the 
CRPL-D Series, are available from the Super¬ 
intendent of Documents, U. S. Government 
Printing Office, Washington 25, D.C., at 10 cents 
per copy, or on an annual subscription basis (12 
issues) for one dollar. The method of using the 
charts is described in Circular 465, “Instructions 
for the Use of Basic Radio Propagation Predic¬ 
tions, ” available from the Supt. of Documents 
for twenty-five cents. A description of the charts 
and their uses is outside the scope of this book, 
hut any amateur interested in communication 
WCr long distances will find them extremely 
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valuable. They are not at all difficult to use. 

As the frequency is decreased below the m.u.f., 
the signal strength also decreases because of 
greater absorption. Eventually, as the frequency 
continues to be lowered, the signal will disappear 
in the noise background that is always present. 
Thus there is a low-frequency limit, under a given 
set of ionosphere conditions^ as well as a high-
frequency limit to the range of frequencies that 
can be used for a given distance. The lowest 
useful high frequency (abbreviated l.u.h.f.) de¬ 
pends considerably on the transmitter power 
available, since high power will push the signal 
through the noise where low power would fail. 
But when the frequency is near the m.u.f., even 
low-power signals often will give surprising signal 
strength at long distances. 

In commercial communication it is considered 
good practice to operate on a frequency about 15 
per cent below the m.u.f. This allows for varia¬ 
tions in the ionosphere and for the fact that the 
radiation angle of antennas cannot be made truly 
horizontal in the high-frequency part of the 
spectrum. This somewhat lower frequency is 
known as the optimum working frequency (ab¬ 
breviated o.w.f.). Since amateur stations work 
in fixed bands of frequencies, it is not possible to 
choose either the m.u.f. or o.w.f. at will. Instead, 
with the aid of the prediction charts, the time 
of day at which optimum conditions can be ex¬ 
pected for a given distance on a particular band 
must be determined. 

Transmission Distance and Layer Height 

Consideration of Fig. 1-8 shows that the dis¬ 
tance at which a particular ray returns to earth 
depends upon the angle at which it enters the layer. 
This angle in turn is determined by the angle 
(called the wave angle) at which the ray leaves 
the transmitting antenna. Not shown in the 
drawing, but inherent in the geometry of the sit¬ 
uation, is the fact that the distance also depends 
on the layer height. As the layer height is in¬ 
creased, the distance at which a ray leaving at a 
fixed wave angle returns to earth also increases. 
The same wave angle, therefore, will result in 
transmission over a greater distance when the 
wave is reflected by the F2 layer than when it is 
reflected by the E layer. 

The maximum distance that can be covered by 
one-hop transmission is approximately 1250 
miles when the reflection is from the E layer, and 
approximately 2500 miles when the reflection is 
from the F2 layer. These distances are based on 
average virtual heights, and in both cases a wave 
angle of zero (ray leaving the antenna tangent to 
the earth) is required. The actual distance cov¬ 
ered by good one-hop transmission is somewhat 
less, at least at frequencies below 28 Me., because 
of ground losses at wave angles below about 3 
degrees. 

The wave angle required for distances less than 
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the maximum are shown in the chart of Fig. 1-10. 
The curves are based on average values of virtual 
height, and are for one-hop transmission. For 
two or more hops, the distance should be divided 
by the number of hops and the wave angle read 
from the chart on the basis of a single hop for the 
shorter distance. The critical angle must, of 
course, be greater than the wave angle that is re¬ 
quired for the number of hops selected. 

Distance in Miles 

Fifi. 1-10— Distance plotted against wave angle (one-
hop transmission) for average virtual heights of the E 
and F2 layers. 

One-hop transmission, when possible, will pro-
vide the greatest signal strength at the receiving 
point because there is some energy loss at each re¬ 
flection, whether in the ionosphere or at the earth. 
At the longer distances, this requires a small 
wave angle, or “low-angle radiation” from the 
antenna. High-angle radiation is most useful for 
covering short distances. It will be appreciated 
that “longdistance” and “short distance” are 
relative terms when it is remembered that the 
distance depends on the layer height as well as the 
wave angle. At times when the frequency in use is 
reflected by the E layer the distance will be one 
thing, but at another time of day when the E layer 
is ineffective and the F 2 layer comes into play the 
same wave angle from the same antenna will 
cover a much larger distance. That is one reason 
why it is possible to communicate at longer dis¬ 
tances at night on frequencies in the vicinity of 
7 Me. than it is in the daytime. 

Long-Distance Transmission 

From the discussion in the preceding section, 
it should be clear that transmission over distances 
greater than 2500 miles must involve multihop 
propagation, because 2500 miles is the maximum 
distance that can be covered by one hop via the 
highest layer. Since multihop transmission in¬ 
creases the energy loss, it is quite important, for 

most effective long-distance transmission, that a 
frequency near the m.u.f. be used, and that the 
antenna concentrate the radiation at low angles so 
that the number of reflections will be as small as 
possible. 

The propagation of waves over long paths is 
complicated by a number of factors. For ex¬ 
ample, at the particular frequency used the E 
layer may reflect the waves along part or parts of 
the path while the F layer does the reflecting at 
other parts. This will depend on the time of day, 
whether the path is generally north-south or east¬ 
west, the part of the world over which the path 
lies — in short, on the state of the ionosphere all 
along the path. It is also possible that a wave re¬ 
flected downward from the Fi layer will be re¬ 
flected upward from the E layer instead of being 
reflected from the earth. However, all these possi¬ 
bilities have but little effect on the primary con¬ 
sideration in DX-antenna design — that the 
antenna should concentrate the radiation at the 
lowest possible angle. 

Despite the complexity of long-distance prop¬ 
agation, a relatively simple method of determin¬ 
ing communication possibilities in advance was 
developed during the war. This is based on control 
points located 1250 miles from the transmitter 
and receiver, respectively, along the great-circle 
path connecting them. If the m.u.f. at the trans¬ 
mitter’s control point is, say, 14 Me., transmission 
in the direction of the receiver is possible on that 
frequency. If the m.u.f. at the receiver’s control 
point is 14 Me. or higher the signal will be heard. 
On the other hand, if the m.u.f. at the receiving 
control point is 10 Me., a 14-Mc. signal from the 
transmitter will not be heard. The transmitting 
frequency must be lowered to 10 Me. before 
communication is possible. In other words, the 
lower of the m.u.f.s at the two control points is 
the m.u.f. for the circuit. The values of m.u.f. 
at control points in any part of the world can be 
determined in advance from the CRPL charts 
mentioned earlier in this chapter. While com¬ 
munication is possible, in theory, at any fre¬ 
quency below the circuit m.u.f., in practice the 
absorption becomes too great if the frequency is 
lowered too much below the m.u.f. 

The 1250-mile control point is used for Fj-layer 
transmission. The control point is 625 miles away 
when the E layer is effective. This may occur at 
either end of the circuit. If the frequency to be 
used is below the F-layer m.u.f. at that particu¬ 
lar time, the E layer will control at the end of the 
circuit at which it is operating. This fact should 
not be forgotten when using the charts, because it 
frequently happens that the E layer is con¬ 
trolling at one end when the Fz layer is controlling 
at the other. Under such circumstances the F^ 
m.u.f. may be so high at both ends of the circuit 
that high absorption would be expected, whereas 
the actual case is that rather good signals will be 
received because the operating frequency is near 
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the E-layer m.u.f. at one or both ends of the 
circuit. 

The control-point method of prediction does 
not explain hoa> the waves travel from the trans¬ 
mitter to the receiver. Its justification is that it 
has been found to be a reliable method for pre¬ 
dicting whether or not communication will be 
possible at a given frequency, or for selecting a 
frequency that will give communication between 
any two points. One of its puzzling aspects is 
that the selection of an Frlayer control point 
1250 miles away implies that the wave angle is 
practically zero, or horizontal. On the other 
hand, measurements have shown that the 
amount of radiation from practicable antennas is 
quite small at angles of less than a few degrees, 
in the high-frequency range. 

The vertical angle at which a wave arrives at 
the receiving point in long-distance transmission 
has been found by measurement to vary over a 
considerable range. For example, measurements 
on a path from England to the New Jersey coast 
indicate that on 7 Me. the wave angle of the re¬ 
ceived signal at times is as high as 35 degrees, 
and on 14 Me. is at times as high as 17 degrees. 
For 99 per cent of the time it is below those figures 
on these two frequencies. On the other hand, the 
same measurements showed that for 99 per cent of 
the time the angle was above 10 degrees on 7 Me. 
ami above 6 degrees on 14 Me. For about half the 
time the angle was be¬ 
tween 22 and 35 degrees 
on 7 Me. and between 
11 degrees and 17 de¬ 
grees on 14 Me. Whether 
or not there is exact 
reciprocity between the 
transmitting and receiv¬ 
ing wave angles, these 
figures indicate the im¬ 
portance of keeping the 
wave angle low. They 
also show that the higher 
the frequency the less 
useful the higher wave 
angles become, in trans¬ 
mission over distances. 

In other words, it follows the great circle con¬ 
necting the two points. Because of variations in 
the ionosphere the actual path may vary slightly, 
and shifts of as much as 5 degrees from the true 
great-circle path occur at times. 

There are always two great-circle paths con¬ 
necting two points on the earth’s surface, one 
representing the shortest distance between them 
and the other a path in exactly the opposite 
direction — around the world the other way. 
Most communication is via the “short path.” 
However, “long-path” communication is not 
uncommon, particularly when there is not too 
much difference between the two distances. At 
certain times of the day, when the short path 
would be inoperative, the ionosphere may be able 
to support communication over the long path. 

Occasionally waves arrive from directions that 
seem to bear no visible relationship to the direc¬ 
tion in which the transmitting station lies. While 
there are well-authenticated cases of this, and 
reasonable explanations have been worked out on 
the basis of known behavior of the ionosphere, it 
is probable that the apparent shift in direction 
frequently observed by amateurs is a result of 
“scattering,” described in a later section. It is 
also possible that a combination of the vertical 
angle at which the wave arrives and minor re¬ 
sponses of the antenna system used gives a false 
direction indication. Accurate direction finding 

Fifi. 1-11 —Typical daytime propagation at high frequencies (14 to 28 Mc.). I he 
waves are partially bent in going through the E and Fl layers, but not enough to be 
returned to earth. The actual reflection is from the F2 layer. 

Polarization and Direction of Travel 

Because of the nature of refraction in the iono¬ 
sphere, the polarization of the refracted wave 
usually is shifted from the direction it had on 
leaving the transmitting antenna. Because of 
this, it is not at all necessary to use antennas 
having the same polarization at the receiving and 
transmitting points. At the frequencies for which 
sky waves are useful, most amateurs use hori¬ 
zontal antennas. Depending on the type, such 
antennas may generate either horizontally-or 
elliptically-polarized waves. 

For the most part, a wave follows the most 
direct path between the transmitter and receiver. 

with the sky wave at high frequencies is extremely 
difficult, requiring highly-specialized care in de¬ 
sign and construction of equipment. 

• MISCELLANEOUS FEATURES OF 
SKY-WAVE PROPAGATION 

Although not having any very direct bearing on 
antenna design, there are several aspects of sky-
wave transmission that are of considerable in¬ 
terest from an operating standpoint. The ability 
to recognize and appraise unusual propagation 
effects often will help to explain seeming incon¬ 
sistencies that may wrongly be blamed on faulty 
antenna design. 
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Ionosphere Variations 

The daily and seasonal variations in the ionized 
layers that result from changes in the amount of 
ultraviolet light received from the sun have al¬ 
ready been mentioned. Reference has also been 
made to the 11-year sunspot cycle, which directly 
affects propagation conditions because there is a 
rather direct correlation between sunspot activity 
and ionization. The 11-year figure for the time 
between successive peaks of sunspot activity is 
only an average; any given cycle may vary a few 
years either way. The peak of the present cycle is 
considered to have been reached during the winter 
of 1947-48. This peak was an unusually high one, 
as sunspot activity goes. On occasions the Ft 
m.u.f. rose above 50 Me., a condition which on the 
basis of past sunspot peaks would occur only 
about once in 50 years. The next minimum, when 
the m.u.f. will drop to low values, should occur 
about 1953. At a sunspot minimum, there is a 
period of a year or two when the Ft m.u.f. does 
not get as high as 28 Me. 

A small, but regular, variation in sunspot ac¬ 
tivity occurs over a period of about 28 days. This 
is the time required for the sun to make one rota¬ 
tion on its axis. The consequent rise and fall of 
the m.u.f. makes a noticeable change in transmis¬ 
sion conditions at frequencies from 14 to 28 Me. 

Fading 

Variations in the strength of a received signal 
are classified under the general term fading. 
Long-period variations are to be expected through 
the day, on any given frequency, because the 
absorption changes with the height of the sun. 
In addition, there is the daily variation of the 
m.u.f. ; when the m.u.f. drops below the frequency 
in use the signal will “ fade out. ” 

In addition, the ionization at any part of the 
layer is in a continual state of change; there is 
turbulence in the ionosphere just as there is some 
turbulence in the atmosphere even on quiet days 
when the weather seems stable. The amount of 
absorption is continually varying; waves entering 
the ionosphere at slightly different angles will be 
refracted differently; the polarization is con¬ 
tinually changing with refraction. The wave 
reaching the receiving antenna is usually made 
up of a group of rays each of which has been acted 
on a little differently by the ionosphere. Some¬ 
times the rays are more or less in phase when they 
strike the receiving antenna; at other times some 
of the rays may be out of phase with others. The 
result is a continual variation in signal strength 
that may occur at rates varying from several 
times a second to once every few minutes. 

When transmission conditions are not alike 
for waves of slightly different frequency, the 
sidebands in voice transmission may have a differ¬ 
ent fading pattern than the carrier. This is known 
as selective fading. It causes severe distortion of 

the modulation, especially when the carrier fades 
down while the sidebands do not. The distortion 
is in general worse with frequency modulation 
than with amplitude modulation. Selective fading 
is more serious at the lower frequencies, such as 
4 Me., where the sideband frequencies represent a 
larger percentage of the carrier frequency than 
they do at a frequency such as 28 Me. 

Fading may be entirely different at two receiv¬ 
ing points only a short distance apart. By the use 
of antennas separated by a wavelength or two, 
feeding separate receivers, it is possible to take 
advantage of this to overcome the effects of 
amplitude fading, but not of selective fading. 
Simultaneous use of inputs from antennas of 
differing polarization also will often serve the 
same purpose. Such a receiving arrangement is 
known as a “diversity” system. 

Magnetic Storms 

One of the points omitted from the simplified 
picture of refraction in the ionosphere given 
earlier was the fact that the process is influenced 
by the earth’s magnetic field. When the earth’s 
magnetism is substantially constant the effect on 
refraction also is constant. However, on occa¬ 
sions the earth’s magnetic field becomes disturbed 
— presumably because of some effect of the sun, 
since the disturbances are more frequent during 
peaks of the sunspot cycle — and a magnetic 
stonn is said to be in progress. During magnetic 
storms the ionosphere is likewise disturbed, with 
a consequent effect on wave propagation. 

The effect of a magnetic storm on the lower 
frequencies is to decrease the daytime absorption 
and thus increase the daytime signal strength. At 
night the signal strength is below normal and is 
comparable to the daytime levels. On high fre¬ 
quencies communication frequently becomes 
impossible, as though the refracting layers had 
disappeared. Magnetic storms vary in intensity 
and duration. They may last from one to several 
days. 

Aurora 

During magnetic storms auroral activity be¬ 
comes more pronounced and extends farther from 
the polar regions than is normally the case. Dur¬ 
ing abnormal auroral activity a peculiar form of 
wave propagation is frequently observed, in 
which the auroral curtain acts as a reflector. 
Waves directed toward the polar regions will be 
reflected back and can be used for communica¬ 
tion on frequencies and over distances that 
normally would be skipped over. When this con¬ 
dition obtains it is necessary, when directive 
antennas are used, that both the transmitting 
and receiving antennas be directed toward the 
polar regions rather than along the great-circle 
path between the two stations. 

Auroral propagation is particularly noticeable 
on the 28- and 50-Mc. bands. It is easily identi-
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find by a very rapid “flutter” fading that in effect 
modulates the received signal. On v.h.f. the 
flutter is frequently so pronounced that voice-
modulated signals cannot be understood, even 
though the signals are quite strong. Under these 
conditions only c.w. signals will provide intelligi¬ 
ble communication. 

Sudden Fade-Outs 

For some reason not completely under¬ 
stood, sky-wave transmission occasionally ceases 
abruptly and a radio “black-out” occurs, lasting 
sometimes for a few minutes and sometimes sev¬ 
eral hours. These sudden fade-outs are always as¬ 
sociated with an unusual eruption on the sun, 
and affect oidy the part of the earth illuminated 
by the sun. Although the whole sky-wave spec¬ 
trum may be affected, the more usual case is 
that the lower-frequency part is completely 
blacked out while long-distance propagation 
continues at the high-frequency end above about 
25 Me. 

During one of these sudden fade-outs there is a 
marked decrease in noise level, since much of the 
received noise originates at distant points and 
arrives by way of the ionosphere. The only sig¬ 
nals that can be heard during a true fade-out are 
those from stations within the ground-wave 
range. 

Sporadic-E Layer Refraction 

In addition to the normal variations in ioniza¬ 
tion in the E layer as previously described, there 
are also “patches” of relatively intense ioniza¬ 
tion scattered throughout the layer. These are 
of varying intensity and size, usually are moving, 
and appear and disappear apparently at random. 
They may occur at any time of the day or night, 
and their cause is unknown. 

Sporadic-£ ionization has no critical frequency. 
That is, there is no well-defined frequency at 
which a wave striking the ionized region ceases 
to be returned to earth. Instead, the intensity of 
the returning signal simply drops off as the fre¬ 
quency is raised until eventually it is too weak 
to be usable. 

Sporadic-/? ionization is present all the time, 
although not at all places nor in sufficient in¬ 
tensity to provide regular communication on 
high frequencies, such as 28 and 50 Me., where 
the normal E layer is not operative. However, it 
will often take part in propagation over long dis¬ 
tances at 14 Me. and below, accounting for com¬ 
munication at times and between points where 
the F2 layer alone would not support it. In the 
3.5- and 7-Mc. bands it is more of a factor than is 
generally realized. 

At times the intensity of ionization in a 
sporadic-/? patch is much higher than in the 
normal E layer at its best. When this occurs sky-
wave communication sometimes becomes possi¬ 
ble at frequencies as high as the 50-Mc. band over 

distances as short as 500 miles. Provided the 
patch is situated midway between two stations, 
communication is possible to the limit of one-hop 
/?-layer transmission, or approximately 1250 
miles. There have been a few instances of two-hop 
50-Mc. communication between the east and west 
coasts of the United States, but such instances 
are relatively rare because two sporadic-/? 
“clouds” have to be located at just the right 
spots between the two stations. 

Sporadic-E transmission is more common on 
28 than on 50 Me. because it can be supported by 
a lesser degree of ionization on the lower fre¬ 
quency. In other respects the behavior on the 
two bands is the same, except that when the 
ionization is high enough to permit 50-Mc. com¬ 
munication, the skip distance will be shorter on 
28 Me. than on 50 Me. 

The comparison between 28 Me. and 50 Me. 
can also be carried to the relationship between 14 
Me. and 28 Me.; sporadic-/? is frequently ob¬ 
served on 14 Me. when it is not operative on 
28 Me., but when it is operative on both bands 
the skip distance will be shorter on 14 Me. than 
it is on 28 Me. 

Maximum utilization of sporadic-/? ionization 
at 28 and 50 Me. requires antennas having low-
angle characteristics, because the ionization is 
not intense enough to return high-angle waves to 
earth. 

Scatter Signals 

When a skip zone exists it might be expected, 
from the simplified explanations of propagation 
given earlier, that no signals at all would be heard 
from stations too near to be reached bj- the sky 
wave and too far away for the ground wave to 
be heard. Actually, however, signals from these 
stations usually can be detected. The strength is 
low ami the signal has a “fluttery” or “warbly” 
fade that is very characteristic. The signal results 
from “scattered” radiation that arrives at the 
receiving point from random directions and in 
random phase relationships. 

Scattering may take place in the ionosphere or 
may result from repeated reflections between 
the ionosphere and earth. It may even occur as a 
result of repeated reflections between the two 
ionized layers. The signal heard in the skip zone 
may have traveled thousands of miles, even 
though the transmitter and receiver are sep¬ 
arated by less than 100 miles. One possibility, for 
example, is that some of the wave energy is re¬ 
flected back toward the transmitter when it 
strikes the earth after its first hop, a condition 
that is easily possible because the earth’s surface 
is not perfectly smooth. 

Scattered reflections often will permit com¬ 
munication to be maintained for periods after the 
normal type of transmission would be expected to 
die out because of decreasing maximum usable 
frequency. 
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Meteor Trails 

Meteorites entering the upper atmosphere 
travel at such high speed that a large amount of 
energy is released when the meteorite is slowed 
down by friction with the air. Part of this is used 
in ionizing the atmosphere along the path fol¬ 
lowed by the meteorite. Even a very small 
meteorite can ionize a region 50 or more feet in 
diameter and a mile or so long. Such a region is 
large enough to refract the shorter wavelengths 
back to earth. The ions quickly recombine, 
however, so the effect of a meteor usually lasts 
only a short time — from a fraction of a second 
to a few seconds, in the average case. It is long 
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enough, though, to produce a “burst” of signal 
from stations not normally heard, or heard only 
weakly by scattered propagation. 

Bursts caused by meteorites can be observed 
at amateur frequencies from 14 Me. through 50 
Me. During meteor showers the bursts are so 
frequent that it is sometimes possible to carry 
on continuous communication on 28 and 50 Me. 
by that means. Just as in the case of sporadic-E 
patches, the ionized meteorite trail must be mid¬ 
way between two stations if a burst is to be heard, 
and the two stations must be separated by enough 
distance so that the wave angle will be low enough 
to be refracted. 



CHAPTER 2 

Antenna 
F undamentals 

An antenna is an electric circuit of a special 
kind. In the ordinary type of circuit the dimen¬ 
sions of coils, condensers and connections usu¬ 
ally are small compared with the wavelength 
that corresponds to the frequency in use. When 
this is the case most of the electromagnetic energy 
stays in the circuit itself and either is used up in 
performing useful work or is converted into heat. 
But when the dimensions of wiring or compo¬ 
nents become appreciable compared with the 
wavelength some of the energy escapes by radia¬ 
tion in the form of electromagnetic waves. When 
the circuit is intentionally designed so that the 
major portion of the energy is radiated, we have 
an antenna. 

Usually, the antenna is a straight section of 
conductor, or a combination of such conductors. 
Very frequently the conductor is a wire, al¬ 
though rods and tubing also are used. In this 
chapter we shall use the term “wire” to mean 
any type of conductor having a cross section 
that is small compared with its length. 

The strength of the electromagnetic field 
radiated from a section of wire carrying radio¬ 
frequency current depends on the length of the 
wire and the amount of current [lowing. Other 
things being equal, the field strength will be 
directly proportional to the current. It is there¬ 
fore desirable to make the current as large as 
possible, considering the power available. In 
any circuit that contains both resistance and re¬ 
actance, the largest current will flow (for a given 
amount of power) when the reactance is “tuned 
out” — in other words, when the circuit is made 
resonant at the operating frequency. So it is with 
the common type of antenna; the current in it 
will be largest, and the radiation therefore great¬ 
est, when the antenna is resonant. 

In an ordinary circuit the inductance is usu¬ 
ally concentrated in a coil, the capacitance in 
a condenser, and the resistance is principally 
concentrated in resistors, although some may 
be distributed around the circuit wiring and 
coil conductors. Such circuits are said to have 
lumped constants. In an antenna, on the other 
hand, the inductance, capacitance and resistance 

are distributed along the wire. Such a circuit is 
said to have distributed constants. Circuits with 
distributed constants are so frequently straight-
line conductors that they are customarily called 
linear circuits. 

• RESONANCE IN 
LINEAR CIRCUITS 

The shortest length of wire that will resonate 
to a given frequency is one just long enough to 
permit an eleetric charge to travel from one end 
to the other and then back again in the time of 
one r.f. cycle. If the speed at which the charge 
travels is equal to the velocity of light, 300,000,-
000 meters per second, the distance it will cover 
in one cycle will be equal to this velocity divided 
by the frequency in cycles per second, or 

300.000,000 

in which X is the wavelength in meters. Since the 
charge traverses the wire twice, the length of wire 
needed to permit the charge to travel a distance X 
in one cycle is X/2, or one-half wavelength. There¬ 
fore the shortest resonant wire will be a half wave¬ 
length long. 

The reason for this length can be made clear by 
a simple example. Imagine a trough with barriers 
at each end. If an elastic ball is started along the 
trough from one end, it will strike the far barrier, 
bounce back, travel along to the near barrier, 
bounce again, and continue until the energy im¬ 
parted to it originally is all dissipated. If, how¬ 
ever, whenever it returns to the near barrier it is 
given a new push just as it starts away, its back-
and-forth motion can be kept up indefinitely. 
The impulses, however, must be timed properly; 
in other words, the rate or frequency of the im¬ 
pulses must be adjusted to the length of travel 
and the rate of travel. Or, if the timing of the 
impulses and the speed of the ball are fixed, the 
length of the trough must be adjusted to “fit.” 

In the ease of the antenna, the speed is essen¬ 
tially constant, so we have the alternatives of ad¬ 
justing the frequency to a given length of wire, or 
the length of wire to a given operating frequency. 

25 
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The latter is usually the practical condition. 

By changing the units in the equation just 
given, and dividing by 2, the more useful formula 

I = 192

/ (Me.) 

is obtained. In this case I is the length in feet of a 
half wavelength for a frequency/, given in mega¬ 
cycles, when the wave travels with the velocity 
of light. This formula is the basis upon which 
several significant lengths in antenna work are de¬ 
veloped. It represents the length of a half wave¬ 
length in space, when no factors that modify 
the speed of propagation exist. 

Current and Voltage Distribution 

If the wire in the first illustration had been in¬ 
finitely long the charge (voltage) and the current 
(an electric current is simply a charge in motion) 
would both slowly decrease in amplitude with 
distance from the source. The slow decrease 
would result from dissipation of energy in the 
form of radio waves and in heating the wire be¬ 
cause of its resistance. However, when the wire is 
short the charge is reflected when it reaches the 
far end, just as the ball bounced back from the 
barrier. With radio-frequency excitation of a 
half-wave antenna, there is of course not just a 
single charge but a continuous supply of energy, 
varying in voltage according to a sine-wave cycle. 

I'ifi. 2-1 — Current and voltage distribution on a half« 
wave wire. In this conventional representation the 
distance at any point (X, for instance) from the wire, 
represented by the heavy line, to the curve gives the 
relative intensity of current or voltage at that point. 
Ilir relative direction of current flow (or polarity of 
voltage) is indicated by drawing the curve either al>ove 
or below the line that represents the antenna. The curve 
above, for example, shows that the instantaneous po¬ 
larity of the voltage in one half of the antenna is op¬ 
posite to that in the other half. 

We might consider this as a series of charges, each 
of slightly different amplitude than the preceding 
one. When a charge reaches the end of the an¬ 
tenna and is reflected, the direction of current 
flow reverses, since the charge is now traveling 
in the opposite direction. However, the next 
charge is just reaching the end of the antenna, so 
we have two currents of practically the same 
amplitude flowing in opposite directions. The re¬ 
sultant current at the end of the antenna there¬ 
fore is zero. As we move farther back from the 
end of the antenna the magnitudes of the out¬ 
going and returning currents are no longer the 
same because the charges causing them have been 

supplied to the antenna at different parts of the 
r.f. cycle. There is less cancellation, therefore, 
and a measurable current exists. The greatest 
difference — that is, the largest resultant current 
— will be found to exist a quarter wavelength 
away from the end of the antenna. As we move 
back still farther from this point the current will 
decrease until, a half wavelength away from the 
end of the antenna, it will reach zero again. Thus 
in a half-wave antenna the current is zero at the 
ends and maximum at the center. 

This current distribution along a half-wave 
wire is shown in Eig. 2-1. The distance measured 
vertically from the antenna wire to the curve 
marked “current,” at any point along the wire, 
represents the relative amplitude of the current 
as measured by an ammeter at that point. 
This is called a standing wave of current. The 
instantaneous value of current at any point 
varies sinusoidally at the applied frequency, but 
its amplitude is different at every point along the 
wire as shown by the curve. The standing-wave 
curve itself has the shape of a half sine wave, at 
least to a good approximation. 

The voltage along the wire will behave differ¬ 
ently; it is obviously greatest at the end since at 
this point we have two practically equal charges 
adding. As we move back along the wire, how¬ 
ever, the outgoing and returning charges are not 
equal and their sum is smaller. At the quarter¬ 
wave point the returning charge is of equal mag¬ 
nitude but of opposite sign to the outgoing 
charge, since at this time the polarity of the 
voltage wave from the source has reversed (one-
half cycle). The two voltages therefore cancel 
each other and the resultant voltage is zero. 
Beyond the quarter-wave point, away from the 
end of the wire, the voltage again increases, but 
this time with the opposite polarity. 

It will be observed, therefore, that the voltage 
is maximum at every point where the current is 
minimum, and vice versa. The polarity of the 
current or voltage reverses every half wavelength 
along the wire, but the reversals do not occur at 
the same points for both current and voltage; the 
respective reversals occur, in fact, at points a 
quarter wave apart. 

A maximum point on a standing wave is called 
a loop (or antinode); a minimum point is called a 
node. 

Harmonic Operation 

If there is reflection from the end of a wire, 
the number of standing waves on the wire will be 
equal to the length of the wire divided by a half 
wavelength. Thus, if the wire is two half waves 
long there will be two standing waves; if three 
half waves long, three standing waves, and so on. 
These longer wires, each multiples of a half wave 
in length, also will be resonant, therefore, to the 
same frequency as the single half-wave wire. 
When an antenna is two or more half waves in 
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length at the operating frequency it is said to be 
harmonically resonant, or to operate at a har¬ 
monic. The number of the harmonic is the num¬ 
ber of standing waves on the wire. For example, a 
wire two half-waves long is said to be operating on 
its second harmonic; one three half-waves long on 
its third harmonic, and so on. 

Fig. 2-2 — Harmonic operation of a long wire. 1 he 
wire is long enough to contain several half waves, 'the 
current and voltage curves cross the heavy line repre¬ 
senting the wire to indicate that there is a reversal 
in the direction of the current, and a reversal in the 
polarity of the voltage, at intervals of a half wavelength. 
The reversals of current and voltage do not coincide, 
hut occur at points a quarter wavelength apart. 

Harmonic operation is often utilized in antenna 
work because it permits operating the same 
antenna on several harmonically-related amateur 
bands. It is also an important principle in the 
operation of certain types of directive antennas. 

Electrical Length 

The electrical length of a linear circuit such as 
an antenna wire is not necessarily the same as its 
physical length in wavelengths or fractions of a 
wavelength. Rather, the electrical length is meas¬ 
ured by the time taken for the completion of a 
specified phenomenon. 

For instance, we might imagine two linear cir¬ 
cuits having such different characteristics that 
the speed at which a charge travels is not the 
same in both. Suppose we wish to make both cir¬ 
cuits resonant to the same frequency, and for that 
purpose adjust the physical length of each until a 
charge started at one end travels to the far end, 
is reflected and completes its return journey to 
the near end in exactly the time of one r.f. cycle. 
Then it will be found that the physical length of 
the circuit with the lower velocity of propagation 
is shorter than the physical length of the other. 
The electrical lengths, however, are identical, 
each being a half-wavelength. 

In alternating-current circuits the instantane¬ 
ous values of current or voltage are determined by 
t he instant during the cycle at which the measure¬ 
ment is made (assuming, of course, that such a 
measurement could be made rapidly enough). If 
the current and voltage follow a sine curve 
which is the usual case — the time, for any in¬ 
stantaneous value, can be specified in terms of an 
angle. The sine of the angle gives the instantane¬ 
ous value when multiplied by the peak value of 
the current or voltage. A complete sine curve 
occupies the 360 degrees of a circle and represents 
one cycle of a.c. current or voltage. Thus a half 

cycle is equal to 180 degrees, a quarter cycle to 90 
degrees, and so on. 

It is often convenient to use this same form of 
representation for linear circuits. When the elec¬ 
trical length of such a circuit is such that a charge, 
traveling in one direction, takes the time of one 
cycle to traverse it, the length of the circuit is said 
to be 360 degrees. This corresponds to one wave¬ 
length. On a wire a half-wave in electrical length 
the charge completes a one-way journey in one-
half cycle, and its length is said to be 180 degrees. 
The angular method of measurement is quite use¬ 
ful for lengths that are not easily-remembered 
fractions or simple multiples of such fractions. 
A chart for converting fractions of a wavelength 
to degrees is given in Fig. 2-3. 

Velocity of Propagation 

The speed or velocity at which electromagnetic 
waves travel through a medium depends upon the 
dielectric constant of the medium. At radio fre¬ 
quencies the dielectric constant of air is prac¬ 
tically unity, so the waves travel at essentially 
the same velocity as light in a vacuum. This is 
also the velocity of the charge traveling along a 
wire. 

If the dielectric constant is greater than 1, the 
velocity of propagation is lowered. Thus the 
introduction, in appreciable quantity, of insulat¬ 
ing material having a dielectric constant greater 
than 1 will cause the wave to slow down. This 
effect is frequently encountered in practice in 
connection with both antennas and transmission 
lines. It causes the electrical length of the line or 
antenna to be somewhat greater than the actual 
physical length. 

Length of a "Half-Wave” Antenna 

Even if the antenna could be supported by 
insulators that did not cause the electromagnetic 
fields traveling along the wire to slow down, the 

Fig. 2-3 — Chart for converting electrical degrees to 
fractions of a wavelength. 
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physical length of a practical antenna always is 
somewhat less than its electrical length. That is, a 
“half-wave” antenna is not one having the same 
length as a half wavelength in space. It is one 
having an electrical length equal to 180 degrees. 
Or, to put it another wray, it is one whose length 
has been adjusted to “tune out” any reactance, 
so it is a resonant antenna. 

The antenna length required to resonate at a 
given frequency (independently of any dielectric 
effects) depends on the ratio of the length of the 
conductor to its diameter. The smaller this ratio, 
the shorter the antenna for a given electrical 
length. This effect is shown in Fig. 2-4 as a factor 
(A') by which a free-space half wavelength must 
be multiplied to find the resonant length, as a 
function of the length/diameter ratio. If the an¬ 
tenna conductor could be infinitely small in 
diameter, K would equal 1 and the antenna 
length would be equal to a free-space half wave-

Fig. 2-4 — The solid curve shows the factor, A, by 
which the length of a half wave in free space should be 
multiplied to obtain the physical length of a resonant 
half-wave antenna having the length/diameter ratio 
shown along the horizontal axis. The broken curve 
shows how the radiation resistance of a half-wave an¬ 
tenna varies with the length/diameter ratio. 

length. A length/diameter ratio of 10,000 is 
roughly average for wire antennas (actually, it is 
approximately the ratio for a 7-Mc. half-wave 
antenna made of No. 12 wire). In this region K 
changes rather slowly and a half-wave antenna 
made of wire is about 2 per cent shorter than a 
half wavelength in space. 

The shortening effect is most pronounced when 
the length/diameter ratio is 100 or less. An an¬ 
tenna constructed of 1-inch diaméter tubing for 
use on 144 Me., for example, would have a 
length/diameter ratio of about 40 and would 
be almost 5 per cent shorter than a free-space 
half wavelength. 

If the antenna is made of rod or tubing and is 
not supported near the ends by insulators, the 
following formula will give the required physical 
length of a half-W’ave antenna to a close enough 
approximation: 

. „ .. .. 492 X A 
length (feet) = -

/(Me.) 
or 

Length (inches) = 390,3 X A
/ (Me.) 

where A' is taken from Fig. 2-4 for the particular 
length/diameter ratio of the conductor used. 

End Effect 

If the formulas of the preceding section are 
used to determine the length of a wire antenna, 
the antenna will resonate at a somewhat lower 
frequency than is desired. The reason for this is 
that there is an additional “loading” effect 
caused by the insulators that must be used at the 
ends of the wire for suspending it. These insula¬ 
tors and the wire loop that ties the insulator to 
the antenna add a small amount of capacitance 
to the system. This capacitance helps to tune the 
antenna to a slightly low'er frequency, in much 
the same way that additional capacitance in any 
tuned circuit will lower the resonant frequency. 
In an antenna it is called end effect. 

End effect increases with frequency and varies 
slightly with different installations. However, at 
frequencies up to 30 Me. (the frequency range 
over which wire antennas are most likely to be 
used) experience show’s that the length of a half¬ 
wave antenna is about 5 per cent less than the 
length of a half wave in space. As an average, 
then, the physical length of a resonant half-W'ave 
antenna may be taken to be 

or 

, - 492 X 0.95 I (feet) = -
/ (Me.) 

I (feet) = 
468 

/ (Me.) 

This formula is sufficiently accurate, for all 
practical purposes, for finding the physical length 
of a half-W'ave antenna for a given frequency, but 
does not apply to antennas longer than a half 
wave in length. 

The current at the ends of the antenna does not 
quite reach zero because of the end effect, as there 
is some current flowing into the end capacitance. 

• ANTENNA IMPEDANCE 

In the simplified description given earlier of 
voltage and current distribution along an an¬ 
tenna it was stated that the voltage was zero at 
the center of a half-W'ave antenna (or at any 
current loop along a longer antenna). It is more 
accurate to say that the voltage reaches a mini¬ 
mum rather than zero. Zero voltage with a finite 
value of current would imply that the circuit is 
entirely without resistance. It would also imply 
that no energy is radiated by the antenna, since a 
circuit without resistance would take no real 
power from the driving source. 
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Actually, of course, an antenna, like any other 

circuit, consumes power. The current that flows 
in it therefore must be supplied at a finite value 
of voltage. The impedance of the antenna is 
simply equal to the voltage applied to its term¬ 
inals divided by the current flowing into those 
terminals. If the current and voltage are exactly 
in phase the impedance is purely resistive. This 
is the case when the antenna is resonant. If the 
antenna is not exactly resonant the current will 
be somewhat out of phase with the applied volt¬ 
age and the antenna shows reactance along with 
resistance. 
Most amateur transmitting antennas are 

operated at or quite close to resonance so that 
reactive effects are in general comparatively 
small. They are nevertheless present, and must be 
taken into account, whenever an antenna is oper¬ 
ated at other than the exact frequency for which 
it is designed. 

In the following discussion it is assumed that 
power is applied to the antenna by opening the 
conductor at the center and applying the driving 
voltage across the gap. This is shown in Fig. 2-5. 
While it is possible to supply power to the an¬ 
tenna by other methods, the selection of different 
driving points leads to different values of imped¬ 
ance; this can be appreciated after study of 
Fig. 2-1, which shows that the ratio of voltage to 
current (which is, by definition, the impedance) 
is different at every point along the antenna. To 
avoid confusion, therefore, it is desirable to use 
the conditions at the center of the antenna as a 
basis. 

The Antenna as a Circuit 

If the frequency applied at the center of a half¬ 
wave antenna is varied above and below the 
resonant frequency, the antenna will exhibit 
much the same characteristics as a conventional 
series-resonant circuit. Exactly at resonance the 
current at the input terminals will be in phase 
with the applied voltage. If the frequency is on 
the low side of resonance the phase of the current 
will lead the voltage; that is, the reactance of the 
antenna is capacitive. When the frequency is on 
the high side of resonance the opposite occurs; 
the current lags the applied voltage and the an¬ 
tenna exhibits inductive reactance. 

It is not hard to see why this is so. Consider the 
antennas shown in Fig. 2-6, one resonant, one too 
long for the applied frequency, and one too short. 

--/--
g 

Power Source 

A in. 2-5 — The center-fed antenna discussed in the text. 
It is assumed that the leads from the source of power to 
the antenna have zero length. 

Fig. 2-6 — Current flow in resonant and off-resonant 
antennas. The initial current flow, B, caused by the 
source of power, is in phase with the applied voltage, A. 
This is the outgoing current discussed in the text. The 
reflected current, C, combines with the outgoing current 
to form the resultant current, D, at the input terminals 
of the antenna. 

In each case the applied voltage is shown at A, 
and also in each case the instantaneous current 
going into the antenna because of the applied 
voltage is shown at B. Note that this current is 
always in phase with the applied voltage, regard¬ 
less of the antenna length. For the sake of sim¬ 
plicity only the current flowing in one leg of the 
antenna is considered; conditions in the other leg 
are similar. 

In the case of the resonant antenna, the current 
travels out to the end and back to the driving 
point in one-half cycle, since one leg of the an¬ 
tenna is 90 degrees long and the total path out 
and back is therefore 180 degrees. This would 
make the phase of the reflected component of 
current differ from that of the outgoing current 
by 180 degrees, since the latter current has gone 
through a half cycle in the meantime. However, it 
will be remembered that there is a phase shift of 
180 degrees at the end of the antenna, because 
the direction of current reverses at the end. The 
total phase shift between the outgoing and re¬ 
flected currents, therefore, is 360 degrees. In 
other words, the reflected component arrives at 
the driving point exactly in phase with the out¬ 
going component. The reflected component, 
shown at C, adds to the outgoing component to 
form the resultant or total current at the driving 
point. The resultant current is shown at D, and in 
the case of the resonant antenna it is easily seen 
that the resultant is exactly in phase with the 
applied voltage. This being the case, the load 
seen by the source of power is a pure resistance. 

Now consider the antenna that is too short to 
be resonant. The outgoing component of current 
is still in phase with the applied voltage, as shown 
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at B. The reflected component, however, gets 
back to the driving point too soon, because it 
travels over a path less than 180 degrees, out and 
back. This means that the maximum value of the 
reflected component occurs at the driving point 
ahead of (in time) the maximum value of the 
outgoing component, since that particular charge 
took less than a half cycle to get back. Including 
the 180-degree reversal at the end of the antenna, 
the total phase shift is therefore less than 360 
degrees. This is shown at C, and the resultant 
current is the combination of the outgoing and 
reflected components as given at D. It can be 
seen that the resultant current leads the applied 
voltage, so the antenna looks like a resistance in 
series with a capacitance. The shorter the an¬ 
tenna the greater the phase shift between voltage 
and current; that is, the capacitive reactance 
increases as the antenna is shortened. 

When the antenna is too long for the applied 
frequency the reflected component of current 
arrives too late to be exactly in phase with the 
outgoing component, because it must travel over 
a path more than 180 degrees long. The maximum 
value of the reflected component therefore occurs 
later (in time) than the maximum value of the 
outgoing component, as shown at C. The result¬ 
ant current at the antenna input terminals there¬ 
fore lags behind the applied voltage. The phase 
lag increases as the antenna is made longer. That 
is, an antenna that is too long shows inductive 
reactance along with resistance, and this react¬ 
ance increases with an increase in antenna length 
over the length required for resonance. 

If the antenna length is increased to 180 de¬ 
grees on each leg the path length for the reflected 
component becomes 360 degrees. This, plus the 
180-degree reversal at the end, makes the total 
phase shift 540 degrees, which is the same as a 
180-degree shift. In this case the reflected current 
arrives at the input terminals exactly out of 
phase with the outgoing component, so the result¬ 
ant current is very small. The resultant is in 
phase with the applied voltage, so the antenna 
impedance is again purely resistive. The resist¬ 
ance under these conditions is very high, and the 
antenna has the characteristics of a parallel-
resonant circuit. A voltage loop, instead of a cur¬ 
rent loop, appears at the input terminals when 
each leg of the antenna is 180 degrees long. 

The amplitude of the reflected component is 
less than that of the component of current going 
into the antenna. This is the result of energy loss 
by radiation as the current travels along the wire. 
It is perhaps easier to understand if, instead, of 
thinking of the electromagnetic fields as being 
brought into being by the current flow, we adopt 
the more fundamental viewpoint that current 
flow along a conductor is caused by a moving electro¬ 
magnetic field. When some of the energy escapes 
from the system because the field travels out into 
space, it is not hard to understand why the cur¬ 

rent becomes less the farther it travels. There is 
simply less energy left to cause it. The difference 
between the outgoing- and reflected-current am¬ 
plitudes accounts for the fact that the current 
does not go to zero at a voltage loop, and a similar 
difference between the applied- and reflected-
voltage components explains why the voltage 
does not go to zero at a current loop. 

Resistance 

The energy supplied to an antenna is dissipated 
in the form of radio waves and in heat losses in 
the wire and near-by dielectrics. The radiated 
energy is the useful part, but so far as the an¬ 
tenna is concerned it represents a loss just as 
much as the energy lost in heating the wire is a 
loss. In either case the dissipated power is equal to 
PR: in the case of heat losses, the R is a real re¬ 
sistance, but in the case of radiation R is an as¬ 
sumed resistance, which, if present, would dissipate 
the power that actually disappears by radiation. 
This fictitious resistance is called the radiation 
resistance. The total power loss in the antenna is 
therefore equal to l2(Ro + R), where Ro is the 
radiation resistance and R the real resistance, or 
ohmic resistance. 

In the ordinary half-wave antenna operated at 
amateur frequencies the power lost as heat in the 
conductor does not exceed a few per cent of the 
total power supplied to the antenna. This is be¬ 
cause the r.f. resistance of copper wire even as 
small as No. 14 is very low compared with the 
radiation resistance of an antenna that is reason¬ 
ably clear of surrounding objects and is not too 
close to the ground. Therefore it can be assumed 
that the ohmic loss in a reasonably well-located 
antenna is negligible, and that all of the resist¬ 
ance shown by the antenna is radiation resist¬ 
ance. As a radiator of electromagnetic waves 
such an antenna is a highly-efficient device. 

The value of radiation resistance, as measured 
at the center of a half-wave antenna, depends on 
a number of factors. One is the location ot the 
antenna with respect to other objects, particu¬ 
larly the earth. Another is the length/diameter 
ratio of the conductor used. In “free space” — 
with the antenna remote from everything else 
the radiation resistance of a resonant antenna 
made of an infinitely-thin conductor is approxi¬ 
mately 73 ohms. While there is no such thing as 
having an antenna in free space, it is a convenient 
basis for calculation because the modifying effect 
of the ground can be taken into account sepa¬ 
rately. If the antenna is at least several wave¬ 
lengths away from ground and other objects, it 
can be considered to be in free space for all prac¬ 
tical purposes. This condition can be met with 
antennas in the v.h.f. and u.h.f. range. 

The way in which the free-space radiation 
resistance varies with the length/diameter ratio 
of a half-wave antenna is shown by the broken 
curve in Fig. 2-4. As the antenna is made thicker 
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the radiation resistance decreases. For most wire 
antennas it is close to 65 ohms. It will usually lie 
between 55 and 60 ohms for antennas con¬ 
structed of rod or tubing. 

The actual value of the radiation resistance — 
at least so long as it is 50 ohms or more — has no 
appreciable effect on the radiation efficiency of 
the antenna. This is because the ohmic resistance 
is only of the order of 1 ohm with the conductors 
used for thick antennas. The ohmic resistance 
does not become important until the radiation 
resistance drops to very low values — say less 
t han 10 ohms — as may be the case when several 
antennas are coupled together. 

Rig- 2-1 — Resistance and reactance at input terminals 
of a center-fed antenna as a function of its length near 
a half wavelength. As shown by curves A, B and C, 
the reactance is affected more by the length/diameter 
ratio of the conductor than is the radiation resistance. 

The radiation resistance of a resonant antenna 
is the “load” for the transmitter or for the r.f. 
transmission line connecting the transmitter and 
antenna. Its value is important, therefore, in 
determining the way in which the antenna and 
transmitter or line are coupled together. The 
power must be supplied at the right voltage if the 
system as a whole is to be efficient. 

The resistance of an antenna varies witti its 
length as well as with the ratio of its length to its 
diameter. When the antenna is approximately a 
half wave long, the resistance changes rather 
slowly with length. This is shown by the curves 
of Fig. 2-7, where the change in resistance as the 
length is varied a few per cent on either side of 
resonance is shown by the broken curves. The 
resistance decreases somewhat when the antenna 
is slightly short, and increases when it is slightly 
long. These curves also illustrate the effect of 
changing the frequency applied to an antenna of 
fixed length, since increasing the frequency above 
resonance is the same thing as having an antenna 
that is too long, and vice versa. 

The range covered by the curves in Fig. 2-7 is 
representative of the frequency range over which 
a fixed antenna is operated between the limits of 
an amateur band. At greater departures from the 
resonant length the resistance continues to de¬ 
crease about uniformly as the antenna is short¬ 

ened, but tends to increase rapidly as the antenna 
is made longer. The resistance increases very 
rapidly when the length of a leg exceeds about 
135 degrees, or about % wavelength, and reaches 
a maximum when the length of one side is 180 
degrees. This is considered in more detail in a 
later chapter. 

Reactance 
I he rate at which the reactance of the antenna 

increases as the length is varied from resonance 
depends on the length/diameter ratio of the 
conductor. The thicker the conductor the smaller 
the reactance change for a given change in length. 
1'his is shown by the reactance curves in Fig. 2-7. 
Curves for three values of length /diameter ratio 
are shown; L represents the length of a half 
wave in space, approximately, and D is the di¬ 
ameter of the conductor in the same units as the 
length. The point where each curve crosses the 
zero axis (indicated by an arrow in each case) 
is the length at which an antenna of that par¬ 
ticular length/diameter ratio is resonant. The 
effect of L/D on the resonant length also is il¬ 
lustrated by these curves: the smaller the ratio, 
the shorter the length at which the reactance is 
zero. 

It will be observed that the reactance changes 
about twice as rapidly in the antenna with the 
smallest diameter (A) as it does in the antenna 
with the largest diameter (C). With still larger 
diameters the rate at which the reactance changes 
would be even smaller. As a practical matter it is 
advantageous to keep the reactance change with 
a given change in length as small as possible. 
1 his means that the reactance is comparatively 
low, when the antenna is operated over a small 
band of frequencies centered on its resonant 
frequency, and that the impedance change with 
frequency is small. This simplifies the problem of 
supplying power to the antenna when it must be 
worked at frequencies somewhat different from 
its resonant frequency. 

At lengths considerably different from the 
resonant length the reactance changes more 
rapidly than in the curves shown in Fig. 2-7. 
As in the ease of the resistance change, the change 
is most rapid when the length exceeds 135 de¬ 
grees (% wavelength) and approaches 180 degrees 
(Ji wavelength) on a side. In this case the re¬ 
actance is inductive and reaches a maximum at 
a length somewhat less than 180 degrees. Be¬ 
tween this maximum point and 180 degrees of 
electrical length, the reactance decreases very 
rapidly, becoming zero when the length is such 
as to be parallel-resonant. 

Very short antennas have a large capacitive 
reactance. It was pointed out in the preceding 
section that with antennas shorter than 90 de¬ 
grees on a side the r esistance decreases at a fairly 
uniform rate, but this is not true of the reactance. 
It increases rather rapidly when the length 
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of a side is shortened below about 45 degrees. 
The behavior of antennas with different 

length/diameter ratios corresponds with the 
behavior of ordinary resonant circuits having 
different Qs. When the Q of a circuit is low, the 
reactance is small and changes rather slowly as 
the applied frequency is varied on either side of 
the resonant frequency. If the Q is high, the con¬ 
verse is true. The response curve of the low-Q 
circuit is “broad”; that of the high-Q circuit 
“sharp”. So it is with antennas; a thick antenna 
works well over a comparatively wide band of 
frequencies while a thin antenna is rather sharp 
in tuning. The Q of the thick antenna is low; the 
Q of the thin antenna is high, assuming essen¬ 
tially the same value of radiation resistance in 
both cases. 

Coupled Antennas 

A conventional tuned circuit far enough away 
from all other circuits so that no external cou¬ 
pling exists can be likened to an antenna in fiee 
space, in one sense. That is, its characteristics 
are unaffected by its surroundings. It will have 
a Q and resonant impedance determined by the 
inductance, capacitance and resistance of which 
it is composed, and those quantities alone. But 
as soon as it is coupled to another circuit its Q 
and impedance will change, depending on the 
characteristics of the other circuit and the degree 
of coupling. 

A similar situation arises when two or more 
“elementary” antennas — half-wave antennas, 
frequently called half-wave dipoles — are coupled 
together. This coupling takes place merely by 
having the two antennas in proximity to each 
other. The sharpness of resonance and the radia¬ 
tion resistance of each element of the system 
are affected by the mutual interchange of energy 
between the coupled elements. The exact effect 
depends on the degree of coupling (that is, how 
close the antennas are to each other in terms of 
wavelength, and whether the wires are parallel 
or not) and the tuning condition (whether tuned 
to resonance or slightly off resonance) of each 
element. Analysis is extremely difficult and even 
then has to be based on some simplifying as¬ 
sumptions that may not be true in practice. 
Only a few relatively simple cases have been 
analyzed. Such data as are available for even 
moderately complicated systems of coupled an¬ 
tennas are confined to a few types and are based 
on experimental measurements. They are, there¬ 
fore, subject to the inaccuracies that accompany 
any measurements in a field where measurement 
is difficult at best. 

Antenna systems consisting of coupled ele¬ 
ments will be taken up in later chapters. At this 
point it is sufficient to appreciate that the free-
space values that have been discussed in this 
chapter may be modified drastically when more 
than one antenna element is involved in the 

system. It has already been pointed out, also, 
that the presence of the ground, as well as near-by 
conductors or dielectrics, also will modify the 
free-space values. The free-space characteristics 
of the elementary half-wave dipole are only the 
point of departure for a practical antenna system. 
In other words, they give the basis for under¬ 
standing antenna principles but cannot be ap¬ 
plied too literally in the practical case. 

It is of interest to note that the comparison 
between an isolated tuned circuit and an antenna 
in free space is likewise not to be taken too liter¬ 
ally. In one sense the comparison is wholly mis¬ 
leading. The tuned circuit is usually so small, 
physically, in comparison with the wavelength, 
that practically no energy escapes from it by 
radiation. An antenna, to be worthy of the name, 
is always so large in comparison with the wave¬ 
length that practically all the energy supplied 
to it escapes by radiation. Thus the antenna can 
be said to be very tightly coupled to space, while 
the tuned circuit is not coupled to anything. 
This very fundamental difference is one reason 
why antenna systems cannot be analyzed as 
readily, and with as satisfactory results in the 
shape of simple formulas, as ordinary electrical 
circuits. 
• HARMONICALLY-OPERATED 

ANTENNAS 
An antenna operated at a harmonic of its 

fundamental frequency has considerably dif¬ 
ferent properties than the half-wave dipole previ¬ 
ously discussed. It must first be emphasized that 
harmonic operation implies that there is a re¬ 
versal of the direction of current fl»w in alternate 
half-wave sections of the antenna, as shown in 
Fig. 2-2 and again at A in Fig. 2-8. In the latter 
figure, the curve shows the standing wave of 
current intensity along the wire; the curve is 
above the line to indicate current flow in one 
direction (assumed to be to the right, in the direc¬ 
tion of the arrow) and below the line to indicate 
current flow in the opposite direction in the other 
half-wave section. (During the next radio-fre¬ 
quency half cycle the current flow in the left¬ 
hand half-wave section would be toward the left, 
and in the right-hand half-wave section to the 
right; this alternation in direction takes place in 
each succeeding half cycle. However, the direc¬ 
tion of current flow in adjacent half-wave sections 
is at all times opposite.) The antenna in this 
drawing is one wavelength long and is operating 
on its second harmonic. 

Now consider the half-wave antenna shown 
at Fig. 2-8B. It is opened in the center and fed 
by a source of r.f. power through leads that are 
assumed to have zero length. Since one terminal 
of the generator is positive at the same instant 
that the other terminal is negative, current flows 
into one side of the generator while it is flowing 
out at the other terminal. Consequently the cur-
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rent flows in the same direction in both sections 
of the half-wave antenna. It has the amplitude 
distribution shown by the curve over the antenna 
wire. 

If we now increase the length of the wire on 
each side of the generator in Fig. 2-8B to one-
half wavelength, we have the situation shown in 
Fig. 2-8C. At the instant shown, current flows 
into the generator from the left-hand half-wave 
section, and out of the generator into the right¬ 
hand half-wave section. Thus the currents in 
the two sections are in the same direction, just 
as they were in Fig. 2-8B. The current distribu¬ 
tion in this case obviously is not the same as in 
Fig. 2-8A. Although the over-all lengths of the 
antennas shown at A and C is the same, the 
antenna at A is operating on a harmonic but the 
one in C is not. 

For true harmonic operation it is necessary 
that the power be fed into the antenna at the 
proper point. Two methods that result in the 
proper current distribution are shown at D and 
E in Fig. 2-8. If the source of power is connected 
to the antenna at one end, as in D, the direction 
of current flow will be reversed in alternate half-

Fig. 2-8 —How the feed point makes a difference in 
current distribution along the antenna. \\ ith center 
feed, increasing the length of each side of the antenna 
keeps the current flowing in the same direction in the 
two halves, up to the point where each side is a half 
wavelength long. For harmonic operation, the antenna 
must be fed in such a way that the current direction 
reverses in alternate half-wavelength sections. Suitable 
methods are shown at I) and E. 

wave sections. Or if the power is inserted at the 
center of a half-wave section, as in E, there will 
be a similar reversal of current in the next half¬ 
wave section. For harmonic operation, there¬ 
fore, the antenna should be fed either at the end 
or at a current loop. If the feed point is at a cur¬ 
rent node the current distribution will not be that 
expected on a harmonic antenna. 

Length of a Harmonic Wire 

The physical length of a harmonic antenna is 
not exactly the same as its electrical length, for 
the same reasons discussed earlier in connection 
with the half-wave antenna. The physical length 
is somewhat shorter than the length of the same 
number of half waves in space because of the 
length/diameter ratio of the conductor and the 
end effects. Since the latter are appreciable only 
where insulators introduce additional capacitance 
at a high-voltage point along the wire, and since 
a harmonic antenna usually has such insulation 
only at the ends, the end-effect shortening affects 
only the half-wave sections at each end of the 
antenna. It has been found that the following 
formula for the length of a harmonic antenna of 
the usual wire sizes works out very well in prac¬ 
tice: 

. , . 492 ( V-0.05) 
Length (feel) = —-

rreq. (Me.) 

where N is the number of half waves on the 
antenna. 

Because the number of half waves varies with 
the harmonic on which the antenna is operated, 
consideration of this formula as well as that for 
the half-wave antenna (the fundamental fre¬ 
quency) will show that the relationship between 
the fundamental frequency and the harmonics 
of an antenna is not exactly integral. That is, the 
“second-harmonic” frequency to which a given 
length of wire is resonant is not exactly twice 
the fundamental frequency; the “third-har¬ 
monic” resonance is not exactly three times the 
fundamental, and so on. The actual resonant 
frequency on a harmonic always is a little higher 
than the exact multiple of the fundamental. A 
second-harmonic or full-wave antenna, for ex¬ 
ample, must be a little longer than twice the 
length of a half-wave antenna cut for the same 
frequency. 

Impedance of Harmonic Antennas 

A harmonic antenna can be looked upon as 
a series of half-wave sections placed end to end 
(collinear) and supplied with power in such a 
way that the currents in alternate sections are 
out of phase. There is a certain amount of cou¬ 
pling between adjacent half-wave sections. Be¬ 
cause of this coupling the impedance as measured 
at a current loop in a half-wave section is not the 
same as the impedance at the center of a half¬ 
wave antenna. 
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Just as in the case of a half-wave antenna, the 

impedance consists of two main components, 
radiation resistance and reactance. The ohmic or 
loss resistance is low enough to be ignored in the 
practical case. If the antenna is exactly resonant 
there will be no reactance at the input terminals 
and the impedance consists only of the radiation 
resistance. The value of the radiation resistance 
depends on the number of half waves on the 
wire and, as in the case of the half-wave antenna, 
is modified by the presence of near-by conductors 
and dielectrics, particularly the earth. As a point 
of departure, however, it is of interest to know 
the order of magnitude of the radiation resistance 
of a theoretical harmonic antenna consisting of 
an infinitely-thin conductor in free space, with 
its length adjusted to exact harmonic resonance. 
The radiation resistance of such an antenna 
having a length of one wavelength is approxi-

»WWW 
Fig. 2-9— The percentage frequency change from 
one high-order harmonic to the next (for example, be¬ 
tween the 10th and 11th harmonics shown at C and H) 
is much smaller than between the fundamental and 
second harmonic (A and B). This makes impedance 
variations more rapid as the wire becomes longer in 
terms of wavelength. 

mately 90 ohms, and as the antenna length is 
increased the resistance also increases. At ten 
wavelengths it is approximately 160 ohms, for 
example. The way in which the radiation resist¬ 
ance of a theoretical harmonic wire varies with 
length is shown by curve A in Fig. 2-23, page 44. 
It is to be understood that the radiation resist¬ 
ance always is measured at a current loop. 

When the antenna is operated at a frequency 
slightly off its exact resonant frequency, react¬ 
ance as well as resistance will appear at its input 
terminals. In a general way, the reactance varies 
with applied frequency in much the same fashion 
as in the case of the half-wave antenna already 
described. However, the reactance varies at 
a more rapid rate as the applied frequency is 
varied; on a harmonic antenna a given percent¬ 
age change in applied frequency causes a greater 
change in the phase of the reflected current as 
related to the outgoing current than is the case 
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with a half-wave antenna. This is because, in 
traveling the greater length of wire in a harmonic 
antenna, the reflected current gains the same 
amount of time in each half-wave section, if the 
antenna is too short for resonance, and these 
gains add up as the current travels back to the 
driving point. When the antenna is too long, the 
reverse occurs and the reflected current progres¬ 
sively drops behind in phase as it travels back to 
the point at which the voltage is applied. This 
effect, obviously, increases with the length of 
the antenna, and the change of phase can be 
quite rapid when the frequency applied to an 
antenna operated on a high-order harmonic is 
varied. . . . „ -, 

Another way of looking at it is this: Consider 
the antenna of Fig. 2-9A, driven at the end by 
a source of power having a frequency f. When f 
is equal to the fundamental resonant frequency 
of the antenna there is one half wavelength on 
the wire, with the current distribution as shown. 
At this frequency the antenna is exactly resonant 
and it appears as a pure resistance to the source 
of power. 

If the frequency is now increased slightly the 
antenna will be too long and the resultant cur¬ 
rent at the input terminals will lag behind the 
applied voltage (as explained by Fig. 2-6) and 
the antenna will have inductive reactance along 
with resistance. As we continue to raise the fre¬ 
quency the value of reactance increases to a max¬ 
imum and then decreases, reaching zero when 
the frequency is such that the wire is an odd 
number of quarter wavelengths long. On further 
increasing the frequency the reactance becomes 
capacitive, increases to a maximum and then 
decreases to zero again. At this second zero¬ 
reactance point there are two complete standing 
waves of current (two half waves or one wave¬ 
length) and the wire is exactly resonant on its 
second harmonic. This last condition is shown 
in Fig. 2-9B; the frequency is now 2/, twice the 
original figure. In varying the frequency from f 
to 2f the resistance seen by the source of power 
also varies, decreasing as the frequency is raised 
above f and reaching a minimum when the wire 
is an odd number of quarter wavelengths long, 
then rising again with increasing frequency until 
it reaches a new maximum when the frequency 
is 2/. 

This behavior of reactance and resistance is 
shown in Fig. 2-10. A similar change in reactance 
and resistance occurs when the frequency is 
moved from any harmonic to the next adjacent 
one, as well as between the fundamental and 
second harmonic shown in the drawing. That is, 
the impedance goes through a cycle, starting 
with a high value of pure resistance, then be¬ 
coming inductive and decreasing, passing through 
a low value of pure resistance, and then becoming 
capacitive and increasing until it again reaches 
a high value of pure resistance. This cycle occurs 
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as the frequency is continuously varied from any 
harmonic to the next higher one. 

Looking now at Fig. 2-9C, the frequency has 
been increased to 10/, ten times its original 
value, so the antenna is operated on its tenth 
harmonic. Raising the frequency to 11/, the 
eleventh harmonic, causes the impedance of the 
antenna to go through the complete cycle de¬ 
scribed above. But 11/ is only 10% higher than 
10/, so a 10% change in frequency has caused 
a complete impedance cycle. In contrast, chang¬ 
ing from/ to 2/ is a 100% increase in frequency — 
for the same impedance cycle. The impedance 
changes ten times as fast when the frequency is 
varied about the 10th harmonic as it does when 
the frequency is varied the same percentage 
about the fundamental. 

To offset this, the actual impedance change — 
that is, the ratio of the maximum to the mini¬ 
mum impedance through the impedance cycle — 
is not as great at the higher harmonics as it is 
near the fundamental. This is because the radia¬ 
tion resistance increases with the order of the 
harmonic, raising the minimum point on the 
resistance curve and also lowering the maximum 
point. In practice, also, the reflected current 
returning to the input end of a long harmonic wire 
is not as great as the outgoing current because 
energy has been lost by radiation; this is not 
taken into account in the theoretical pictures of 
current distribution so far discussed. 

The over-all result, then, is that the magnitude 
of the impedance variations becomes less as the 
wire is operated at increasingly higher harmonics. 
Nevertheless, the impedance is maximum at each 
adjacent harmonic and minimum halfway be¬ 
tween, independently of the actual values of 
impedance. 

Hi- 2’10 — This drawing shows qualitatively the way 
in which the reactance and resistance of an end-fed 
antenna vary as the frequency is increased from the 
fundamental (/) to the second harmonic (2/). Actual 
values of resistance and reactance and the frequencies 
at which the reactances are maximum will depend on the 
size of the conductor and the height of the antenna 
above ground. 

• OTHER ANTENNA PROPERTIES 

Polariza tian 

The polarization of a half-wave dipole is the 
same as the direction of its axis. That is, at dis¬ 
tances far enough from the antenna for the 
waves to be considered as plane waves (see Chap¬ 
ter One) the direction of the electric component 
of the field is the same as the direction of the an-

VERTICAL HORIZONTAL 
POLARIZATION POLARIZATION 

, J Dipole 
1 X c> »-* 

' Direction of f 
Electric Field ' 

EARTH 

Fig. 2-11 — Vertical and horizontal polarization of 
a dipole. I he direction of polarization is the direction 
of the electric field with respect to earth. 

tenna wire. \ ertical and horizontal polarization, 
the two most commonly used for antennas, are 
indicated in Fig. 2-11. 

Antennas composed of a number of half-wave 
elements with all arranged so that their axes lie 
in the same or parallel directions will have the 
same polarization as that of any one of the ele¬ 
ments. A system composed of a group of hori¬ 
zontal dipoles, for example, will be horizontally 
polarized. If both horizontal and vertical ele¬ 
ments are used, the polarization will be the re¬ 
sultant of the contributions made by each set of 
elements to the total electromagnetic field at a 
distance. In such a case the resultant polarization 
will be tilted between horizontal and vertical. 

Harmonic antennas also are polarized in the 
direction of the wire axis. However, in some 
combinations of harmonic wires such as the 
“ V ” and rhombic antennas described in a later 
chapter the polarization becomes elliptical in 
most directions with respect to the antenna. 
As pointed out in Chapter One, sky-wave 

transmission usually changes the polarization of 
the traveling waves. The polarization of receiving 
and transmitting antennas in the 3-to-30 Me. 
range, where almost all communication is by 
means of the sky wave (except for distances of 
a few miles), is therefore relatively unimportant. 
In this range the choice of polarization for the 
antenna is usually determined by other factors 
such as the height of available antenna supports, 
the polarization of man-made r.f. noise from 
near-by sources, probable energy losses in near-by 
houses, wiring, etc., and the likelihood of interfer¬ 
ing with neighborhood broadcast reception. 
Generally speaking, the most favorable solution 
to these problems is achieved when the antenna 
is horizontally polarized. 
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Reciprocity in Receiving 

and Transmitting 
The basic conditions existing when an antenna 

is used for radiating power are not the same as 
when it is used for receiving a distant signal. 
In the former case the electromagnetic field 
originates with the antenna and the waves are 
not plane-polarized in the immediate vicinity. 
In the receiving case the antenna is always far 
enough away from the transmitter so that the 
waves that the antenna intercepts are plane-
polarized. This causes the current distribution 
in a receiving antenna to be different than in a 
transmitting antenna except in a few special 
cases. These, however, are the cases of most 
interest in amateur practice, since they occur 
when the antenna is resonant and is delivering 
power to a receiver. 

For all practical purposes, then, the properties 
of a resonant antenna used for reception are the 
same as its properties in transmission. It has the 
same directive pattern in both cases, and so 
will deliver maximum signal to the receiver when 
the signal comes from the direction in which the 
antenna transmits best. The impedance of the 
antenna is the same, at the same point of meas¬ 
urement, in receiving as in transmitting. 

In the receiving case, the antenna is to be 
considered as the source of power delivered to 
the receiver, rather than as the load for a source 
of pow’er as in transmitting. Maximum output 
from the receiving antenna is secured when the 
load to which the antenna is connected is equal 
to the impedance of the antenna. Under these 
conditions half of the total power picked up by 
the antenna from the passing waves is delivered 
to the receiver and half is reradiated into space. 
“Impedance matching” in the case of a receiving 
antenna does not have quite the same meaning 
as in the transmitting case; this is considered in 
later chapters. 

The power gain (defined later in this chapter) 
in receiving is the same as the gain in trans¬ 
mitting, assuming that certain conditions are 
met. One such condition is that both the antenna 
under test and the comparison antenna (usually 
a half-wave antenna) work into load impedances 
equal to their own impedances so that maximum 
power is delivered in both cases. In addition, of 
course, the comparison antenna should be ori¬ 
ented so that it gives maximum response to the 
signal used in the test; that is, it should have the 
same polarization as the incoming signal and 
should be placed so that its direction of maxi¬ 
mum gain is toward the signal source. 

In long-distance transmission and reception 
via the ionosphere the relationship between re¬ 
ceiving and transmitting may not be exactly 
reciprocal. This is because the waves do not take 
exactly the same paths at all times and so may 
show considerable variation in alternate trans¬ 
mission and reception. Also, when more than 

one layer is involved in the wave travel it is 
sometimes possible for transmission to be good 
in one direction and reception to be poor in the 
other, over the same path. In addition, the polar¬ 
ization of the waves is shifted in the ionosphere, 
as pointed out in Chapter One. Since the tend¬ 
ency is for the arriving wave to be more or less 
horizontally-polarized, regardless of the polariza¬ 
tion of the transmitting antenna, a vertically-
polarized antenna can be expected to show more 
difference between transmission and reception 
than a horizontal antenna. On the average, how¬ 
ever, an antenna that transmits well in a certain 
direction will also give favorable reception from 
the same direction, despite possible ionosphere 
variations. 

Pick-Up Efficiency 

Although the transmitting and receiving prop¬ 
erties of an antenna are, in general, reciprocal, 
there is another fundamental difference between 
the two cases that is of very great practical im¬ 
portance. In the transmitting case all the power 
supplied to the antenna is radiated (assuming 
negligible ohmic resistance) regardless of the 
physical size of the antenna system. Tor example, 
a 300-Mc. half-wave radiator, which is only 
about 19 inches long, radiates every bit as ef¬ 
ficiently as a 3.5-Mc. half-wave antenna, which 
is about 134 feet long. But, in receiving, the 300-
Mc. antenna does not abstract anything like the 
amount of energy from passing waves that the 
3.5-Mc. antenna does. 

This is because the section of wave front from 
which the antenna can draw energy extends only 
about a quarter wavelength from the conductor. 
At 3.5 Me. this represents an area roughly 
wavelength or 134 feet in diameter, but at 300 
Me. the diameter of the area is only about 3 feet. 
Since the energy is evenly distributed through¬ 
out the wave front regardless of the wavelength, 
the effective area that the receiving antenna can 
utilize varies directly with the square of the wave¬ 
length. A 3.5-Mc. half-wave antenna therefore 
picks up something like 2500 times as much 
energy as a 300-Mc. half-wave antenna, the 
field strength of the signal being the same in 
both cases. 

The higher the frequency, consequently, the 
less energy a receiving antenna has to work with. 
This, it should be noted, does not affect the gain 
of the antenna. In making gain measurements, 
both the antenna under test and the comparison 
antenna are working at the same frequency. 
Both therefore are under the same handicap with 
respect to the amount of energy that can be 
intercepted. Although the pick-up efficiency de¬ 
creases rapidly with increasing frequency, the 
smaller dimensions of antenna systems in the 
v.h.f. and u.h.f. regions make it relatively easy 
to obtain high gain. This helps to overcome the 
loss of received signal energy. 
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The Induction Field 

Throughout this chapter the fields we have 
been discussing are those forming the traveling 
electromagnetic waves — the waves that go long 
distances from the antenna. These are the radia¬ 
tion fields. They are distinguished by the fact 
that their intensity is inversely proportional to 
the distance and that the electric and magnetic 
components, although perpendicular to each 
other in the wave front, are in phase in time. 
At a distance of several wavelengths from the 
antenna these are the only fields that need to be 
considered. 

Close to the antenna, however, the fields are 
much more complicated. In an ordinary electric 
circuit containing inductance or capacitance 
the magnetic field is a quarter cycle out of phase 
(in time) with the electric field. The intensity of 

these fields decreases in a complex way with 
distance from the source. These are the induction 
fields. The induction field exists about an an¬ 
tenna along with the radiation field, but dies 
away with much greater rapidity as the distance 
from the antenna is increased. At a distance equal 
to the wavelength divided by 2r, or slightly 
less than % wavelength, the two types of field 
have equal intensity. 

Although the induction field is of no importance 
insofar as effects at a distance are concerned, it is 
important when antenna elements are coupled 
together, particularly when the spacing between 
elements is small. Also, its existence must be kept 
in mind in making field-strength measurements 
about an antenna. The measurements will not be 
reliable if the measuring equipment is set up 
too close to the antenna system. 

Radiation Patterns and Directivity 
The radiation from a practical antenna never 

has the same intensity in all directions. The in¬ 
tensity may even be zero in some directions from 
the antenna; in others it may be greater than one 
would expect from an antenna that did radiate 
equally well in all directions. But even though 
no actual antenna radiates with equal intensity 
in all directions, it is nevertheless convenient 
to assume that such an antenna exists. It can be 
used as a sort of “measuring stick’’ for comparing 
the properties of actual antenna systems. Such a 
hypothetical antenna is called an isotropic 
radiator. 

Direction of 
doublet element 

rig. 2-12 — Directive diagram of an elementary doub¬ 
let in the plane containing the wire axis. The same 
diagram applies in the case of any antenna that is con¬ 
siderably less than a half wavelength long. The length 
of each arrow represents the relative field strength in 
that direction. 

A graph showing the actual or relative in¬ 
tensity, at a fixed distance, as a function of the 
direction from the antenna system is called a 
radiation pattern. At the outset it must be re¬ 
alized that such a pattern is a three-dimensional 
affair and therefore cannot be represented in a 
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 center. The information so ob¬ 
tained is then used to construct a solid figure such 
that the distance from a fixed point (representing 
the antenna) to the surface, in any direction, is 
proportional to the field strength from the an¬ 
tenna in that direction. The solid pattern of an 
isotropic radiator, therefore, would be a sphere, 
since the field strength is the same in all direc¬ 
tions. An infinite variety of pattern shapes, some 
quite complicated, is possible with actual an¬ 
tenna systems. 

• RADIATION FROM DIPOLES 
In the analysis of antenna systems it is con¬ 

venient to make use of another fictitious type 
of antenna called an elementary doublet or 
elementary dipole. This is just a very short 
length of conductor, so short that it can be as¬ 
sumed that the current is the same throughout 
its length. (In an actual antenna, it will be re¬ 
membered, the current is different all along its 
length.) The radiation intensity from an ele¬ 
mentary doublet is greatest at right angles to the 
line of the conductor, and decreases as the direc¬ 
tion becomes more nearly in line with the con¬ 
ductor until, right off the ends, the intensity is 
zero. The directive pattern in a single plane, one 
containing the conductor, is shown in Fig. 2-12. It 
consists of two tangent circles. The solid pattern 
is the figure described when the plane shown in 
the drawing is rotated about the conductor as 
an axis. 

The radiation from an elementary doublet is 
not uniform in all directions because there is a 
definite direction to the current flow along the 
conductor. It wifi be recalled that a similar con¬ 
dition exists in the ordinary electric and mag¬ 
netic fields set up when current flows along any 
conductor; the field strength near a coil, for ex-
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Fig. 2-13 — Plane directive diagram of a half-wave 
antenna. The solid line shows the direction of the 
wire, although the antenna itself is considered to be 
merely a point at the center of the diagram. As explained 
in the text, a diagram such as this is simply a cross 
section of the solid figure that describes the relative 
radiation in all possible directions. The radial scale is 
purely arbitrary and is proportional to the field strength 
(voltage). This is also true of the diagrams in Figs. 2-16, 
2-17 and 2-18. 

ample, is greatest at the ends and least on the out¬ 
side of the coil near the middle of its length. 
There is nothing strange, therefore, in the idea 
that the field strength should depend on the di¬ 
rection in which it is measured from the radiator. 

When the antenna has appreciable length, so 
that the current in every part is not the same at 
any given instant, the shape of the radiation pat¬ 
tern changes. In this case the pattern is the 
summation of the fields from each elementary 
doublet of which the antenna may be assumed to 
consist, strung together in chain fashion. If the 
antenna is short compared with a half wave¬ 
length there is very little change in the pattern, 
but at a half wavelength the pattern takes the 
shape shown in cross section in Fig. 2-13. The 
intensity decreases somewhat more rapidly, as 
the angle with the wire is made smaller, than in 
the case of the elementary doublet. This tendency 
continues as the wire length is increased, the 
shape of one half of the diagram becoming more 
and more compressed as the antenna length ap¬ 
proaches a full wavelength. (The antenna is 
assumed to be driven at the center, as in Fig. 
2-8B and 2-8C.) 

The solid pattern from a half-wave wire is 
formed, just as in the case of the doublet, by 
rotating the plane diagram shown in Fig. 2-13 
about the wire as an axis. If there is trouble in 
visualizing the solid pattern, it will help if the 
diagrams shown in Figs. 2-12 and 2-13 are copied 
on cardboard, cut out to shape, and then fastened 
at the center to a piece of stiff wire lying in the 

direction indicated for the antennas in the draw¬ 
ings. If the wire is rotated rapidly in the fingers 
the cardboard will appear to form a solid figure 
that has the same shape as the solid radiation 
pattern. 

The directive diagrams just discussed are 
actually cross sections of the solid pattern, cut 
by planes in which the axis of the antenna lies. 
If the solid pattern is cut by any other plane 
the diagram will be different. For instance, 
imagine a plane passing through the center of 
the wire at right angles to the axis. The cross 
section of the pattern for either the elementary 
doublet or the half-wave antenna will simply 
be a circle in that case. This is shown in Fig. 2-14, 
where the dot at the center represents the an¬ 
tenna as viewed “end-on”; in other words, the 
antenna is perpendicular to the page. This means 
that in any direction in a plane at right angles to 
the wire, the field intensity is exactly the same 
at the same distance from the antenna. At right 
angles to the wire, then, an antenna a half wave 
or less in length is nondirectional. Also, at every 
point on such a circle the field is in the same 
phase. 

Although the solid pattern of an antenna can¬ 
not be shown adequately on a flat sheet of paper, 
the cross-sectional or plane diagrams are very 
useful. Two such diagrams, one in the plane con¬ 
taining the axis of the antenna and one in the 
plane perpendicular to the axis, can give a great 
deal of information. After a little practice, and 
with the exercise of a little imagination, the com¬ 
plete solid pattern can be visualized with fair 
accuracy from inspection of just the two dia¬ 
grams. Plane diagrams are plotted on polar-co-

Fig. 2-14 — Directive diagram of a doublet or dipole 
in the plane perpendicular to the wire axis. The direction 
of the wire is into or out of the page. 

ordinate paper — graph paper with radial lines 
marking the 360 degrees of a circle, and having 
a linear scale along the radii for marking ampli¬ 
tudes. 

The points on the pattern where the radiation 
is zero are called nulls, and the curved section 
from one null to the next on the plane diagram, 
or the corresponding section on the solid pattern, 
is called a lobe or ear. 
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• HARMONIC-ANTENNA PATTERNS 

In view of the change in radiation pattern as 
the length of the antenna is increased from the 
elementary doublet to the half-wave dipole, it 
is to be expected that further pattern changes 
will occur as the antenna is made still longer. 
We find, as a matter of fact, that the patterns of 
harmonic antennas differ very considerably 
from the pattern of the half-wave dipole. 

is greatest. The broken curve shows the angle 
at which the first null (the one that occurs at the 
smallest angle with the wire) appears. There is 
also a null in the direction of the wire itself (0 
degrees) and so the total width of the main lobe 
is the angle between the wire and the first null. 
It can be seen from Fig. 2-15 that the width of 
the lobe decreases as the wire becomes longer. 
At 1 wavelength, for example, it has a width of 
90 degrees, but at 8 wavelengths the width is 

slightly less than 30 degrees. 
Plane diagrams of the radiation patterns 

of several harmonic wires arc shown in Figs. 
2-16 to 2-18, inclusive. These are free-space 
diagrams in the plane containing the wire 
axis, corresponding to the diagrams for the 
elementary doublet and half-wave dipole 
shown in Figs. 2-12 and 2-13. They are based 
on an infinitely-thin antenna conductor 
with ideal current distribution, and in a 
practical antenna system will be modified by 
the presence of the earth and other effects 
that will be considered later. However, these 
few diagrams do show the tendency for the 
pattern to break up into more and more 
lobes as the antenna is made longer, and 
also show that these “secondary” lobes have 
progressively smaller amplitude as compared 
with the main lobe. 

Fig. 2-15 — Angle at which the field intensity from the main 
lobe of a harmonic antenna is maximum, as a function of the 
wire length in wavelengths. The curve labeled "First Null” 
locates the angle at which the intensity of the main lobe de¬ 
creases to zero. The null marking the other boundary of the 
main lobe always is at zero degree with the wire axis. 

As explained earlier in this chapter, a harmonic 
antenna consists of a series of half-wave sections 
with the currents in adjacent sections always 
flowing in opposite directions. This type of cur¬ 
rent flow causes the pattern to be split up into 
a number of lobes. If there is an even number of 
half waves in the harmonic antenna there is al¬ 
ways a null in the plane at right angles to the 
wire; this is because the radiation from one half¬ 
wave section cancels the radiation from the next, 
in that particular direction. If there is an odd 
number of half waves in the antenna, the radia¬ 
tion from all but one of the sections cancels itself 
out in the plane perpendicular to the wire. The 
“left-over” section radiates like a half-wave 
dipole, and so a harmonic antenna with an odd 
number of half wavelengths does have some 
radiation at right angles to its axis. 

The greater the number of half waves in a 
harmonic antenna, the larger the number of 
lobes into which the pattern splits. A feature 
of all such patterns is the fact that the “main” 
lobe — the one that gives the largest field strength 
at a given distance — always is the one that 
makes the smallest angle with the antenna wire. 
Furthermore, this angle becomes smaller as the 
length of the antenna is increased. Fig. 2-15 shows 
how the angle which the main lobe makes with 
the axis of the antenna varies with the antenna 
length in wavelengths. The angle shown by the 
solid curve is the maximum point of the lobe; 
that is, the direction in which the field strength 

• HOW PATTERNS ARE FORMED 
In a multielement antenna system the over-all 

radiation pattern is determined by the way in 
which the fields at a distant point from the sepa¬ 
rate antenna elements combine. With two an¬ 
tenna elements, for example, the field strength 
at a given point depends on the amplitudes and 

Hg. 2-16 — Free-space directive diagram of a 1-wave-
length harmonic antenna in the plane containing the 
wire axis. 
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Fifi. 2-17 —Free-space directive diagram of a 
wavelength harmonic antenna in the plane containing 
the wire axis. 

phase relationship of the fields from each antenna. 
A requirement in working out a radiation pat¬ 
tern is that the field strength be measured or 
calculated at a distant point — distant enough 
so that, if the elements carry equal currents, the 
field strength from each is exactly the same even 
though the size of the antenna system may be 
such that one antenna element is a little nearer 
the measuring point than another. On the other 
hand, this slight difference in distance, even 
though it may be only a small fraction of a wave¬ 
length in many miles, is very important in deter¬ 
mining the phase relationships between the fields 
from the various elements. 

The principle on which the radiated fields com¬ 
bine to produce the directive pattern, in the case 
of multielement antennas, is illustrated in the 
simple example shown in Fig. 2-19. In this case 
it is assumed that there are two antenna ele¬ 
ments, each having a circular directive pattern. 
The two elements therefore could be half-wave 
dipoles oriented perpendicular to the page (which 
gives the plane pattern shown in Fig. 2-14). The 
separation between the two elements is assumed 
to be a half-wavelength, and the currents in them 
are assumed to be equal. Furthermore, the two 
currents are in phase; that is, they reach their 
maximum values in the same polarity at the 
same instant. 

Under these conditions the fields from the 
two antennas will be in the same phase at any 
point that is equally distant from both antenna 
elements. At the instant of time selected for the 
drawing of Fig. 2-19 the solid circles having the 
upper antenna at their centers represent, let us 
say, the location of all points at which the field 
intensity is maximum and has the direction indi¬ 
cated by the arrowheads. The distance between 

each pair of concentric solid circles, measured 
along a radius, is equal to one wavelength be¬ 
cause, as described earlier in this chapter, it is 
only at intervals of this distance that the fields 
are in phase. The broken circle locates the points 
at which the field intensity is the same as in the 
case of the solid circles, but is oppositely directed. 
It is therefore 180 degrees out of phase with the 
field denoted by the solid circles, and the distance 
between the solid and broken circles is therefore 
one-half wavelength. 

Similarly, the solid circles centered on the 
lower antenna locate all points at which the 
field intensity from that antenna is maximum 
and has the same direction as the solid circles 
about the upper antenna. In other words, these 
circles represent points in the same phase as 
the solid circles around the upper antenna. The 
broken circle having the lower antenna at its 
center likewise locates the points of opposite 
phase. 

Considering now the fields from both antennas, 
it can be seen that along the line AB the fields 
from the two always are exactly in phase, be¬ 
cause every point along Aß is equally distant 
from both antenna elements. However, along the 
line XY the field from one antenna always is 
out of phase with the other, because every point 
along IK is a half-wavelength nearer one ele¬ 
ment than the other. It takes one-half cycle 
longer, therefore, for the field from the more 
distant element to reach the same point as the 
field from the nearer antenna, and thus the one 
field arrives 180 degrees out of phase with the 
other. Since we have assumed that the points 
considered are sufficiently distant so that the 
amplitudes of the fields from the two antennas 
are the same, the resultant field at any point 

Fig. 2-18 — Free-space directive diagram of a 2-wave-
length harmonic antenna in the plane containing the 
wire axis. 
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Fig. 2-19 —Interference between waves from two 
separated radiators causes the resultant directional 
effects to differ from those of either radiator alone. 
The two radiators shown here are separated one-half 
wavelength. The radiation fields of the two cancel along 
the line X Y but, at distances which are large compared 
with the separation between the radiators, add together 
along line AB. The resultant field decreases uniformly 
as the line is swung through intermediate positions from 
AB to XT. 

along XY is zero and the antenna combination 
shown will have a null in that direction. How¬ 
ever, the two fields add together along AB, and 
the field strength in that direction will be twice 
the amplitude of the field from oither antenna 
alone. 

The drawing of Fig. 2-19 is not quite accurate 
because it cannot be made large enough. Actu¬ 
ally, the two fields along AB do not have exactly 
the same direction until the distance to the meas¬ 
uring point is large enough, compared with the 
dimensions of the antenna system, so that the 
waves become plane. In a drawing of limited size 
the waves are necessarily represent ed as circles — 
that is, as representations of a spherical wave. 
The reader, therefore, should imagine Fig. 2-19 
as being so much enlarged that the circles cross¬ 
ing AB are substantially straight lines in the 
region under discussion. 

Pattern Construction 

The drawing of Fig. 2-19 does not tell us much 
about what happens to the field strength at 
points that do not lie on either AB or XY, al¬ 
though we could make the reasonable guess that 
the field strength at intermediate points probably 
would decrease as the point was moved along 
the arc of a circle farther away from AB and 
nearer to XY. To construct an actual pattern it 

is necessary to use a different method. It is simple 
in principle and can be done with a ruler, pro¬ 
tractor and pencil. 

In Fig. 2-20 the two antennas, A and B, are 
assumed to have circular radiation patterns, and 
to carry equal currents in the same phase. (In 
other words, the conditions are the same as in 
Fig. 2-19.) The relative field strength at a distant 
point P is to be determined. Here again the 
limitations of the printed page make it necessary 
to use the imagination, because we assume that 
P is far enough from A and B so that the lines 
AP and BP are, for all practical purposes, paral¬ 
lel. When this is so, the distance d, between B 
and a perpendicular dropped to BP from A, will 
be equal to the difference in length between the 
distance from A to P and the distance from B to 
P. The distance d thus measures the difference 
in the distances the waves from A and B have to 
cover to reach P; d is also, therefore, a measure 
of the difference in the time of arrival or phase 
of the waves at P. 

Under the assumed conditions, the relative 
field strengths easily can be combined graphi¬ 
cally. The phase angle in degrees between the 
two fields at P is equal to 

X 360 

where X is the wavelength and d is found by con¬ 
structing a figure similar to that shown in Fig. 
2-20 for P in any desired direction. The angle 0 
is the angle between a line to P and the line 
drawn between the two antenna elements, and 
is used simply to identify the direction of P from 
the antenna system. X and d must be expressed in 
the same length units. 

Fifi. 2-20 —■ Graphical construction to determine the 
relative phase, at a distant point, of waves originating 
at two antennas, A and B. The phase is determined 
by the additional distance, d, that the wave from B 
has to travel to reach the distant point. This distance 
will vary with the angle that the direction to P makes 
with the axis of the antenna system. 
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For example, let us assume that 0 is 40 degrees. 

We then arbitrarily choose a scale such that four 
inches is equal to one wavelength — a scale large 
enough for reasonable accuracy but not too large 
to be unwieldy. Since the two antenna elements 
are assumed to be a half-wavelength apart, we 
start the drawing by placing two points two 
inches apart and connecting them by a line, as 
shown in Fig. 2-21. Then, using Basa center and 
employing the protractor, we lay off an angle of 

Fig. 2-21 — Graphical construction in the example dis¬ 
cussed in the text. 

40 degrees and draw the line BC. The next step 
is to drop a perpendicular from A to BC; this 
may be done with the 90-degree mark on the 
protractor but the corner of an ordinary sheet 
of paper will do just about as well. The distance 
Bl) is then measured, preferably with a ruler 
graduated in tenths of inches rather than the 
more usual eighths. By actual measurement dis¬ 
tance BD is found to be 1.53 inches. The phase 
difference is therefore d/X X 360 = 1.53/4 X 
360 = 138 degrees. 

The relative field strength in the direction 
given by 6 (40 degrees in this example) is found 
by arbitrarily selecting a line length to represent 
the strength of the field from each antenna, and 
then combining them “vectorially.” One inch 
is a convenient length to select. XY, Fig. 2-21, 
is such a line, representing the strength of the 
field from antenna element A. We then measure 
off an angle of 138 degrees from XY, using Y as 
a center, and draw YZ one inch long to represent 
the strength and phase of the field from antenna 
element B. The angle is measured off clockwise 
from XY because the field from B lags behind 
that from A. The distance from X to Z then 
represents the relative field strength resulting 
from the combination of the separate fields from 
the two antennas, and measurement shows it to 
be approximately 0.72 inch. In the direction 0, 
therefore, the field strength is 72% as great as 
the field from either antenna alone. 

By selecting different values for 0 and pro¬ 
ceeding as above in each case, the complete pat¬ 

tern can be determined. When 0 is 90 degrees, 
the phase difference is zero and YZ and XY are 
simply end-to-end along the same line. The 
maximum field strength is therefore twice that 
of either antenna alone. When 0 is zero, YZ lies 
on top of XY (phase difference 180 degrees) and 
the distance XZ is therefore zero; in other words, 
the radiation from B cancels that from A at such 
an angle. 

The patterns of more complex antenna systems 
can readily be worked out by this method, al¬ 
though more labor is required if the number of 
elements is increased. But whether or not actual 
patterns are worked out, an understanding of the 
method will do much to make it plain why cer¬ 
tain combinations of antenna elements result in 
specific directive patterns. 

The illustration above is a very simple case, 
but it is only a short step to systems in which the 
antenna elements do not carry equal currents 
or currents in the same phase. A difference in 
current amplitude is easily handled by making 
the lengths of lines XY and YZ proportional to 
the current in the respective elements; if the 
current in B is one-half that in A, for example, 
YZ would be drawn one-half as long as XT. If 
B’s current leads the current in A by 25 degrees, 
then after the angle determined by the distance 
d is found the line YZ is simply rotated 25 degrees 
in the counterclockwise direction before measuring 
the distance XZ. The rotation would be clockwise 
for any line representing a lagging current. The 
lead or lag of current always has to be referred 
to the current in one element of the system, but 
any desired element can be chosen as the refer¬ 
ence. 

• DIRECTIVITY 
AND GAIN 

It has been stated that all antennas, even the 
simplest types, exhibit directive effects in that 
the intensity of radiation is not the same in all 
directions from the antenna. Let us assume 
that a certain amount of power is supplied to an 
isotropic radiator and that it produces a certain 
field strength at a given distance from the an¬ 
tenna. Now if an actual antenna is substituted 
for the hypothetical one and the same amount 
of power is supplied, the actual antenna will 
radiate just the same power as was radiated by 
the isotropic antenna. But in the second case we 
know that the intensity of radiation in certain 
directions is zero and in many other directions 
will be smaller than the field strength produced 
by the isotropic radiator at the same distance. 
This power cannot just disappear. Actually, it 
appears as increased field strength, over that 
produced by the isotropic radiator, in the most 
favored directions of the actual antenna. 
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If we call the field strength at a given distance 

from the actual antenna, in its most favored 
direction, and the field strength from an 
isotropic radiator at the same distance Ft, then 
the ratio 

F, 
F. 

is called the gain of the actual antenna. The 
gain is thus the ratio of the voltages produced 
at a given point by the actual and hypothetical 
antennas. More frequently, the gain is expressed 
as a power ratio. Since power varies as the square 
of the voltage, the power gain is 

Thus if the field produced by an actual antenna 
is twice as great as the field produced by the 
isotropic antenna the gain ratio is 2 and the 
power gain is 22, or 4. This means that to produce 
the same field strength at the same distance, four 
times as much power would have to be supplied 
to an isotropic radiator as to the actual antenna 
under consideration; or, conversely, that one-
fourth as much power in the actual antenna 
would produce the same field strength as the 
isotropic radiator. 

The more the directive diagram is compressed 
— or, in common terminology, the “sharper” 
the lobes — the greater the power gain of the 
antenna. This is a natural consequence of the 
fact that as power is taken away from a larger 
and larger portion of the sphere surrounding the 
radiator it is added to the smaller and smaller 

volume represented by the lobes. The power is 
therefore concentrated in some directions at the 
expense of others. In a general way, the smaller 
the volume of the solid radiation pattern, com¬ 
pared with the volume of a sphere having the 
same radius as the length of the largest lobe in 
the actual pattern, the greater the power gain. 

Gain referred to an isotropic radiator is neces¬ 
sarily theoretical; that is, it has to be calculated 
rather than measured because the isotropic 
radiator has no existence. In practice, measure¬ 
ments on the antenna being tested usually are 
compared with measurements made on a half¬ 
wave dipole. The latter should be at the same 
height and have the same polarization as the 
antenna under test, and the reference field — 
that from the half-wave dipole comparison an¬ 
tenna — should be measured in the most favored 
direction of the dipole. The data can be secured 
either by measuring the field strengths produced 
at the same distance from both antennas when 
the same power is supplied to each, or by meas¬ 
uring the power required in each antenna to 
produce the same field strength at the same 
distance. The latter method is preferable in 
amateur work, because it is easier to measure 
the relative powers supplied to the antennas than 
it is to measure field strengths accurately. 

The Decibel 

As a convenience, the power gain of an antenna 
system is usually expressed in decibels. The 
decibel is an excellent practical unit for measur¬ 
ing power ratios because it is more closely related 
to the actual effect produced 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 observ¬ 
able “steps” in increased signal. 
The power ratio (100 to 1) corre¬ 
sponding to 20 db. would give 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 

db. = 10 log J 
« 2 

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

p, 
db. = 20 log —1

pedances. The range of the chart can he extended by adding (or subtract¬ 
ing, if a loss) 10 db. each time the power ratio is multiplied or divided by 
10, or 20 db. each time the voltage is multiplied or divided by 10. 



44 CHAPTER 2 

Fi#. 2-23 — The variation in radiation resistance and 
power in the major lobe of long-wire antennas. Curve 
A shows the change in radiation resistance w ith antenna 
length, while Curve H shows the power in the lobes of 
maximum radiation for long-wire antennas as a ratio 
to the maximum of a half-wave antenna. 

When a voltage ratio is used both voltages must 
be measured in the same value of impedance. 
Unless this is done the decibel figure is meaning¬ 
less, because it is fundamentally a measure of 
a power ratio. 

The chart of Fig. 2-22 shows the number of 
decibels corresponding to various power and 
voltage ratios. One advantage of the decibel 
is that successive power gains expressed in deci¬ 
bels may simply be added together. Thus a gain 
of 3 db. followed by a gain of 6 db. gives a total 
gain of 9 db. In ordinary power ratios, the ratios 

would have to be multiplied together to find the 
total gain. Furthermore, a reduction in power is 
handled simply by subtracting the requisite 
number of decibels. Thus reducing the power to 

is the same as subtracting 3 decibels. We might, 
for example, have a power gain of 4 in one part 
of a system and a reduction of in another part, 
so that the total power gain is 4 X = 2. In 
decibels, this would be 6 — 3 = 3 db. A power 
reduction or “ loss ” is simply indicated by putting 
a negative sign in front of the appropriate number 
of decibels. 

Power Gains of Harmonic Antennas 

In splitting off into a series of lobes, the solid 
radiation pattern of a harmonic antenna is com¬ 
pressed into a smaller volume as compared with 
the single-lobed pattern of the half-wave dipole. 
This means that there is a concentration of power 
in certain directions with a harmonic antenna, 
particularly in the main lobe. The result is that 
a harmonic antenna will produce an increase in 
field strength, in its most favored direction, over 
a half-wave dipole in its most favored direction, 
when both antennas are supplied with the same 
amount of power. 

The power gain from harmonic operation is 
small when the antenna is small in terms of wave¬ 
lengths, but is quite appreciable when the an¬ 
tenna is fairly long. The theoretical power gain 
of harmonic antennas or “long wires” is shown 
by curve ß in Fig. 2-23, using the half-wave 
dipole as a base. A 1-wavelength or “second-
harmonic ” antenna has only a slight power gain, 
but an antenna 9 wavelengths long will show 
a power increase of 5 times over the dipole. 
This gain is secured in one direction by eliminat¬ 
ing the power radiated in other directions; thus 
the longer the wire the more directive the an¬ 
tenna becomes. 

Curve A in Fig. 2-23 shows how the radiation 
resistance, as measured at a current loop, varies 
with the length of a harmonic antenna. 

Ground Effects 
• REFLECTION FROM THE GROUND 
The performance of an antenna, particularly 

with respect to its directive properties, is con¬ 
siderably modified by the presence of the earth 
underneath it. The earth acts like a huge reflector 
for those waves that are radiated from the an¬ 
tenna at angles lower than the horizontal. These 
downcoming waves strike the surface and are 
reflected by a process very similar to that by 
which light waves are reflected from a mirror. 
As in the case of light waves, the angle of reflec¬ 
tion is the same as the angle of incidence, so that 
a wave striking the surface at an angle of, for 
instance, 15 degrees, is reflected upward from 
the surface at the same angle. 

The reflected waves combine with the direct 
waves (those radiated at angles above the 
horizontal) in various ways, depending upon the 
orientation of the antenna with respect to earth, 
the height of the antenna, its length, and the 
character of the ground. At some vertical angles 
above the horizontal the direct and reflected 
waves may be exactly in phase — that is, the 
maximum field strengths of both waves are 
reached at the same time at the same spot, and 
the directions of the fields are the same. In such 
a case the resultant field strength is simply equal 
to the sum of the two. At other vertical angles 
the two waves may be completely out of phase — 
that is, the fields are maximum at the same in-
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stant and the directions are opposite, at the same 
spot. The resultant field strength in that case 
is the difference between the two. At still other 
angles the resultant field will have intermediate 
values. Thus the effect of the ground is to increase 
the intensity of radiation at some vertical angles 
and to decrease it at others. 

The effect of reflection from the ground is 
shown graphically in Fig. 2-24. At a sufficiently 
large distance, two rays converging at the distant 

Fig. 2-24 — At any distant point, P, the field strength 
will be the resultant of two rays, one direct from the 
antenna, the other reflected from the ground. The 
reflected ray travels farther than the direct ray by the 
distance BC, where the reflected ray is considered to 
originate at the “image” antenna. 

point can be considered to be parallel. However, 
the reflected ray travels a greater distance in 
reaching P than the direct ray does, and this 
difference in path length accounts for the effect 
described in the preceding paragraph. If the 
ground were a perfect conductor for electric 
currents reflection would take place without a 
change in phase when the waves are vertically 
polarized. Under similar conditions there would 
be a complete reversal (180 degrees) of phase 
when a horizontally-polarized wave is reflected. 
The actual earth is of course not a perfect con¬ 
ductor, but is usually assumed to be one for pur¬ 
poses of calculating the vertical pattern of an 
antenna. The error is small except at very low 
vertical angles. 

As an example, when the path of the reflected 
ray is exactly a half wave longer than the path 
of the direct ray, the two waves will arrive out 
of phase if the polarization is vertical. This cor¬ 
responds to the condition illustrated in Fig. 2-19 
along the fine XY. However, if the path of the 
reflected ray is just a wavelength longer than 
that of the direct ray, the two rays arrive in 
phase. 

Image Antennas 

It is often convenient to use the concept of an 
image antenna to show the effect of reflection. 
As Fig. 2-24 shows, the reflected ray has the 
same path length (AD equals BD) that it would 
if it originated at a second antenna, of the same 
characteristics as the real antenna, but situated 
below the ground just as far as the actual antenna 

is above it. Like an image in a mirror, this image 
antenna is “in reverse,” as shown in Fig. 2-25. 

If the real antenna is horizontal, and is in¬ 
stantaneously charged so that one end is positive 
and the other negative, then the image antenna, 
also horizontal, is oppositely poled; the end under 
the positively-charged end of the real antenna is 
negative, and vice versa. Likewise, if the lower 
end of a half-wave vertical antenna is instantane¬ 
ously positive, the end of the vertical image 
antenna nearest the surface is negative. Now if 
we look at the antenna and its image from a 
remote point on the surface of the ground, it will 
be obvious that the currents in the horizontal 
antenna and its image are flowing in opposite 
directions, or are 180 degrees out of phase, but 
the currents in the vertical antenna and its 
image are flowing in the same direction, or are 
in phase. The effect of ground reflection, or the 
image antenna, is therefore different for hori¬ 
zontal and vertical half-wave antennas. The 
physical reason for this difference is the fact that 
vertically-polarized waves are reflected from a 
perfectly-conducting earth with no change in 
phase, but that horizontally-polarized waves have 
their phase shifted by 180 degrees on reflection. 

Reflection Factor 

The effect of reflection can be expressed as 
a factor which, when multiplied by the free-
space figure for relative intensity of radiation at 
a given vertical angle from an antenna, gives the 
resultant relative radiation intensity at that 
same angle. The limiting conditions are those 
represented by the direct ray and reflected ray 
being exactly in phase and exactly out of phase 
when both, assuming there are no ground losses, 
have exactly equal amplitudes. Thus the re¬ 
sultant field strength at a distant point may be 
either twice the field strength from the antenna 
alone, or zero. 

The way in which the reflection factor (based 
on perfectly-conducting ground) varies with 
antenna height is shown in the series of graphs, 
Figs. 2-26 to 2-43. Figs. 2-26 to 2-37 apply to 
horizontal antennas of any length, and to vertical 
antennas an even number of half waves long. 
Figs. 2-38 to 2-43 apply to vertical antennas an 
odd number of half waves long. Comparing the 
two sets, it is seen that the positions of nulls 

♦ Antenna -

Antenna 

Fig. 2-25 — Horizontal and vertical half-wave antennas 
and their images. 
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(multiplying factor zero) and maxima (multi¬ 
plying factor 2) are interchanged for the two 
sets of conditions. 

It must be remembered that these graphs are 
not plots of vertical patterns of antennas, but 
represent simply multiplying factors representing 
the result of reflection from the ground. With 
the distinction between vertical and horizontal 
antennas noted, the graphs apply equally well 
to all antennas. Also, it should be understood 
that they apply at vertical angles only. The 
ground, if of uniform characteristics, makes no 
distinction between geographical directions — 
that is, horizontal angles from the antenna — in 
reflecting waves. 

Fig. 2-44 shows the angles at which nulls and 
maxima occur as a function of the height of the 
antenna. This chart gives a rough idea of the 
ground-reflection pattern for heights intermediate 
to those shown in detail in Figs. 2-26 to 2-43. 

CHAPTER 2 
It also facilitates picking the right height for any 
desired angle of radiation. 

• GROUND CHARACTERISTICS 
As already explained, the charts of Figs. 2-26 

to 2-43 are based on the assumption that the 
earth is a perfect conductor. The actual ground 
is far from being “perfect” as a conductor of 
electricity. Actually, its behavior depends con¬ 
siderably on the transmitted frequency. At low 
frequencies — through the standard broadcast 
band, for example — most types of ground do 
act very much like a good conductor. At these 
frequencies the waves can penetrate for quite a 
distance and thus find a large cross section in 
which to cause current flow along their paths. 
The resistance of even a moderately-good con¬ 
ductor will be low if its cross section is large 
enough. The ground acts as a fairly good con¬ 
ductor even at frequencies as high as the 3.5-Mc. 

Factors by which the free-space radiation pattern of a horizontal antenna should be multiplied to include the 
effect of reflection from perfectly-conducting ground. These factors affect only the vertical angle of radiation 
(wave angle). 
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band, and so the charts give a rather good ap¬ 
proximation of the effect of the ground at this 
frequency. 

In the higher-frequency region the penetra¬ 
tion decreases and the ground may even take on 
the characteristics of a lossy dielectric rather 
than a good conductor. The chief effect of this 
change is to absorb most of the energy radiated 
at the very low angles, in the frequency region 
from about 7 to 21 Me. In general, the reflection 
factor will be lower than given by the charts at 
angles of less than about 10 degrees, and it is 
generally considered that the radiation below 
about 3 degrees is very small compared with the 
radiation at higher angles. This applies to both 
vertical and horizontal antennas, so that the 
“zero-angle” reflection factor with a vertical 
half-wave antenna, theoretically 2 as shown by 
the charts, actually is a small fraction. Thus the 
apparent advantage of the vertical antenna for 

very low-angle radiation is not realized in practice 
in this frequency range. 

The “effective reflecting plane” of the ground 
— that is, the surface from which the reflection 
is considered to take place at the heights given 
in the charts — seldom coincides with the actual 
surface of the ground. Usually it will be found 
that this plane appears to be a few feet below 
the surface; in other words, the height of the 
antenna taken for purposes of estimating reflec¬ 
tion is a few feet more than the actual height of 
the antenna. A great deal depends upon the 
character of the ground, and in some cases the 
reflecting plane may be “buried” a surprising 
distance. Thus in some instances the charts will 
not give an accurate indication of the effect of 
reflection. On the average, however, they will 
give a reasonably satisfactory representation of 
reflection effects, with the qualifications with 
respect to high frequencies and low angles men¬ 
tioned above. 

factors by which the frce-space radiation pattern of a horizontal antenna should be multiplied to include 
the effect of reflection from perfectly-conducting ground. These factors affect only the vertical angle of radiation 
(wave angle). 
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Factors by which the free-space radiation pattern ot a halt-wavc vertical antenna should be multiplied to include 
the effect of reflection from perfectly-conducting ground. These factors affect only the vertical angle of radiation 
(wave angle). 

Fig. 2-38 — Vertical dipole antenna with center % 
wavelength high. 

Fig. 2-39 — Vertical dipole antenna with center % 
wavelength high. 

Fig. 2-40 — Vertical dipole antenna with center 
wavelength high. 

Fig. 2-41 — Vertical dipole antenna with center % 
wavelength high. 

Fig. 2-42 — Vertical dipole antenna with center 1 wave¬ 
length high. 

In the v.h.f. and u.h.f. region (starting in the 
vicinity of the 28-Mc. band) a different situation 
exists. At these frequencies little, if any, use is 
made of the part of the wave that travels in 
contact with the ground. The antennas, both 
transmitting and receiving, usually are rather 
high in terms of wavelength. The wave that is 
actually used — at least for line-of-sight com¬ 
munication — is in most cases several wave¬ 
lengths above the surface of the ground. At such 
a height there is no consequential loss of energy; 
the direct ray travels from the transmitter to the 
receiver with only the normal attenuation caused 
by spreading, as explained in Chapter One. The 
loss of energy in the reflected ray is beneficial 
rather than otherwise, as also explained in that 
chapter. The net result is that radiation at very 

low angles is quite practicable in this frequency 
region. Also, there is little practical difference 
between horizontal and vertical polarization. 

• GROUND REFLECTION AND 
RADIATION RESISTANCE 

Waves radiated from the antenna directly 
downward reflect vertically from the ground 
and, in passing the antenna on their upward 
journey, induce a current in it. The magnitude 
and phase of this induced current depends upon 
the height of the antenna above the reflecting 
surface. 

The total current in the antenna thus consists 
of two components. The amplitude of the first 
is determined by the power supplied by the trans¬ 
mitter and the free-space radiation resistance of 
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Fig. 2-44 — Angles at which nulls and maxima (factor = 2) in the ground-reflection factor appear for antenna 
heights up to two wavelengths. The solid lines are maxima, dashed lines nulls, for all horizontal antennas and for 
vertical antennas having a length equal to an even multiple of one-half wavelength. For vertical antennas an odd 
number of half waves long, the dashed lines are maxima and the solid lines nulls. For example, if it is desired to 
have the ground reflection give maximum reinforcement of the direct ray at a 20-degree wave angle (angle of radia¬ 
tion) the antenna height should be 0.75 wavelength. The same height will give a null at 42 degrees and a second 
maximum at 90 degrees. 

the antenna. The second component is induced 
in the antenna by the wave reflected from the 
ground. The second component, while consider¬ 
ably smaller than the first at most useful antenna 
heights, is by no means inappreciable. At some 
heights the two components will be more or less 
in phase, so the total current is larger than would 
be expected from the free-space radiation resist¬ 
ance. At other heights the two components are 
out of phase, and at such heights the total 
current is the difference between the two com¬ 
ponents. 

Thus merely changing the height of the an¬ 
tenna above ground will change the amount of 
current flow, assuming that the power input to 
the antenna is held constant. A higher current at 
the same value of power means that the effective 
resistance of the antenna is lower, and vice versa. 
In other words, the radiation resistance of the 
antenna is affected by the height of the antenna 
above ground. Fig. 2-45 shows the way in which 
the radiation resistance of a horizontal half-wave 
antenna varies with height, in terms of wave¬ 
lengths, over perfectly-conducting ground. Over 
actual ground the variations will be somewhat 
lower, but the chart shows the approximate mag¬ 
nitude of the change to be expected. The antenna 
on which this chart is based is assumed to have 
an infinitely-thin conductor, and thus has a 
somewhat higher free-space value of radiation 
resistance (73 ohms) than an antenna constructed 
of wire or tubing. (See Fig. 2-7.) 

Ground Screens 

The effect of a perfectly-conducting ground 
can be simulated, in the vicinity of the antenna, 
by installing a metal screen or mesh such as 
chicken wire underneath the antenna near or 
on the surface of the ground. Such a screen often 
will improve the performance of the antenna by 
reducing losses in the ground near the antenna. 
It should preferably extend at least a half wave¬ 
length in every direction from the antenna, al-

Fig. 2-45 — Variation in radiation resistance of a hori¬ 
zontal half-wave antenna with height above perfectly-
conducting ground. 
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ground screens having 25 per cent smaller dimen¬ 
sions. 

Besides reducing losses, a ground screen rather 
effectively establishes the height of the antenna 
insofar as the radiation resistance is concerned. 
For this purpose, the height will be the actual 
height of the antenna above the screen. How¬ 

ever, reflection from a screen of reasonable dimen¬ 
sions takes place only at the higher angles. The 
presence of the ground screen therefore will not 
appreciably modify the effect of the actual ground 
at the lower angles, because the low-angle waves 
are reflected at considerable distances from the 
antenna. 

Directive Diagrams and the Wave Angle 
In the discussion of radiation patterns or direc¬ 

tive diagrams of antennas it was brought out 
that such patterns always are three-dimensional 
affairs, but that it is difficult to show, on a plane 
sheet of paper, more than a cross section of the 
solid pattern at a time. The cross sections usually 
selected are those cut by a plane that contains 
the wire axis, and those cut by a plane perpendic¬ 
ular to the wire axis. 

If the antenna is horizontal, the former pattern 
(the cross section cut by a plane containing the 
wire) represents the radiation pattern of the 
antenna when the wave leaves the antenna (or 
arrives at it) at zero angle of elevation above the 
earth. The angle of elevation—the “vertical” 
angle referred to in the discussion of ground 
effects — is usually called the wave angle. In 
the case of the vertical antenna the radiation 
pattern at zero wave angle is given by the cross 
section cut by the plane perpendicular to the 
wire axis. (In the latter case it must be remem¬ 
bered that the antenna itself is assumed to be 
merely a point at the center of the pattern, so 
the plane must pass through this point.) 

Now with two exceptions — surface waves at 
low frequencies and space waves at v.h.f. and 
higher — the wave angle used for communica¬ 
tion is not zero. In ionosphere transmission waves 
sent directly upward can be reflected back to 
earth, if the frequency is low enough; on the 

Fig. 2-46 — The effective directive pattern of the an¬ 
tenna dependa upon the angle of radiation considered. 
As shown by the arrows, the field strength in a given 
compass direction will be quite different at different 
vertical angles. 

other hand, as pointed out earlier in this chapter, 
in most of the frequency range useful for iono¬ 
spheric communication waves leaving at an angle 
of less than about 3 degrees are largely absorbed 
by ground losses. What we are interested in at 
these frequencies, then, is the directive pattern 
of the antenna at a wave angle that is of value 
in communication. 

• EFFECTIVE DIRECTIVE DIAGRAMS 
The directive diagram for a wave angle of zero 

elevation (purely horizontal radiation) does not 
give an accurate indication of the directive prop¬ 
erties of a horizontal antenna at wave angles 
above zero. For example, consider the half-wave 
dipole pattern in Fig. 2-13. It shows that there 
is no radiation directly in line with the antenna 
itself, and this is true at zero wave angle. How¬ 
ever, if the antenna is horizontal and some wave 
angle other than zero is considered, it is not true 
at all. 

The reason why will become clear on inspec¬ 
tion of Fig. 2-46, which shows a horizontal half¬ 
wave antenna with a cross section of its free-
space radiation pattern, cut by a plane that is 
vertical with respect to the earth and which con¬ 
tains the axis of the antenna conductor. (For the 
moment, reflections from the ground are neg¬ 
lected.) The lines OA, OB and OC all point in the 
same geographical direction (the direction in 
which the wire itself points), but make different 
angles, in the vertical plane, with the antenna. 
In other words, they correspond to different wave 
angles or angles of radiation, with all three rays 
aimed along the same line on the earth’s surface. 
So far as compass directions are concerned, all 
three waves are leaving the end of the antenna. 

The purely horizontal wave OA has zero ampli¬ 
tude, but at a somewhat higher angle correspond¬ 
ing to the line OB the field strength is apprecia¬ 
ble. At a still higher angle corresponding to the 
line OC the field strength is still greater. In this 
particular pattern, the higher the wave angle 
the greater the field strength in the same com¬ 
pass direction. It should be obvious that it is 
necessary, in plotting a directive diagram that 
purports to show the behavior of the antenna in 
different compass directions, to specify the angle 
of radiation for which the diagram applies. When 
the antenna is horizontal the shape of the dia¬ 
gram will be altered considerably as the wave 
angle is changed, 
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Fig. 2-41 — Directive patterns of a horizontal half¬ 
wave antenna at three radiation angles, 9, 15 (solid line) 
and 30 degrees. The direction of the antenna itself is 
shown hy the arrow. These patterns are plotted to 
a 30-dh. scale, which is about proportional to signal 
strength as determined hy ear. If 30 dl», represents an 
S9 signal, 0 on the scale will be about SI. All three 
patterns are plotted to the same maximum, but the 
actual amplitudes at the various angles will depend 
upon the antenna height, as described in the text. The 
patterns shown here show only the shape of the directive 
diagram as the angle is varied. 

As described in Chapter One, the wave angles 
that arc useful depend on two things — the 
distance over which communication is to be 
carried on, and the height of the ionosphere layer 
that does the reflecting. Whether the E or Ft 
layer (or a combination of the two) will be used 
depends on the o|>erating frequency, the time of 
day, season, and the sunspot cycle. The same 
half-wave antenna, operating on the same fre¬ 
quency, may be almost nondirectional for dis¬ 
tances of a few hundred miles but will give sub¬ 
stantially better results broadside than off its 
ends at distances of the order of 1000-1200 miles 
during the day when transmission is by the E 
layer. In the evening, when the F layer takes 
over, the directivity may be fairly well marked 
at long distances and not at all pronounced at 
1000 miles or less. From this it might seem that 
it would be imposable to predict the directivity 
of an antenna without all sorts of qualifications. 
However, it is possible to get a very good idea 
of the directivity by choosing a few angles that, 
on the average, are representative for different 
types of work. With patterns for such angles 
available it is fairly simple to interpolate for 
intermediate angles. Combined with some knowl¬ 
edge of the behavior of the ionosphere, a fairly 
good estimate of the directive characteristics of 
a particular antenna can be made for the par¬ 
ticular time of day and distance of interest. 

In the directive patterns given in Figs. 2-47 to 
2-53, inclusive, the wave angles considered are 9, 
15 and 30 degrees. These represent, respectively, 
the median values of a range of angles that have 
been found to be effective for communication at 
28, 14 and 7 Me. Because of the variable nature 
of ionosphere propagation the patterns should 
not be considered to be more than general guides 
to the sort of directivity to be expected. 

In the directive patterns of Figs. 2-17 to 2-53 
the relative field strength has been plotted in 
decibels. This makes the patterns more repre¬ 
sentative of the effect produced than is the case 
when the relative intensity is plotted in either 
voltage or power. Since one “S” point on the 
signal-strength scale is roughly 5 or 6 db., it is 
easy to get an approximate idea of the operation 
of the antenna. For example, off the ends of a 
half-wave antenna the signal can be expected to 
be “down” between 2 and 3 “S” points com¬ 
pared with its strength at right angles or broad¬ 
side to the antenna, at a wave angle of 15 degrees. 
This would be fairly representative of its per¬ 
formance on 14 Me. at distances of 500 miles or 
more. With a wave angle of 30 degrees the signal 
off the ends would be down only 1 to 2 “S” 
points, while at an angle of 9 degrees it would be 
down 3 to 4 “S” points. Since high wave angles 
become less useful as the frequency is increased, 
this illustrates the importance of running the 
antenna wire in the proper direction at the 
higher frequencies, if best results arc wanted in 
a particular direction. 

Height Above Ground 

The shapes of the directive patterns given in 
Figs. 2-47 to 2-53 are not affected by the height 
of the antenna above the ground. However, the 
amplitude relationships between the patterns of 

Fig. 2-48 — The horizontal patterns for a one-wave¬ 
length antenna at vertical angles of 9, 15 and 30 degrees. 
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Fig. 2-49 — The horizontal patterns for a 1^-wave-
length antenna at vertical angles of 9, 15 and 30 degrees. 

a given antenna for various wave angles are 
modified by the height. In the figures as given, 
the scale is such that the same field intensity is 
assumed in the direction of maximum radiation, 
regardless of the wave angle. To make best use 
of the patterns the effect of the ground-reflection 
factor should be included. 

Take the horizontal half-wave antenna shown 
in Fig. 2-47 as an example, and assume that the 
antenna is a half wavelength above perfectly-
conducting ground. The graph of the ground-
reflection factor for this height is given in Fig. 
2-29. For angles of 9, 15 and 30 degrees the values 
of the factor as read from the curve are 1.0, 1.5 
and 2.0, respectively. These factors are applied 
to field strength. For convenience, take the 9-

Fig. 2-50 — The horizontal patterns for a 2-wavelength 
antenna at vertical angles of 9, 15 and 30 degrees. 

degree angle as a reference. Then at a wave angle 
of 15 degrees the field strength will be 1.5 times 
the field strength at 9 degrees, in any compass 
direction, and at a wave angle of 30 degrees will 
be 2.0 times the field strength at 9 degrees, in 
any compass direction. Since the factors apply 
to field strength (voltage) the ratios just obtained 
may be converted to decibels by using the voltage 
curve in Fig. 2-22. A voltage ratio of 1.5 cor¬ 
responds to 3.5 db., and a ratio of 2.0 corresponds 
to 6 db. Hence at an angle of 15 degrees the radi¬ 
ation in any direction is 3.5 db. above the radia¬ 
tion at 9 degrees, and at a wave angle of 30 de¬ 
grees it is 6 db. above. To put it another way, at 
a wave angle of 30 degrees the antenna is about 
an “S” point better than it is at 9 degrees. 
There is about a half “S”- point difference be¬ 
tween 9 and 15 degrees, and between 15 and 30 
degrees. If we wanted, we could add 3.5 db. to 

Fig. 2-51 — The horizontal patterns for a 3-wavelcngth 
antenna at vertical angles of 9 and 15 degrees. 

every point on the 15-degree graph in Fig. 2-47, 
and 6 db. to every point on the 30-degree graph, 
and thus show graphically the comparison in 
amplitude as well as shape of the directive pat¬ 
tern at the three angles. This has been done in 
the graph of Fig. 2-54. However, it is generally 
unnecessary to take the trouble to draw separate 
graphs because it is so easy to add or subtract 
the requisite number of decibels as based on the 
appropriate ground-reflection factor. 

It should be emphasized again that the pat¬ 
terns are based on idealized conditions not real¬ 
ized over actual ground. Nevertheless, they are 
useful in indicating about what order of effect 
to expect. 

Using the Patterns 

Directive patterns can be of considerable help 
in solving practical problems in the choice and 



ANTENNA FUNDAMENTALS 53 

Fifi. 2'52 — The horizontal patterns for a 4-wavelength 
antenna at vertical angles of 9 and 15 degrees. 

location of antennas, particularly in cases where 
a simple type of antenna (such as the antennas 
discussed in this chapter) has to be used. While 
it is not to be expected that antenna performance 
will conform to the theoretical with the same 
exactness that you would expect Ohm’s Law cal¬ 
culations to work out, the results averaged over 
a period of time will be sufficiently close to the 
predictions to make a little preliminary estimat¬ 
ing worth while. 

Here is one example: Suppose that a clear 
space of about 70 feet is available between two 
supports that will hold the antenna about 35 
feet above ground. The operating frequency is 
to be 28 Me. and the positions of the supports is 
such that the antenna will run west of north by 
10 degrees. The principal direction of trans¬ 
mission is to be 35 degrees east of north, but 
there is another area in the general direction 15 
degrees south of west that it is also hoped to cover 
as well as possible. The situation is shown in Fig. 
2-55 (in this figure the last direction is shown 
with reference to the north-south line). 

In the available space, it is possible to erect 
antennas 1, 1H or 2 wavelengths long. Since 
the supports are at fixed height, the ground-re¬ 
flection factor will be the same for all the pos¬ 
sible antennas and so may be left out of the esti¬ 
mates. The principal direction is 45 degrees off 
the line of the antenna and the secondary direc¬ 
tion is 85 degrees off. For simple antennas such 
as these the directive patterns are symmetrical 
about the wire axis and so we do not have to 
worry about whether the angles lie east or west 
of the antenna. 

Since the frequency is 28 Me. the 9-degree 
patterns should be used. From Fig. 2-47 we see 
that the relative amplitudes at 45 and 85 degrees 
are 27 and 30 db., respectively, for the half-wave 

antenna. From Fig. 2-48 the corresponding ampli¬ 
tudes are 30 and 17 db. ; from Fig. 2-49 the ampli¬ 
tudes are 28 and 27 db. ; and from Fig. 2-50 the 
amplitudes are 28 and 20 db. To these amplitudes 
we should add the gains realized by harmonic 
operation as given in Fig. 2-23. These are, for the 
Pa-, 1-, 1H" and 2-wavelength antennas, respec¬ 
tively, 1, 1.1, 1.2 and 1.3 in power. Converted to 
decibels by using Fig. 2-22 they are 0, 0.5, 0.8 
and 1 db. respectively. They are small enough 
to be less important than the probable error in 
reading the charts, but will be included for the 
sake of completeness. Arranging the information 
in table form gives 

Antenna Length in 
Wavelengths 

0.5 1 1.5 2 
Relative intensity at 45 

degrees, db. 27 30 28 28 
Gain from harmonic oper¬ 

ation, db. 0 0.5 0.8 1 
Total 27 30.5 28.8 29 

Relative intensity at 85 
degrees, db. 30 17 27 20 

Gain from harmonic oper¬ 
ation, db. 0 0.5 0.8 1 
Total 30 17.5 27.8 21 

It is seen that either a 1-wavelength or 1J^-
wavelength antenna will give the best results in 
the principal direction, but that neither is as good 
as a half-wave antenna in the secondary direction. 
In a case such as this, the best all-around results 
would be obtained by using two antennas, since 
there is room to string them end to end. A good 
combination, for example, would be a 1-wave¬ 
length and J^-wavelength antenna, arranged 
with a little space between the ends so the cou-

Fifi. 2-5.3 — The horizontal patterns for a 5-wavelength 
antenna at vertical angles of 9 and 15 degrees. 
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pling between the pair of antennas is substan¬ 
tially reduced. 

Another example: Space is available to erect 
a 4-wavelength antenna at a height of 30 feet, for 
operation on 28 Me., and it is possible to orient 
the antenna so that its major lobe will point in 
the direction of transmission desired. Alterna¬ 
tively, a self-supporting half-wave dipole could 
be erected at a height of 45 feet and oriented so 
that its maximum radiation would be in the 
desired direction. Which antenna is likely to be 
the better one? 

From Fig. 2-23, the power gain of a 4-wave¬ 
length antenna over a dipole is 2.1, and from 
Fig. 2-22 this power ratio corresponds to a gain 
of 3 db. At 28 Me. the length of a half wave¬ 
length is 492/28 = 17.6 feet, so one wavelength 
is 35 feet, near enough. At 30 feet the height in 
wavelengths is 30/35 = 0.86X, and at 45 feet 
it is 45/35 = 1.3X. (It is not necessary to carry 
out the calculations to more than two significant 
figures because the height above the effective 
ground plane is not known. As explained earlier, 
the “effective” height would tend to be higher 
than the actual height.) A height of 0.85X is near 
enough to %X to permit us to use Fig. 2-32, in 
which the ground-reflection factor is shown as 
1.5 at a wave angle of 9 degrees. From Fig. 2-22 
the corresponding figure is 3.5 db. A height of 
1.3X is slightly over IJ^X, and inspecting Figs. 
2-34 and 2-35 shows that the reflection factor 
therefore will lie in the vicinity of 1.9, or about 
5.5 db. Putting these figures into table form, we 
have 

Dipole JfX Antenna 
Relative intensity of main 
lobe, db. 30 30 

Gain from harmonic oper¬ 
ation, db. 0 3 

Ground-reflection factor, 
db. 5.5 3.5 
Total. 35.5 36.5 

The difference, 1 db., is in favor of the 4X an¬ 
tenna, but for all practical purposes the two 
antennas could be considered equally good in 
the desired direction; the additional height of 
the dipole is just about sufficient to overcome 
the gain of the harmonic antenna. The choice 
therefore could be based purely on other con¬ 
siderations such as convenience in erection, the 
fact that the dipole antenna will be effective 
over a wider horizontal angle than the harmonic 
antenna, and so on. 

Once again it must be emphasized that cal¬ 
culations such as these should not be taken too 
literally. Too many factors, particularly the 
behavior of the ground, are unknown. The cal¬ 
culations are useful principally as a guide to 
determining the type of antenna that, in all 
probability, will best meet the required working 
conditions. 

• RADIATION RESISTANCE 
AND GAIN 

The field strength produced at a distant point 
by a given antenna system is directly propor¬ 
tional to the current flowing in the antenna. 
In turn, the amount of current that will flow, 
when a fixed amount of power is applied, will 
depend on the radiation resistance. Since power 
is equal to current squared multiplied by resist¬ 
ance, the current for fixed power input is in¬ 
versely proportional to the square root of the 
radiation resistance. Lowering the radiation 
resistance will increase the field strength and 
raising the radiation resistance will decrease it. 

Fig. 2-51 — These diagrams compare the amplitudes 
of radiation at wave angles of 9, 15 and 30 degrees from 
a horizontal half-wave antenna when the height is 4^ 
wavelength. 

The radiation resistance can be lowered by 
distorting the radiation pattern in such a way 
that the directivity of the antenna system is in¬ 
creased. This principle is used in certain types of 
directive systems described in detail in a later 
chapter. 

The shape of the directional pattern in the 
vertical plane is, as previously described, modi¬ 
fied by the height of the antenna above ground. 
The effect of height on radiation resistance has 
been shown in Fig. 2-45 for the horizontal half¬ 
wave dipole. Because the radiation pattern of 
a half-wave antenna in the plane perpendicular 
to its axis is a circle (Fig. 2-14) the plots of 
ground-reflection factors shown in Figs. 2-26 to 
2-37, inclusive, show the actual shape of the 
pattern of such an antenna in the vertical plane 
at right angles to the wire. That is, they show 
the variation in intensity with wave angle in the 
direction broadside to the antenna. In an ap¬ 
proximate way, the radiation resistance is larger 
as the area of the pattern is less, as can be seen 
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Fig. 2-55 — Example discussed in the text. 

by comparing the ground-reflection patterns with 
the curve of Fig. 2-45. 

Varying the height of a horizontal half-wave 
antenna while the power input is held constant 
will cause the current in the antenna to vary as 
its radiation resistance changes. Under the ideal¬ 
ized conditions represented in Fig. 2-45 (an in-
finitely-thin conductor over perfectly-conduct¬ 
ing ground) the field intensity at a distant point 
will vary as shown in Fig. 2-56. In this figure the 
relative field intensity is expressed in decibels, 
using the field when the radiation resistance is 
73 ohms as a reference (0 db.). From this cause 
alone, there is a gain of about 1 db. when the 
antenna height is % wavelength as compared 
with either or % wavelength. The gain or 
loss from the change in radiation resistance should 
be combined with the reflection factor for the 
particular wave angle and antenna height con¬ 
sidered, in judging the over-all effect of height on 
performance. 

For example, Fig. 2-57 shows the reflection 
factor, plotted in decibels, for a wave angle of 15 
degrees (solid curve). This curve is based on data 

Fig. 2-56 — Gain or loss in decibels because of change 
in antenna current with radiation resistance, for fixed 
power input. Perfectly-conducting ground is assumed. 

from Figs. 2-26 to 2-37, inclusive. Taken alone, 
it would indicate that a height of slightly less 
than 1 wavelength is optimum for this wave 
angle. However, when the values taken from the 
curve of Fig. 2-56 are added the broken curve 
results. Because of the change in radiation resist¬ 
ance, there is a maximum near a height of % 
wavelength that is very nearly as good as the 
next maximum at a height of 1 to 1 Ui wave¬ 
length. The change in radiation resistance also 
has the effect of steepening the curve at the 
lower heights and flattening it in the optimum 
region. Thus it would be expected that, for this 
wave angle, increasing the height of a half-wave 
dipole is very much worth while up to about % 
wavelength, but that further increases would not 
result in any material improvement. At 14 Me., 
where a 15-degree wave angle is taken to be 
average, % wavelength is about 45 feet. 

There is, of course, some difficulty in applying 
the information obtained in this fashion because 
of the uncertainty as to just where the ground 
plane is. One possibility, if the antenna can be 
raised and lowered conveniently, is to measure 
the current in it while changing its height, keep¬ 
ing the power input constant. Starting with low 
heights, the current should first go through a 

HEIGHT AMTE GROUND-WAVELENGTHS 

Fig. 2-51 — Solid curve, relative intensity vs. height 
at a wave angle of 15 degrees, because of reflection 
from perfect ground. Broken curve, height and effect 
of change in radiation resistance (Fig. 2-56) combined. 

minimum (at a theoretical height of about % 
wavelength) and then increase to a maximum 
as the height is increased. The height at which 
this maximum is obtained is the optimum. 

It should be kept in mind that no one wave 
angle does all the work. Designing for optimum 
results under average conditions does not mean 
that best results will be secured for all types of 
work and under all conditions. For long-distance 
work, for example, it is best to try for the lowest 
possible angle— 10 degrees or less is better for 
multihop propagation at 14 Me., for example. 
However, an antenna that radiates well at such 
low angles may not be as good for work over 
shorter distances as one having a broader lobe in 
the vertical plane. 

The effect of radiation resistance is somewhat 
more marked at the lower frequencies. To cover a 
distance of 200 miles at night (F-layer propaga¬ 
tion) requires a wave angle of 60 degrees. As 
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shown by the patterns of Figs. 2-26 to 2-28, the 
optimum antenna height for this wave angle is 
>4 wavelength. However, it is in the region be¬ 
low J 4 wavelength that the radiation resistance 
decreases most rapidly. At a height of Mi wave¬ 
length there is a gain of 3.5 db. over a height of 
14 wavelength because of lowered radiation re¬ 
sistance. To offset this, the ground-reflection fac¬ 
tor for a wave angle of 60 degrees is about 1.25 
at H wavelength (Fig. 2-26) as compared with 
2.0 for X wavelength; this is a loss of 4 db. There 
is thus a difference of only M db., which is not 
observable, between J4 and K wavelength. At 
3.5 Me. this is a considerable difference in actual 
height, since MX is about 35 feet and is about 
70 feet. For sAorf-distance work the cost of the 
supports required for the greater height would not 
be justified. 

Information on the variation in radiation re¬ 
sistance with height for other types of antenna 

than the half-wave dipole is not readily avail¬ 
able. A harmonic antenna can be expected to 
show such variations, but in general an antenna 
system that tends to minimize the radiation 
directly toward the ground under the antenna can 
be expected to have a lesser order of variation 
in radiation resistance with height than is the 
case with the half-wave dipole. 

• VERTICAL DIRECTIVITY 
PATTERNS 

It was explained in the preceding section that 
the directive patterns of Figs. 2-47 to 2-53, in¬ 
clusive, show the relative intensity of radiation 
in different compass directions for each wave 
angle selected, but do not attempt to show the 
amplitude relationship between the wave angles. 
This is because the intensity at different wave 
angles varies with the height of the antenna 
above ground, and an extremely large number 

Vertical-Plane Radiation Patterns of Horizontal Half-Wave Antennas Above Perfectly-Conducting Ground 

kig. 2-62 — In direction of wire; height 34 wavelength. 

Fig. 2-59 — At right angles to wire; height M wave-
length. 
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of diagrams would be needed to represent the 
range of heights and lengths of antennas en¬ 
countered in practice. The information on rela¬ 
tive intensity at different wave angles is easily 
secured from the ground-reflection charts. 

However, it is helpful in forming a picture of 
the operation of antennas to use a form of repre¬ 
sentation in which the vertical directional charac¬ 
teristic is shown for different heights. Inasmuch 
as we are still confronted by a three-dimensional 
pattern, it is only possible to do this for selected 
vertical planes oriented in various directions with 
respect to the antenna axis. In the case of the 
horizontal half-wave dipole a plane running in a 
direction along the axis and another broadside 
to the antenna will give a good deal of informa¬ 
tion. 

A series of such patterns for a horizontal half¬ 
wave dipole at different heights is given in Figs. 
2-58 to 2-69, inclusive. The scale is simply an 

arbitrary one in which the length of a radius 
drawn from the origin to any point on the graph 
is proportional to field strength (voltage). The 
reduction in field strength off the ends of the 
wire at the lower angles, as compared with the 
broadside field strength, is quite apparent. It is 
also apparent that, at some heights, the high-
angle radiation off the ends is nearly as great as 
the broadside radiation. 

In vertical planes making some angle inter¬ 
mediate between 0 and 90 degrees with the wire 
axis the pattern will have a shape intermediate 
between the two planes shown. By visualizing a 
smooth transition from the end-on pattern to the 
broadside pattern as the horizontal angle is varied 
from 0 to 90 degrees a fairly-good mental picture 
of the actual solid pattern can be formed. 

In the case of a vertical half-wave dipole, the 
horizontal directional pattern is simply a circle at 
any wave angle (although the actual field strength 



58 CHAPTER 2 
will vary, at the different wave angles, with the 
height above ground). Hence one vertical pattern 
is sufficient to give complete information, for a 
selected antenna height, about the antenna in 
any direction with respect to the wire. A series of 
such patterns is given in Figs. 2-70 to 2-73, in¬ 
clusive. These patterns are formed by multiply¬ 
ing one lobe of the free-space pattern of a half¬ 
wave dipole by the ground-reflection factor that 
applies at each wave angle for the antenna height 
selected, to obtain the resultant relative field 
strength at each wave angle. The solid pattern 
in each case is formed by rotating the plane pat¬ 
tern about the 90-degree axis of the graph. 

The effect of ground losses at high frequencies 
is simulated by the broken curves at the very 
low wave angles. In other respects the curves are 
based on the assumption that the antenna is 
erected over perfectly-conducting ground. 

• SOME PRACTICAL 
CONSIDERATIONS 

At the risk of being repetitious, we must state 
again that the results from a practical antenna 
cannot be expected to be exactly according to 
the theoretical performance outlined in this 
chapter. The theory that leads to the impedances, 
radiation patterns, and power-gain figures dis¬ 
cussed is necessarily based on idealized assump¬ 
tions that cannot be exactly realized, although 
they may be approached reasonably well, in 
practice. 

The effect of imperfectly-conducting earth has 
been mentioned several times. It will cause the 
actual radiation resistance of an antenna to differ 
somewhat from the theoretical figure at a given 
height. In addition, there is the effect of the 
length/diameter ratio of the conductor to be con¬ 
sidered. Nevertheless, the theoretical figure will 
approximate the actual radiation resistance 
closely enough for most practical work. The 
value of radiation resistance is of most impor¬ 
tance in feeding power to the antenna through a 
transmission line, and a variation of 10 or even 20 
per cent will not be serious. In any event, adjust¬ 
ments can be made on the ground to compensate 
for the discrepancy between practice and theory. 

So far as radiation patterns are concerned, the 
effect of imperfect earth is to decrease the ampli¬ 
tude of the reflected ray and to introduce some 
phase shift on reflection. The phase shift is gen¬ 
erally small with horizontal polarization. Both 
effects combine to make the maximum reflection 
factor somewhat less than 2, and to prevent com¬ 
plete cancellation of radiation in the nulls in 
the theoretical patterns. There may also be a 
slight change in the wave angle at which maxi¬ 
mum reinforcement occurs, as a result of the 
phase shift. The effect of ground losses on very 
low angles already has been emphasized. 

Aside from ground effects, the theoretical pat¬ 
terns of t he antennas discussed are developed on 
the basis of sinusoidal distribution of current 
along the antenna, and on the assumption (in 

Verticd-PIane Radiation Patterns of Vertical Half-Wave Antennas Above Perfectly-Conducting Ground 
Ilie height is that of the center of the antenna. Dotted lines indicate approximate effect of attenuation of the 
very low-angle radiation because of ground losses. 

Fig. 2.70 — Height hi wavelength. Fig, 2-72 — Height % wavelength. 
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harmonic antennas) that the value of the current 
is the same at every current loop. Neither is 
strictly true. In particular, the current in a long 
harmonic antenna is not the same at every loop 
because some energy is lost all along the antenna 
by radiation. This affects both the current going 
out and the current returning after reflection at 

(B) 

(C) 
Fig. 2-74 —- The effect of feeding an antenna at the end 
is to cause a tilt to the directional pattern, as shown by 
these experimentally-determined patterns. A, half 
wave; B, 1 wavelength; C, 1*2 wavelengths; 1), 2 wave¬ 
lengths. Solid patterns are theoretical, dotted patterns 
experimental. In each case the antenna is fed from the 
left-hand end. 

the far end of the antenna. The result is that the 
radiation pattern does not have the perfect sym¬ 
metry, as indicated in the drawings in this chap¬ 
ter. The lobes pointing away from the end at 
which the antenna is fed are tilted somewhat to¬ 
ward the direction of the antenna wire, and the 
lobes pointing toward the fed end are tilted away 
from the wire. The latter also have less amplitude 
than the former. Typical measured patterns are 
shown in Fig. 2-74. There is even a tilt to the pat¬ 

tern of a half-wave antenna when it is fed at one 
end; however, when such an antenna is fed at the 
center the pattern is symmetrical. 

Finally, the effect of near-by conductors and 
dielectrics cannot, of necessity, be included in 
the theoretical patterns. Conductors such as 
power and telephone lines, house wiring, piping, 
etc., close to the antenna can cause considerable 
distortion of the pattern if currents of appreciable 
magnitude are induced in them. Under similar 
conditions they can also have a marked effect on 
the radiation resistance. Poor dielectrics such as 
green foliage near the antenna can introduce loss, 
and may make a noticeable difference between 
summer and winter performance. 

The directional effects of an antenna will 
conform more closely to theory if the antenna is 
located in a clear space, at least a half wavelength 
from anything that might affect its properties. 
In cities, it may be difficult to find such a space 
at low frequencies. The worst condition arises 
when near-by wires or piping happen to be reso¬ 
nant, or nearly so, at the operating frequency. 
Such resonances often can be destroyed by bond¬ 
ing pipes or BX coverings at trial points, check¬ 
ing with a crystal-detector wavemeter to deter¬ 
mine the measures necessary to reduce the in¬ 
duced current. Metal masts or guy wires can 
cause distortion of the pattern unless detuned by 
grounding or by breaking up the wires with in¬ 
sulators. However, masts and guy wires usually 
have relatively little effect on the performance of 
horizontal antennas because, being vertical or 
nearly so, they do not pick up much energy from 
a horizontally-polarized wave. In considering 
near-by conductors, too, the transmission line 
that feeds the antenna should not be overlooked. 
Under some conditions that are rather typical with 
amateur antennas currents will be induced in line 
by antenna, leading to some undesirable effects. 
This is considered in detail in Chapter Three. 

Special Antenna Types 
The underlying principles of antenna operation 

have been discussed in this chapter in terms of the 
half-wave dipole, which is the elementary form 
from which more elaborate antenna systems are 
built. However, there are other types of antennas 
that find some application in amateur work, 
particularly when space limitations do not permit 
using a full-sized dipole. These include, princi¬ 
pally, grounded antennas and loops. 

• THE GROUNDED ANTENNA 

In cases where vertical polarization is required 
— for example, when a low wave angle is desired 
at frequencies below 4 Me. — the antenna 
must be vertical. At low frequencies the height 
of a vertical half-wave antenna would be beyond 
the constructional reach of most amateurs. A 3.5-

Mc. vertical half wave would be 133 feet high, 
for instance. 

However, if the lower end of the antenna is 
grounded it need be only a quarter wave high to 
resonate at the same frequency as an ungrounded 
half-wave antenna. The operation can be under¬ 
stood when it is remembered that ground having 
high conductivity acts as an electrical mirror, and 
the missing half of the antenna is supplied by the 
mirror image. This is shown in Fig. 2-75. 

The directional characteristic of a grounded 
quarter-wave antenna will be the same as that of 
a half-wave antenna in free space. Thus a vertical 
grounded quarter-wave antenna will have a 
circular radiation pattern in the horizontal plane. 
In the vertical plane the radiation will decrease 
from maximum along the ground to zero directly 
overhead. 
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The grounded antenna may be much smaller 

than a quarter-wave and still be made resonant 
by “loading” it with inductance at the base, as in 
Fig. 2-76 at B and C. By adjusting the inductance 
of the loading coil even very short wires can be 
tuned to resonance. However, the efficiency of 
the wire as a radiator is decreased considerably 
by decreasing its length. This is because the 

Fig. 2-75 — The 
half-wave antenna 
and its grounded 
quarter-wave 
counterpart. The 
missing quarter-
wavelength can he 
considered to be 
supplied by the 
image in ground 
of good conduc¬ 
tivity. 

current at the top of a simple vertical wire such as 
is indicated in the figures is necessarily zero, so 
that as the length is reduced less and less of the 
wire is carrying the high current which produces 
the greatest radiation. 

Current and Voltage Distribution 

If the grounding resistance cannot be reduced, 
the ratio of radiated power to power lost in the 
ground connection can be increased by increasing 
the radiation resistance of the antenna. The 
radiation resistance as measured at the base of 
the antenna can be increased by making the 
antenna longer than a quarter wave. The current 
distribution then becomes as shown in Fig. 2-77. 
The highest value is secured when the length 
becomes a half wave, since this length brings a 
current node at the ground connection. 

Note that as the length increases beyond a 
quarter-wave the maximum current point on the 
antenna is no longer at the base, but has moved 
up on the wire. When the antenna height is a half 
wave the current is maximum halfway up, or 
one-quarter wavelength above the ground. The 
upward shift in the current loop is beneficial in 
two respects: a greater length of wire is carrying 
high current, thus giving greater effective radia¬ 
tion, and the high-angle radiation is decreased. 

Top Loading 

The heights required for realization of high 
radiation resistance usually are impracticable 
for amateur work. The object of design of vertical 

The current along a grounded quarter-wave 
vertical wire varies practically sinusoidally, as is 
the case with a half-wave wire, and is highest at 
the ground connection. The r.f.-voltage, however, 
is highest at the open end and minimum at the 
ground. The current and voltage distribution are 
shown in Fig. 2-76A. When the antenna is shorter 
than a quarter wave but is loaded to resonance, 
the current and voltage distribution are part 
sine waves along the antenna wire. If the loading 
coil is substantially free from distributed capacity, 
the voltage across it will increase uniformly 
from minimum at the ground, as shown at B and 
C, while the current will be the same throughout. 

The radiation resistance of a grounded quarter¬ 
wave vertical antenna is approximately 36 ohms. 
With shorter antennas the radiation resistance 
decreases. The ratio of the radiation resistance to 
the resistance of the ground contact system de¬ 
termines the portion of the input power that is 
actually radiated. 

Fig. 2-77 — Current and voltage distribution on 
grounded antennas longer than J4 wavelength. (A), 
between % and % wave, approximately; (B) half-wave. 

grounded antennas which are necessarily 
wavelength or less high is to make the current 
loop come near the top of the antenna, and to 
keep the current as large as possible throughout 
the length of the vertical wire. This requires 
“top loading”—which, in essence, means re¬ 
placing the missing height by some form of elec¬ 

trical circuit having the same char¬ 
acteristics as the missing part of the 
antenna, so far as energy traveling up 
to the end of the antenna is concerned. 

One method of top loading is to take 
a length of wire equal to the missing 
length in the antenna and fold it into 
a “flat-top” in such a way that radi¬ 
ation from it is minimized. Several 
ways of folding are shown in Fig. 
2-78. The currents in adjacent folds 
flow in opposite directions and, provid¬ 
ing the lengths are not too large a 
fraction of a wavelength, the radiation 

Fig. 2-76 — Current and voltage distribution on a grounded quarter¬ 
wave antenna (A) and on successively shorter antennas loaded to 
resonate at the same frequency. 
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(A) 

(B) 
Fig. 2-78 — Several ways in which the top quarter¬ 
wave section may be folded to reduce radiation. Spacing 
between folded wires is not critical but the lengths of 
the connecting pieces at the folds should be counted in 
the total length of the quarter-wave top section. 

will be substantially canceled because the ampli¬ 
tudes of the currents will not be greatly different 
in short sections of wire. The dimensions given in 
Fig. 2-78 are for antennas having the vertical 
section Ji wave high. This brings the maximum 
current at the top of the antenna and makes the 
impedance between the base and ground of the 
order of a few thousand ohms. The antenna thus 
simulates one a half wave high. By dividing all 
the dimensions by 2, the antenna height can be 
reduced to Ji wavelength, in which case the cur¬ 
rent will be maximum at the ground connection 
and the impedance will be considerably less than 
the 36-ohm value for a grounded quarter-wave 
antenna. The top-loaded antenna having an ac¬ 
tual height of J4 wavelength is the more desirable 
type, but the top-loaded Ji-wave antenna may 
be used when the greater height is not available. 

Instead of a folded top, it is possible to use a 
simple vertical wire with concentrated capacity 
and/or inductance at its top to simulate the effect 

Antenna. 

Fig. 2-79 — Top loading with 
lumped constants. The induct¬ 
ance, L, should be adjusted to 
give maximum field strength 
with constant power input to the 
antenna. A parallel-tuned circuit, 
independently resonant at the op¬ 
erating frequency, is required for 
coupling to the transmitter when 
the top loading is adjusted to 
bring a current node at the lower 
end of the antenna. 

of the missing length. The capacity used is not 
the usual type of condenser, which would be 
ineffective since the connection is one-sided, but 
consists of a metallic structure which exhibits the 
necessary capacity to space. Practically any 
sufficiently-large metallic structure can be used 
for the purpose^ but simple geometric forms such 
as the sphere, cylinder and disc are preferred 
because of the relative ease with which their 
capacity can be calculated. The inductance may 
be the usual type of r.f. coil, with suitable protec¬ 
tion from the weather. 

The minimum value of capacitive reactance re¬ 
quired depends principally upon the ground 
resistance. Fig. 2-80 is a set of curves giving the 
reactances required under representative condi¬ 
tions. These curves are based on obtaining 75 per 
cent of the maximum possible increase in field 
strength over an antenna of the same height 
without top loading, and apply with sufficient 
accuracy to all antenna heights. An inductance 

Fig. 2-80 — Inductive and capacitive reactance re¬ 
quired for top loading a grounded antenna by the 
method shown in Fig. 2-79. The reactance values should 
be converted to inductance and capacitance, using the 
ordinary formulas, at the operating frequency. 

coil of reasonably low-loss construction is as¬ 
sumed. The general rule is to use as large a capac¬ 
ity (low capacitive reactance) as the circum¬ 
stances will permit, since an increase in capacity 
will cause an improvement in the field strength. 
It is particularly important to do this when, as is 
usually the case, the ground resistance is not 
known and cannot be measured. 

The capacitance of three geometric forms is 
shown by the curves of Fig. 2-81 as a function of 
their size. For the cylinder, the length is specified 
equal to the diameter. The sphere, disc and 
cylinder can be constructed from sheet metal, 
if such construction is feasible, but the capaci¬ 
tance will be practically the same in each case if a 
“skeleton’’ type of construction, using screening 
or wire networks, is used. 
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Ground-Plane Antennas 

Instead of being actually grounded, a %-wnve 
antenna can work against a simulated ground 
called a ground plane. Such a simulated ground 
can be formed from wires at least J4 wavelength 
long radiating from the base of the antenna as 
shown in Fig. 2-82. It is obvious that with 
wave radials the antenna and any one radial have 
a total length of wavelength and therefore will 
be a resonant system. However, with only one 
radial the directive pattern would be that of a 
half-wave antenna bent into a right angle at the 
center; if one section is vertical and the other 
horizontal this would result in equal components 
of horizontal and vertical polarization and a 
nonuniform pattern in the horizontal plane. This 
can be overcome by using a ground plane in the 
shape of a disc with a radius of X wavelength. 
The effect of the disc can be simulated, with 
simpler construction, by using at least four 
straight radials equally spaced around the circle, 
as indicated in the drawing. 

The lengths of the radials is not particularly 
critical when several of them are used, but should 
lie at least J4 wavelength. A multiradial system 
can be looked upon as being equivalent to the top 
loading just described (except, of course, that it 
is used at the bottom of the antenna) for the 
special case where the antenna height is approxi¬ 
mately J4 wavelength and the capacitive reac¬ 
tance of the “top” is essentially zero. 

The ground-plane antenna is used principally 
at v.h.f., for the purpose of establishing a 
“ground” for a vertical antenna mounted many 
wavelengths above actual ground. This prevents a 
metallic antenna support from carrying currents 
that tend to turn the system into the equivalent 
of a long-wire antenna and raising the wave 
angle. At the lower frequencies a ground plane 
can be used beneficially with a vertical antenna as 
a substitute for an actual ground connection. It 
will eliminate the resistance loss in the ground 

Fin. 2-81 — Capacitance of sphere, disc and cylinder as 
a function of their diameters. The cylinder length is 
assumed equal to its diameter. 

connection, although not losses in the ground 
itself in the vicinity of the antenna. The lengths 
of wires and the configuration used are not es¬ 
pecially critical in such a case, particularly when 
the ground plane is close (in terms of wavelength) 
to the actual ground. The ground plane is usually 
called a counterpoise when so used. 

• LOOP ANTENNAS 

A loop antenna is a closed-circuit antenna — 
that is, one in which a conductor is formed into 
one or more turns so that its two ends arc close 
together. Loops can be divided into two general 

tin. 2-82 — The ground-plane antenna. Power is ap¬ 
plied between the base of the antenna and the center of 
the ground plane, as indicated in the drawing. The 
impedance at this point is approximately 36 ohms. 

classes, those in which both the total conductor 
length and the maximum linear dimension of a 
turn are both very small compared with the 
wavelength, and those in which both conductor 
length and loop dimensions begin to be compara¬ 
ble with the wavelength. 

A “small” loop can be considered to be simply 
a rather large coil, and the current distribution 
in such a loop is the same as in a coil. That is, the 
current is in the same phase and has the same 
amplitude in every part of the loop. To meet this 
condition the total length of conductor in the 
loop must not exceed about 0.08 wavelength. 

A “large” loop is one in which the current is 
not the same either in amplitude or phase in 
every part of the loop. This change in current 
distribution gives rise to entirely different proper¬ 
ties as compared with a small loop. 

Small Loops 

Small loops can be made in the form of a circle, 
triangle, rectangle, etc., with little or no change 
in properties. The most convenient form, gen¬ 
erally, is a square such as is shown in Fig. 2-83. 
So long as the total length of the conductor is very 
small compared with the wavelength the loop acts 
like a simple inductance and can be tuned to 
resonance at the desired frequency by a condenser, 
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C. The directive pattern of such a loop is given 
by the small drawing, and is the same as that of 
an elementary doublet (Fig. 2-12). 

Loops of this type do not have much applica¬ 
tion in amateur work, although they are widely 
used at frequencies below the standard broadcast 
band for direction finding. They are not very 
useful for this purpose at high frequencies because 
waves arriving at a receiving point via the iono¬ 
sphere have random polarization and wave angles, 
and this introduces large errors. 

The radiation resistance of a small loop is ex¬ 
tremely low. For this reason most of the power 
supplied to the loop is wasted in conductor re¬ 
sistance loss, when the loop is used for transmit¬ 
ting. A similar situation exists when the loop is 
used for receiving; because of its small size only 
a very small amount of energy is absorbed from 
passing waves. Consequently the loop is very 
inefficient as compared with a half-wave dipole 
in both receiving and transmitting. However, 
when resonated by a condenser it can be markedly 
better than the few feet of wire often used for 
reception on the lower frequencies, and it is some¬ 
times possible to take advantage of its directional 
effects to reduce interference. 

Half-Wave Loops 

The smallest size of “large” loop generally 
used is one having a conductor length of H wave¬ 
length. The conductor is generally formed into a 
square, as shown in Fig. 2-84, making each side 

Fig. 2-83 — Small loop, consisting of several turns of 
wire having a total length very much less than a wave¬ 
length. The directional pattern of such a loop is as 
shown in the small drawing, with maximum response 
in the plane of the loop. 

% wavelength long. When fed at the center of one 
side the current flows in a closed loop as shown at 
A. The current distribution is approximately the 
same as on a half-wave wire, and so is maximum 
at the center of the side opposite the terminals 
X-Y, and minimum at the terminals themselves. 
This current distribution causes the field strength 
to be maximum in the plane of the loop and in 

Fifi. 2-84 — Half-wave loops, consisting of a single turn 
having a total length of ^2 wavelength. 

the direction looking from the low-current side 
to the high-current side. If the side opposite the 
terminals is opened at the center as shown at B 
(strictly speaking, it is then no longer a loop be¬ 
cause it is no longer a closed circuit) the direction 
of current flow remains unchanged but the maxi¬ 
mum current occurs at the terminals. This re¬ 
verses the direction of maximum radiation. 

The radiation resistance at a current loop 
(which is also the resistance at X-Y in Fig. 2-84B) 
is of the order of 50 ohms. The impedance at the 
terminals in A is a few thousand ohms. This can 
be reduced by using two identical loops side by 
side with a few inches spacing between them and 
applying power between terminal X on one loop 
and terminal Y on the other. 

Unlike a half-wave dipole or a small loop, there 
is no direction in which the radiation from a loop 
of the type shown in Fig. 2-84 is zero. There is 
appreciable radiation in the direction perpendicu¬ 
lar to the plane of the loop, as well as to the 
“rear” — the opposite direction to the arrows 
shown. The front-to-back ratio is of the order of 
4 to 6 db. The small size and the shape of the 
directive pattern result in a loss of about 1 db. 
when the field strength in the optimum direction 
from such a loop is compared with the field from 
a half-wave dipole in its optimum direction. 

The ratio of the forward radiation to the back¬ 
ward radiation ean be increased, and the field 
strength likewise increased at the same time to 
give a gain of about 1 db. over a dipole, by using 
inductive reactances to “load” the sides joining 
the front and back of the loop. This is shown in 
Fig. 2-85. The reactances, which should have a 
value of approximately 360 ohms, decrease the 
current in the sides in which they are inserted and 
increase it in the side having the terminals. This 
increases the directivity and thus increases the 
efficiency of the loop as a radiator. 
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Fig. 2-85 — Inductive loading in the sides of a half-wave 
loop to increase the directivity and gain. Maximum 
radiation or response is in the plane of the loop in the 
direction show n by the arrow. 

One-Wavelength Loops 

Loops in which the conductor length is one 
wavelength (sides of square equal to % wave¬ 
length) have different characteristics than half¬ 
wave loops. Two forms of one-wavelength loops 
are shown in Fig. 2-86, the difference being in the 
point at which the terminals are inserted. The 
relative direction of current flow is as shown in 
the drawings. This direction reverses halfway 
around the perimeter of the loop, since such re¬ 
versals always occur at the junction of each half¬ 
wave section of wire. 

The directional characteristics of loops of this 
type are opposite in sense to those of a small loop. 
That is, the radiation is maximum perpendicular 
to the plane of the loop and is minimum in any 
direction in the plane containing the loop. If the 
two loops shown in Fig. 2-86 are mounted in a 

vertical plane with the terminals at the bottom, 
the radiation is horizontally polarized. When the 
terminals are moved to the center of one vertical 
side in A, or to a side corner in B, the radiation is 
vertically polarized. 

The dimensions of loops of this type are com¬ 
parable with those of a half-wave dipole and the 
efficiency tends to be high. In the optimum direc¬ 
tion of radiation either type will show a small 
gain (less than 1 db.) over a half-wave dipole. 
The resistance at the input terminals has not been 
measured accurately but general considerations 
indicate that it should be of the order of 50 ohms. 

• OTHER TYPES OF ANTENNAS 

The half-wave dipole and the few special types 
of antennas described in this chapter form the 
basis for practically all antenna systems in use at 

Fig. 2-86 — Loops having sides X wavelength long 
(total conductor length 1 wavelength). The polarization 
depends on the orientation of the loop and the point at 
which the terminals X— Y are located. 

frequencies from the v.h.f. region down. Other 
fundamental types of radiators are applicable at 
microwaves, but they are not used at lower fre¬ 
quencies because the dimensions are such as to 
be wholly impracticable when the wavelength is 
measured in meters rather than centimeters. 



CHAPTER 3 

Transmission Lines 
The desirability of installing an antenna in 

a clear space, not too near buildings or power and 
telephone lines, has been emphasized in the pre¬ 
ceding chapter. On the other hand, the trans¬ 
mitter that generates the r.f. power for driving 
the antenna is usually, as a matter of necessity, 
located at some distance from the antenna 
terminals. The connecting link between the 
two is the r.f. transmission line or feeder. Its sole 
purpose is to carry r.f. power from one place to 
another, and to do it as efficiently as possible. 
In other words, the power transferred by the line, 
as compared with the power lost in it, should be 
as large as the circumstances will permit. 

Meeting this requirement at radio frequencies 
is not as simple as it is at commercial power-line 
frequencies. At 50 or 60 cycles there is no prob¬ 
lem, in the ordinary case, beyond providing for 
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ri^. 3-1 — The two basic types of transmission lines. 

adequate insulation and selecting a conductor 
size that will carry the load current without 
excessive voltage drop. These points must be 
given consideration at radio frequencies, too. 
But, in addition, at radio frequencies every 
conductor that has appreciable length compared 
with the wavelength in use will radiate power. 
That is, every conductor becomes an antenna. 
Special care must be used, therefore, to minimize 
radiation from the conductors used in r.f. trans¬ 
mission lines. Without such care, the power 
radiated by the line may be much larger than 
that which is lost in the resistance of conductors 
and dielectrics. Power loss in resistance is in¬ 
escapable, at least to a degree, but loss by radia¬ 
tion is largely avoidable. 

Preventing Radiation 

Radiation loss from transmission lines can be 
prevented by using two conductors so arranged 
and operated that the electromagnetic field from 
one is everywhere balanced by an equal and op¬ 
posite field from the other. In such a case the 
resultant field is zero everywhere in space; in 
other words, there is no radiation. 

For example. Fig. 3-1A shows two parallel 
conductors having currents I\ and 12 flowing in 
opposite directions. If the current at point Y 
on the upper conductor has the same amplitude 
as the current I ï at the corresponding point X 
on the lower conductor, the fields set up by the 
two currents will be equal in magnitude. Because 
the two currents are flowing in opposite direc¬ 
tions, the field from at Y will be 180 degrees 
out of phase with the field from /2 at X. This 
does not mean that the two fields are 180 degrees 
out of phase at every point in space. It takes a 
measurable interval of time for the field from X 
to travel to Y. If Ii and /2 are alternating cur¬ 
rents, the phase of the field from Ii at Y will 
have changed in such a time interval, and so 
at the instant the field from X reaches Y the 
two fields at Y are not exactly 180 degrees out of 
phase. The two fields will be exactly 180 degrees 
out of phase at every point in space only when 
the two conductors occupy the same space — an 
obviously impossible condition if they are to 
remain separate conductors. 

The best that can be done is to make the two 
fields cancel each other as completely as possible. 
This can be accomplished by making the distance, 
d, between the two conductors small enough so 
that the time interval during which the field from 
X is moving to F is a very small part of a cycle. 
When this is the case the phase difference be¬ 
tween the two fields at any given point will be 
so close to 180 degrees that the cancellation is 
practically complete. 

Practicable values of d, the separation between 
the two conductors, are determined by the physi¬ 
cal limitations of line construction. A separation 
that meets the condition of being “very small” 
at one frequency may be quite large at another. 
For example, if d is six inches (a commonly-used 
value) the phase difference between the two 
fields at Y will be only a fraction of a degree if 
the frequency is 3500 kc. This is because a dis¬ 
tance of six inches is such a small fraction of a 
wavelength (one wavelength = 360 degrees) at 
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3500 kc. But at 144 Me. the phase difference 
would be 26 degrees, and at 420 Me. it would be 
73 degrees. In neither of these cases could the 
two fields be considered to "cancel” each other. 
The separation must be very small in comparison 
with the wavelength used; it should never exceed 
1 per cent of the wavelength and smaller separa¬ 
tions are desirable. 

Fid- 3-2 — Illustrating cur¬ 
rent flow on a long trans¬ 
mission line. 

Transmission lines consisting of two parallel 
conductors as in Fig. 3-1A are called parallel¬ 
conductor lines, or open-wire lines, or two-wire 
lines. 

A second general type of line construction is 
shown in Fig. 3-1B. In this case one of the con¬ 
ductors is tube-shaped and encloses the other 
conductor. This is called a coaxial line (“coax”) or 
concentric line. The current flowing on the inner 
conductor is balanced by an equal current flow¬ 
ing in the opposite direction on the inside surface 
of the outer conductor. Because of skin effect 
the current on the inner surface of the tube does 
not penetrate far enough to appear on the outer 
surface. In fact, the total electromagnetic field 
outside the coaxial line, as a result of currents 
flowing on the conductors inside, always is zero 
because the tube acts as a shield at radio fre¬ 
quencies. (This is tecause of the extremely low 
velocity of the field in good conductors, as men¬ 
tioned in Chapter One.) The separation l>etween 
the inner conductor and the outer conductor is 
therefore unimportant from the standpoint of 
reducing radiation. 

The characteristics and applications of both 
types of lines are covered in detail later in this 
chapter. Before they can be used intelligently it 
is necessary to become familiar with some in¬ 
herent features common to all types of trans¬ 
mission lines. These features arise chiefly as a 
result of the fact that time becomes a dominating 
factor. In dealing with antennas and r.f. trans¬ 
mission lines it must never be forgotten that 
electrical and magnetic effects do not take place 
instantaneously. The maximum speed at which 
a field can travel is 300,000,000 meters per sec¬ 
ond — a tremendous speed judged by the stand¬ 
ards of human perception, but not so rapid when 
the frequencies considered also are measured in 
millions of cycles per second. At high radio fre¬ 
quencies one cycle can be over and a new one 
beginning by the time the effect of the first has 
traveled only a few feet. The behavior of a circuit 

in which this is so is quite different from that of 
one in which the electromagnetic effects reach 
the most distant point in a small fraction of a 
cycle. 

• CURRENT FLOW IN LONG LINES 

Suppose we have a battery connected to a pair 
of parallel wires that extends to a very great 
distance, as in Fig. 3-2. At the moment the bat¬ 
tery is connected to the wires, electrons in wire 
No. 1 near the positive terminal of the battery 
will be attracted to the battery, and the same 
number of electrons in wire No. 2, near the bat¬ 
tery terminal, will be repelled outward along the 
wire. The directions are shown by the arrows. 
Thus a current flows in both wires at the instant 
the battery is connected. These currents do not 
flow throughout the entire length of both wires 
simultaneously. They start instantaneously in 
both wires at the battery terminals, but a definite 
time interval will elapse before they are evident 
at a distance from the battery. 

This time interval may be very small. For 
example, one-millionth of a second (one micro¬ 
second) after the connection is made the currents 
in the wires will liave traveled 300 meters, or 
nearly 1000 feet, from the battery terminals. 
Note that they flow in both wires simultaneously, 
even though there may be no connection be¬ 
tween the two wires at the end (which is infinitely 
far away) to form what we ordinarily think of as 
a closed circuit. 

The current is in the nature of a charging cur¬ 
rent, flowing to charge the capacitance between 
the two wires. But utdike an ordinary condenser, 
the conductors of this “linear” condenser have 
appreciable inductance. In fact, we may think 
of the line as being composed of a whole scries of 
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Fig. 3-3 — Equivalent of a transmisión line in terms of 
ordinary circuit constant*. The values of L and C depend 
on the line construction. 

small inductances and capacitances connected as 
shown in Fig. 3-3, where each coil is the induct¬ 
ance of a very short section of one wire and each 
condenser is the capacitance between two such 
short sections. 

Characteristic Impedance 

An indefinitely-long chain of coils and con¬ 
densers connected as in Fig. 3-3, where each L is 
the same as all others and all the ('s have the 
same value, has an interesting and important 
peculiarity. If a voltage is suddenly applied to 
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the terminals at the left-hand end, the condenser 
in section A cannot charge instantly to the ap¬ 
plied voltage, because the inductances in series 
prevent the current from rising too suddenly. 
The current flowing into the condenser at the 
instant the voltage is applied is not, therefore, 
infinitely large — as it would be, theoretically, if 
the voltage source had zero resistance and no 
inductance was present. The current flow is held 
to an amplitude determined by the value of the 
inductance in relation to the capacitance. This 
same relationship holds in section Ji, and in 
section (', and so on in each section. As the con¬ 
denser in section A charges, the voltage across it 
constitutes the voltage applied to section Ji, 
charging the condenser in that section. This goes 
on, chain fashion, throughout the network. 

Since there is a definite limit to the amount 
of current that can flow for a given applied volt¬ 
age, the combination of coils and condensers 
shown in Fig. 3-3 (or the transmission line that 
it simulates) appears to have a definite value of 
impedance. The value of this impedance is equal 
to y/LJC (if the coils have zero resistance and 
there is no leakage across the condensers). Furth¬ 
ermore, if the transmission line or chain of coils 
and condensers is infinitely long the energy flow 
is all in one direction — outward from the source 
— because the process of charging successive 
Sections of the line is never finished. Since there 
is no energy coming back to the source, there are 
no reactive effects. Consequently the impedance 
of the line is a pure resistance. (The line itself 
will “look like” such an impedance only when 
it is infinitely long. However, even a short line 
can be made to act as though it were infinitely 
long by a simple means to be discussed a little 
later.) 

This inherent line impedance is called the 
characteristic impedance or surge impedance of 
the line. As stated, its value is determined by the 
inductance and capacitance per unit length. 
These quantities in turn depend upon the size 
of the line conductors and the spacing between 
them. The closer the two conductors of the line 
and the greater their diameter, the higher the 
capacitance and the lower the inductance. A 
line with large conductors closely spaced will 
have low impedance, while one with small con¬ 
ductors widely spaced will have relatively high 
impedance. The characteristic impedances of 
typical lines range from a low of about 50 ohms 
in the coaxial type to a high of somewhat more 
than 000 ohms for the open-wire type. 

The characteristic impedance of the line is 
a very important property. As we have seen, it 
determines the amount of current that can flow 
when a voltage is applied to the line. When a line 
is infinitely long, the current is simply equal to 
E/Ztt, where E is the voltage applied to the line 
and Zo is the characteristic impedance. This has 
nothing to do with the resistance of the conduc¬ 

tors: in fact, in this simplified picture of a trans¬ 
mission line we have tacitly assumed that the 
conductors do not have any resistance. The line 
is an impedance (like any circuit composed of 
L and C, without any If) that does not consume 
power. Actually, of course, the conductors do 
have resistance, so power cannot be transmitted 
along the line without some loss. But if the line 
is properly constructed and operated, this loss 
will be small compared with the amount of power 
carried to the load to do useful work. 

ñ.F. on Lines 

Bearing in mind that time must elapse before 
the currents initiated at the “input” end of the 
line — that is, the end to which the source of 
power is connected — can appear some distance 
away, consider now what happens when a radio¬ 
frequency voltage is applied to a transmission 
line. Suppose an r.f. generator is connected to 
a long line as shown in Fig. 3-4. To make the 
figures easy, assume that the frequency is 10 Me., 
or 10,000,(M)0 cycles per second. Then each cycle 
will occupy 0.1 microsecond, as shown by the 
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Fig. 3-4 — Instantaneous current along a transmission 
line at successive time intervals. The frequency is such 
that the time of one cycle is 0.1 microsecond. 
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drawing of the applied voltage. Suppose that the 
points B and D along the line are 30 meters 
away from A and C, respectively. If the current 
travels with the velocity of light, in 0.1 micro¬ 
second (one cycle) it will move 30 meters (300,-
000,000 meters divided by 10,000,000 cycles) 
along the line. This is a distance of one wave¬ 
length. Thus any currents observed at B and 
D occur just one cycle later in time than the 
currents at A anil C. To put it another way, the 
currents initiated at A and C do not appear at 
B and D, one wavelength away, until the ap¬ 
plied voltage has had time to go through a com¬ 
plete cycle. 

Since the applied voltage is always changing, 
the currents at A and C are changing in propor¬ 
tion. The current a short distance away from 
A and C — for instance, at X and Y — is not the 
same as the current at A and C because the cur¬ 
rent at X and Y was caused by a value of voltage 
that occurred slightly earlier in the cycle. This is 
true all along the line; at any instant the current 
anywhere along the line from A to Ji and C to D 
is different from the current at every other point 
in that same distance. The series of drawings 
shows how the instantaneous currents might be 
dist ributed if we could snapshot them at intervals 
of one-quarter cycle. The current travels out from 
the input end of the line in waves. 

At any selected point on the line the current 
goes through its complete range of a.c. values 
in the time of one cycle just as it does at the 
input end. Therefore (if there are no losses) an 
ammeter inserted in either conductor would read 
exactly the same current at any point along the 
line, because the ammeter averages the current 
over a whole cycle. The phases of the currents at 
any two separated points would be different, but 
an ammeter cannot show phase. 

"Matched" Lines 

In this picture of current traveling along a 
transmission line we have assumed that the 
line was infinitely long. Lines have a definite 
length, of course, and they are connected to 
or terminated in a load at the “output” end, 
or end to which the power is delivered. If the 
load is a pure resistance of a value equal to the 
characteristic impedance of the line, the cur¬ 
rent traveling along the line to the load does 
not find conditions changed in the least when 
it meets the load; in fact, the load just looks 
like still more transmission line of the same 
characteristic impedance. Connecting such a 
load to a short transmission line allows the cur¬ 
rent to travel in exactly the same fashion as it 
would on an infinitely-long line. 

The reason for this can perhaps be made a little 
clearer by considering it from another viewpoint. 
In flowing along a transmission line, the power is 
constantly being handed from one of the ele¬ 
mentary sections in Fig. 3-3 to the next. W hen 
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the line is infinitely long this power transfer goes 
on in one direction indefinitely. From the stand¬ 
point of section 8, Fig. 3-3, for instance, the 
power it has handed over to section C has simply 
disappeared in C. So far as section B is concerned, 
it makes no difference whether C has absorbed 
the power itself or has in turn handed it along to 
more line. Consequently, if we substitute some¬ 
thing for section C that has the same electrical 
characteristics, section B will not know the differ¬ 
ence. A pure resistance equal to the characteristic 
impedance of C, which is also the characteristic 
impedance of the line, meets this condition. It 
absorbs all the power just as the infinitely-long 
line absorbs all the power transferred by section 
B. 

A short line terminated in a purely-resistive 
load equal to the characteristic impedance of 
the line is said to be matched. In a matched 
transmission line, power travels outward along 
the line from the source until it reaches the load, 
where it is completely absorbed. 

With either the infinitely-long line or its 
matched counterpart the impedance presented 
to the source of power by the line (the input 
impedance) is the same regardless of the line 
length. It is simply equal to the characteristic 
impedance of the line. The current in such a line 
is equal to the applied voltage divided by the 
characteristic impedance. 

• STANDING WAVES 
Now suppose that the line is terminated in a 

load that is not equal to the line’s characteristic 
impedance. To take an extreme case, suppose 
that the output end of the line is short-circuited, 
as in Fig. 3-5. The impedance of a resistanceless 
short-circuit would be zero; and whatever the 
value of power traveling along the line, on reach¬ 
ing the short-circuit it would cause an infinitely-
large current to flow. At the same time, the 
voltage across zero resistance, even with infinitely-
large current, would be zero. Furthermore, no 
power would be consumed in the short-circuit 
Of course, there is no such thing as a short with 
no resistance at all, but the actual resistance can 
be extremely small compared with the character¬ 
istic impedance of the line. In the practical case, 
the current in the short circuit will be very large 
compared with the current that would flow in the 
same line when terminated in its characteristic 
impedance. Also, the voltage across the short 
circuit will be extremely small and the power 
consumption likewise small. 

What happens is that the outgoing power, on 
meeting the short-circuit, simply reverses its 
direction of flow and goes back along the trans¬ 
mission line toward the input end. It has nowhere 
else to go. The reflected power has essentially 
the same value as the outgoing power, because 
the power lost in the shortecircuit is quite small 
if the resistance of the short is low. 
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The power going into the short-circuit from the 

line (which we term the “outgoing” power) can 
be represented by a voltage and current in phase, 
as indicated at A in Fig. 3-6. The reflected power 
also can be represented by a voltage ami current. 
The reflected voltage is 180 degrees out of phase 
with the outgoing voltage, because their sum 
must be essentially zero across the short-circuit. 
However, the reflected power is traveling in the 
opposite direction to the outgoing power, and to 
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Fin. 3-5 — Standing waves of current and voltage on a 
short-circuited transmission line. 

represent this the reflected current must be 
shown 180 degrees out of phase with the reflected 
voltage; this “negative” power is comparable 
with the reactive power in an inductance or 
capacitance and represents power returned to 
the source. As shown in Fig. 3-6B, this puts the 
reflected current in phase with the outgoing cur¬ 
rent. The total current in the short-circuit is the 
numerical sum of the outgoing and reflected cur¬ 
rents, as indicated in Fig. 3-6C, but when the 
two out-of-phase voltages are added together 
their sum is very small. 

In discussing Fig. 3-4 it was pointed out that 
the instantaneous value of a traveling current is 
different at every point along a conductor in the 
space of one wavelength, because the current 
travels that far in one cycle. This is true in each 
successive one-wavelength portion of the line. At 
any two points exactly one wavelength apart 
along the conductor, such as P and Q in Fig. 3-4, 
the currents will be in phase. At any two points 
exactly one-half wavelength apart, such as P 
and It or R and Q, the currents will be 180 degrees 
out of phase, because such a distance represents 
one-half cycle. The same relationships hold for 
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the phases of the instantaneous voltages along the 
line. 

Now consider the outgoing and reflected cur¬ 
rents at some distance from the end of the short-
circuited line. The reflected current travels at the 
same speed as the outgoing current, so its in¬ 
stantaneous value also will be different at every 
point along the line in the space of one wave¬ 
length. This means that, because the currents are 
traveling in opposite directions, there are bound 
to be points along the line where they will be in 
phase and points where they will be completely 
out of phase. At all other points the two currents 
will be neither completely in nor completely out 
of phase. 

The phase relationship between the outgoing 
and reflected currents is dependent only on the 
distance to and from the short-circuit, since this 
determines the time relationship between the 
two currents. The points at which the two are in 
phase are therefore at fixed distances from the 
short; so, likewise, are the points at which they 
are out of phase. At the in-phase points the two 
currents go through the usual sequence of instan¬ 
taneous values during a cycle, but always adding. 
Similarly, at. the out-of-phase points the two go 
through the normal cyclic variations, but always 
canceling each other. The result is that the effec¬ 
tive current, as measured by an ammeter, will be 
zero at an out-of-phase point, but will be higher 
at an in-phase point than at any other place 
along the line. 
We have shown that the outgoing and re¬ 

flected currents are exactly in phase in the short-
circuit. They will therefore also be in phase at a 
point along the line that represents a total dis¬ 
tance of one wavelength. Since one current is 
traveling toward the short while the other is 
traveling away from it, a total distance of one 
wavelengt h is equal to a half wavelength of travel 
for each current. Consequently the two currents 
are in phase at a point exactly wavelength 
from the short. Likewise, they will be in phase at 
every point along the line that is an integral 
multiple of a half-wavelength from the short. 
At such points, therefore, an ammeter will read 
maximum current. 

The two currents will be out of phase at a point 
that represents a total distance of one-half wave¬ 
length. Again because the currents are traveling 
in opposite directions, each current has to travel 
only one-quarter wavelength to make the total 
distance equal to one-half wavelength. As a re¬ 
sult, the currents are out of phase at a point 
exactly J4 wavelength from the short-circuit. 
They will again be out of phase a half-wavelength 
from that point — that is, % wavelength from 
the short—and at every point an odd integral 
multiple of a quarter-wavelength. The ammeter 
will read zero at such points. 

If the current along the line is measured at suc¬ 
cessive1 points it will be found to vary about as 
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shown in Fig. 3-5B. The same result would be 
obtained by measuring the current in either wire, 
since the ammeter cannot measure phase. How¬ 
ever, if the phase could be checked it would be 
found that in each successive half-wavelength 
section of the line the currents at any given in¬ 
stant are flowing in opposite directions, as indi¬ 
cated by the solid line in Fig. 3-5C. Furthermore, 
the current in the second wire is flowing in the 
opposite direction to the current in the adjacent 
section of the first. This is indicated by the 
broken curve in Fig. 3-5C. 

Thus a short-circuited transmission line has 
standing waves of current along its length. 
Just as in the case of the antennas discussed in 
Chapter Two, a point of maximum current is 
called a current loop and a point of minimum 
current is called a current node. 

Voltage Relationships 

The 180-degree reversal of phase in the voltage 
reflected at the short-circuit, already described, 
is equivalent to a half cycle or half wavelength of 
travel. Rememberingagain that when one voltage 
travels a quarter wavelengt h the ot her covers the 
same distance (so the relative distance covered 
by both in one quarter wavelength along the line 
totals to a half wavelength) the phase reversal in 
the reflected voltage causes the two components 
to be in phase at a distance of one-quarter wave¬ 
length from the short-circuit. At a distance of 
one-half wavelength from the short they are 
again out of phase and cancel. 

The standing waves of voltage, shown at D 
in Fig. 3-5, are therefore displaced by one-
quarter wavelength from the standing waves of 
current. The drawing at E shows the voltages 
on both wires when phase is taken into account. 
The polarity of the voltage on each wire reverses 

(A) (B) (C) 
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Fi/i. 3-6 — Voltage and current at the short -circuit on 
a short -circuited line. These vectors show how the out¬ 
going voltage and current (A) combine with the reflected 
voltage and current (B) to result in high current and 
very low voltage in the short-circuit. 

in each half-wavelength section of transmission 
line. A voltage maximum on the line is called a 
voltage loop and a voltage minimum is called a 
voltage node. 

Input Impedance 
It is apparent, from examination of B and D in 

Fig. 3-5, that at points that are a multiple of a 
half wavelength — i.e., Yl, 1, 1^2 wavelengths, 
etc. — from the short-circuited end of the line the 
current and voltage have the same values that 
they do at the short-circuit. In other words, if the 
line were an exact multiple of a half wavelength 
long the generator or source of power would 
“look into” a short-circuit. On the other hand, at 
points that are an odd multiple of a quarter 
wavelength — i.e., Y, Y> ^Y> etc. — from the 
short-circuit the voltage is maximum and the cur¬ 
rent is zero. Since Z = E/I, the impedance at the 
input terminals (input impedance) of lines having 
such lengths is theoretically infinite. In practice 
it is very high, but not infinite. This is because 
the current does not actually go to zero when 
there are losses in the line. While losses are al¬ 
ways present, they are usually small enough 
on short-circuited lines so that the impedance is 
of the order of tens or hundreds of thousands 
of ohms. 

At either the odd or even multiples of a quarter 
wavelength the impedance is a pure resistance, 
because at these points the current and voltage in 
the transmission line are exactly in phase. 

A detailed study of the outgoing and reflected 
components of voltage and current will show that 
at a point such as A' in Fig. 3-5, lying anywhere in 
the section of line between the short-circuit and 
the first quarter-wavelength point, the current 
lags behind the voltage. (The reasoning is similar 
to that used in Chapter Two in connection with 
Fig. 2-(>, although in reverse because an antenna 
corresponds to the open-circuited line described 
in the next section.) This is exactly what happens 
:n an inductance, so it can be said that a short-
circuited transmission line less than a quarter-
wavelength long has inductive reactance. The 
line also has inductive reactance when its length 
is between Y and Y wavelength, between 1 and 
1Y wavelengths, and so on. 

On the other hand, in the section of line be¬ 
tween Y and Yi wavelength from the short-
circuit the current leads the voltage, so a short-
circuited line having a length between these two 
limits “looks like” a capacitive reactance to the 
generator to which it is connected. This is also the 
case when the line length is between Y and 1 
wavelength, between \Y and ï Y wavelengths, 
and so on. 

Fig. 3-7 shows the general way in which the 
reactance appearing at the input end of a short-
circuited line having no losses varies with the 
length of the line. The reactance is low at lengths 
that are near a multiple of a half-wavelength, and 
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lifl. 3-7 — Kractance at the input terminals as a func¬ 
tion of line length in wavelengths, short -circuited line. 
These curves show the general way in which the input 
reactance varies. Specific values arc determined by the 
characteristic im|>edance of the line. 

very high at lengths that are near an odd multiple 
of a quarter wavelength. At the exact odd 
quarter wavelengths both the inductive and ca¬ 
pacitive reactances are infinitely large in this 
theoretical case of no losses — a condition that 
means, physically, that the line impedance is 
purely resistive. In a practical line having some 
loss, the reactance curves do not become infinite 
at such line lengths. The effect of power dissipa¬ 
tion is considered a little later in this chapter. 

Open-Circuited Line 

If the end of the line is open-circuited instead 
of short-circuited, there can be no current at 
the end of the line but a large voltage can exist. 
Again the outgoing power is reflected back 
toward the source because it has nowhere else to 
go. As shown in Fig. 3-8, the outgoing voltag" 
and current are in phase, just as they were in the 
short-circuited case, because their product repre¬ 
sents power delivered to the end of the line. The 
reflected power, traveling in the opposite direc¬ 
tion, is represented by a reflected current out of 
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phase with the reflected voltage. In this case the 
outgoing and reflected currents are out of phase 
because the total current in an open circuit must 
be zero. This brings the reflected voltage in phase 
with the outgoing voltage, so the total voltage at 
the end of the line is the sum of the two. 

The result is that we again have standing 
waves, but the conditions are reversed as com¬ 
pared with the short-circuited line. Fig. 3-9 
shows the open-circuited line case. It may be 
compared directly with Fig. 3-5. The imped¬ 
ance looking into the line toward the open end 
is purely resstive for line lengths that arc multi¬ 
ples of one-quarter wavelength. It is very low at 
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Fifí. 3-9 — Standing waves of voltage and current on an 
open-circuited tranamiasion line. 

odd multiples of one-quarter wavelength, and 
very high at even multiples. In fact, an open-cir¬ 
cuited line and short-circuited line behave just 
alike if the length of one differs by one-quarter 
wavelength from the length of the other. 

Fig. 3-10 shows how the reactance varies with 
line length for the open-circuited line. Comparing 
this with Fig. 3-7 shows that the reactance of any 
given length of line is of the opposite type to that 
obtained with a short-circuited line of the same 
lengt h. 

Lines as Circuit Elements 

An open- or short-circuited line does not de¬ 
liver any power to a load, and for that reason is 
not, strictly speaking, a “transmission” line. 
However, the fact that a line of the proper length 
has inductive reactance makes it possible to sub¬ 
stitute the line for a coil in an ordinary circuit : 
likewise, another line of appropriate length hav-
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Fig. 3’10 — Reactance at the input terminals as a func¬ 
tion of line length in wavelengths, open-circuited line. 

ing capacitive reactance can be substituted for a 
condenser. 

Furthermore, at lengths that are exact multi¬ 
ples of a quarter wavelength such lines have the 
properties of resonant circuits. At lengths where 
the input reactance passes through zero the line 
acts like a series-resonant circuit; at lengths for 
which the reactances are theoretically infinite 
the line simulates a parallel-resonant circuit. 
The effective Q of such linear resonant circuits 
is very high if the line losses, both in resistance 
and by radiation, are kept down. This can be 
done without much difficulty, particularly in 
coaxial lines, if air insulation is used between the 
conductors. Air-insulated open-wire lines are 
likewise very good at frequencies for which the 
conductor spacing is very small in terms of 
wavelength. 

Sections of lines used as cir¬ 
cuit elements are usually a 
quarter wavelength or less long. 
The desired type of reactance 
(inductive or capacitive) or the 
desired type of resonance (se¬ 
ries or parallel) is obtained by 
shorting or opening the far end 
of the line. The circuit equiva¬ 
lents of various types of line 
sections are shown in Fig. 3-11. 

When a line section is used 
as a reactance, the amount of 
reactance obtained is deter¬ 
mined by the characteristic 
impedance and the length of 
the line. In the case of a line 
having no losses, and to a close 
approximation when the losses 
are small, the inductive react¬ 
ance of a short-circuited line 
less than a quarter wave in 
length is 

Al (ohms) = Zq tan I 
where I is the length of the line 
in electrical degrees (see Chap¬ 

ter Two for explanation of the degree method of 
measuring length) and Zo is the characteristic 
impedance of the line. The capacitive reactance 
of an open-circuited line less than a quarter wave 
in length is 

Ac (oh ins) = Z» cot I 

Fig. 3-12 is a graph of the quantity X/Zo for 
both cases. To find the actual reactance at a 
given length, multiply the value of X/Zo by the 
characteristic impedance of the line used. For 
example, a section of 600-ohm line 60 degrees 
long and short-circuited at the far end will have 
an inductive reactance of 1.73 X 600 = 1040 
ohms. The same line open-circuited would have a 
capacitive reactance of 0.57 X 600 = 340 ohms. 
The equivalent inductance and capacitance can 
be found by substituting these values in the for¬ 
mulas relating inductance and capacitance to 
reactance, or by using the various charts and 
calculators available. The frequency for which 
the line length is 60 degrees must be used, of 
course. In this example, if the frequency is 14 Me. 
the equivalent inductance and capacitance in the 
two cases are 12.1 ph. and 33.4 ppfd., respectively. 
Note that when the line length is 45 degrees (J^ 
wavelength) the reactance in either case is nu¬ 
merically equal to the characteristic impedance 
of the line. 

Applications of line sections as circuit elements 
in connection with antenna and transmission-line 
systems are discussed later in this chapter. In 
using the graphs in Fig. 3-12 it should be kept in 
mind that electrical length and physical length 
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are not necessarily the same. As pointed out in 
Chapter Two, the electrical length depends on 
the velocity at which the electromagnetic fields 
travel. Data on velocity of propagation along 
lines of various types of construction are given in 
this chapter in the section on the practical char¬ 
acteristics of transmission lines. 

• TERMINATED LINES 

Fig. 3-13 shows a line terminated in a resistive 
load. In such a case at least part of the outgoing 
power is absorbed in the load, and so is not avail¬ 
able to be reflected back toward the source. 
Because only part of the power is reflected, the 
reflected voltage and current do not have the 
same magnitude as the outgoing voltage and 
current. Therefore there is no such thing as com¬ 
plete cancellation of either voltage or current at 
any point along the line. However, the speed at 
which the outgoing and reflected components 
travel is not affected by their amplitude, so the 
phase relationships between them are similar to 
those in open- or short-circuited lines. 

It was pointed out earlier that if the load re¬ 
sistance, which we will call ZR, is equal to the 
characteristic impedance, Zo, of the line all the 
power is absorbed in the load. In such a case there 

Fill. 3-12 — Universal reactance curves for open- and 
short-circuited low-loss lines. The quantity X/Zo mul¬ 
tiplied by the characteristic impedance of the line is 
equal to the value of reactance at the input terminals. 
In lines of greater length the type of reactance varies 
according to the following table: 

Length 
90 to 180 deg. 
180 to 270 deg. 
270 to 360 deg. 

Short-Circuited 
Line 

Capacitive 
Inductive 
Capacitive 

Open-Circuited 
Line 

Inductive 
Capacitive 
Inductive 

consecutive The sign of the reactance rev< 
90-degree (14-wavelength) section. 

erses in each 

is no reflected power and therefore no standing 
waves of current and voltage. This is a special 
case that represents the changeover point be¬ 
tween “short-circuited” and “open-circuited” 
lines. If ZR is less than Zo, the current is largest 

l/zA IÄA IA % A &A 4A ——length 

Fin. 3-13, Standing waves on a transmission line ter¬ 
minated in a pure resistance. 

at the load and the reflected voltage is out of 
phase with the outgoing voltage at the load. If 
Zr is greater than Zo, the voltage is largest at the 
load and the reflected current is out of phase with 
the outgoing current. The relationships between 
outgoing and reflected voltages and currents at 
the load are shown for the two cases in Fig. 3-14. 

In either case the reflected power causes stand¬ 
ing waves to be formed along the line. In the one 
case (ZR less than Zo) the positions of the minima 
and maxima are the same as for the short-cir¬ 
cuited line; in the other (ZR greater than Zo) the 
positions of the minima and maxima correspond 
to their positions on the open-circuited line. 
But in neither case is there a complete null at a 
minimum point; although the phase relationships 
are right for cancellation at these points the 
amplitudes are not. The reflected current or volt¬ 
age, being smaller, cannot completely oppose the 
outgoing current or voltage. Typical conditions 
are shown at B and C in Fig. 3-13. 

Input Impedance of Terminated Lines 

A transmission line terminated in a purely-
resistive load is an important practical case. The 
load is usually an antenna — which, as we have 
seen in Chapter Two, “looks like” a pure resist¬ 
ance when its length is adjusted to resonance at 
the operating frequency. If the antenna resistance 
is the same as the characteristic impedance of the 
transmission line the line will be matched just as 
well as though an actual resistor were used for 
the termination. In such a case all the power 
going along the line is absorbed by the antenna 
and there are no standing waves. 

However, more often than not the antenna re¬ 
sistance does not equal the characteristic imped¬ 
ance of the line. We then have standing waves 
and the input impedance depends on the line 
length. This input impedance is of first impor¬ 
tance because it determines the way in which the 
source of power must be coupled to the line. We 
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would not expect to get good results by connect¬ 
ing a 115-volt lamp to the 6-volt secondary of a 
transformer, because the lamp impedance is too 
high for such a power source. On the other hand, 
we would not expect to operate a 6-volt lamp di¬ 
rectly from 115 volts; the impedance is too low. 
The same problem arises in coupling a transmitter 
to a transmission line, with this additional com¬ 
plication: Not oidy must the voltage be right, 
but we must also take care of the phase relation¬ 
ship between current and voltage. This phase re¬ 
lationship is determined by the line itself. 

It is difficult to give a descriptive picture of 
what happens along a terminated line without 
going into detail not easily followed without a 
good background of a.c.-circuit t heory and vector 
diagrams. It can be said that, in general, the re¬ 
sistive part of any impedance represents power 
used up or “dissipated” in the circuit, while the 
reactive part represents power at first accepted 
by the circuit but then returned to the source at 
some later part of the a.c. cycle. In a transmission 
line, then, we would expect that the smaller the 
amount of power reflected back along the line in 
comparison with that going out, the smaller the 
reactive effects. This is true. Also, we would ex¬ 
pect that the closer the load comes to being a 
match for the characteristic impedance of the 
line, the smaller the amount of power reflected 
compared with that absorbed in the load. That is 
also true. Hence the closer Zr comes to being equal 
to Zo, the smaller the reactive effects. It is, in 
fact, the ratio of Zr to Zo that determines the rela¬ 
tionship between resistance and reactance at the 
input terminals of a line of given length. 

(B) 

Fifi. 3-14 — Outgoing voltage and current (A), reflected 
voltage and current (B) and resultants (C) for lines 
terminated in pure resistance. The amplitudes of the 
reflected voltage and current depend on the magnitude 
of the ratio Zr/Zo. 

Resistance, reactance and impedance are usu¬ 
ally visualized in terms of coils, condensers and 
resistors, because they are the things dealt with in 
ordinary circuits. In a broader sense, impedance 
is simply a ratio of voltage to current, but is not 
completely specified unless the phase relationship 
A o i 

Transmission Line ^Load 
B o-J 

Rs 
A O-AWW 

8 °-dLWBL-
xs 

SERIES EQUIVALENT 

B o-

PARALLEL EQUIVALENT 

Fifi. 3-15 — Input impedance of a line terminated in a 
pure resistance. The input impedance can he represented 
either by a resistance and reactance in series or a re¬ 
sistance and reactance in parallel. The relationship be¬ 
tween the series It and V values in the series and parallel 
equivalents is given by the formulas. \ may be either 
inductive or capacitive, depending on the line length 
ami the ratio Zr Zo. 

between the voltage and current also is given. In 
the transmission-line case, applying a given volt¬ 
age to the input terminals will cause a definite 
current to flow, but the current will not, in gen¬ 
eral, be in phase with the voltage. No actual coils, 
condensers or resistors are involved, but we can 
nevertheless form from such components a circuit 
that will result in exactly the same current flow 
for the same applied voltage, and in which the 
phase relationship between current and voltage 
will be exactly the same as in the transmission 
line. In fact, it is possible to form two such 
“equivalent” circuits and select whichever is 
most convenient for our purpose. One of these, 
as shown in Fig. 3-15, consists of a resistance, Rs, 
and a reactance, Xs (shown here as an induct¬ 
ance, but it can be a capacitance equally well), in 
series. The other consists of a different value of 
resistance, Rs, in parallel with a different value of 
reactance, Xs. But when the values are properly 
chosen, the impedance between terminals A-li 
will be exactly the same in the two equivalent cir¬ 
cuits as in the transmission line itself. 

The type of the reactance — whether induc¬ 
tive or capacitive — at the input terminals of a 
line is the same as for the short-circuited line 
when Zr is less than Zo, and the same as for the 
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open-circuited line when Zr is greater 
than Zu. The magnitude of the react¬ 
ance is not the same as given in 
Fig. 3-12, however. The nature of 
the input impedance of terminated 
lines of various lengths is shown in 
Fig. 3-16. Comparing this with 
Fig. 3-11, it is seen that the differ¬ 
ence lies in the fact that there is re¬ 
sistance as well as reactance in the 
equivalent circuit when the line 
length is not an exact multiple of a 
quarter wavelength. At such multi¬ 
ples the input impedance is a pure 
resistance having the value shown on 
the drawing. The input impedance 
of a line having a length of exactly 
one-half wavelength is equal to the 
terminating resistance, regardless of 
the characteristic impedance of the 
line. 

Figs. 3-17 and 3-18 show the re¬ 
sistance and reactance in the series¬ 
circuit equivalent of lines having 
several ratios of load resistance (Zr) 
to line characteristic impedance 
(Zu). The values are plotted in terms 
of the ratio of the resistive part of 
the input impedance (/is) to the 
characteristic impedance, and the 
ratio of the reactive part of the in¬ 
put impedance (Xs) to the charac¬ 
teristic impedance. This makes the 
curves applicable to all types of 
lines. 

Several features of these curves are note¬ 
worthy. When Zr is close to the same value as 
Zo the resistance changes rather slowly with line 
length and varies over only a relatively small 
range. Under the same conditions the reactance 
is never large, and reaches a maximum value at 
lengths intermediate to exact multiples of a quar¬ 
ter wavelength. When Zr is considerably differ¬ 
ent than Zu, the resistance varies between widely 
different values in the course of a quarter wave 
length and shows a rather sliarp peak of the type 
characteristic of parallel-resonant circuits. The 
reactance variation is likewise large, and the point 
of maximum reactance moves closer to a quarter¬ 
wave point as the ratio Zr/Zo becomes either 
very large or very small. The maximum value of 
reactance approaches one-half the maximum 
value of resistance, at the extreme Zr/Zo ratios. 

For line lengths between 90 and 180 degrees, 
270 and 360 degrees, and so on, use the curves for 
the opposite case. For instance, if Zr is less than 
Zo and the line length is between 90 and 180 de¬ 
grees, Fig. 3-18 applies. Simply subtract 90 from 
the actual line length, invert the ratio Zr/Zo, and 
read off the values for the new length. Likewise, 
if Zr is greater than Zo and the line length is be¬ 
tween 90 and 180 degrees (or between 270 and 

360 degrees, etc.) subtract 90 from the actual 
length and use the curves in Fig. 3-17 with the 
Zr/Zo ratio inverted. 

The practical applications of curves of this 
kind are covered later in this chapter in the sec¬ 
tion on coupling to transmission lines. 

Standing-Wave Ratio 
The ratio of maximum current to minimum 

current along a line, as indicated in Fig. 3-19, 
is called the standing-wave ratio. It is a meas¬ 
ure of the mismatch between the load and the 
line, and is equal to 1 when the line is perfectly 
matched. (In that case the “maximum” and 
“minimum” current are the same, since the 
current does not vary along the line.) When the 
line is terminated in a purely-resistive load, the 
standing-wave ratio is 

Where S.W.Ä. = Standing-wave ratio 
Zr = Impedance of load (must be 

pure resistance) 
Zu = Characteristic impedance of 

line 
It is customary to put the larger of the two 
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quantities, Zr or Zo, in the numerator of the frac¬ 
tion so that the s.w.r. will be expressed by a num¬ 
ber larger than 1. 

It is somewhat easier to measure the standing¬ 
wave ratio than many of the other quantities 
that enter into transmission-line computations. 
Consequently, the s.w.r. offers a convenient basis 
for work with lines. The higher the s.w.r., the 
greater the mismatch between line and load. 
Also, the higher the s.w.r. the more marked are 
the reactive effects. This is shown by the curves 
of Figs. 3-17 and 3-18, where the s.w.r. in each 
case is as follows: A, 10; B, 5; C, 3; and D, 2. 

Since the voltages along a line are proportional 
to the amplitude of the current, the s.w.r. may be 
determined by measuring the maximum and mini¬ 
mum voltages and taking the ratio. That is, the 
voltage s.w.r. and current s.w.r. are identical on a 
given line. However, it is generally more conven¬ 
ient to measure current than voltage. 

Impedance Transformation 

As shown in Fig. 3-16, the input impedance of 
a line an exact multiple of a quarter wave in 
length is a pure resistance when the line is termi-

Fig. 3-17 — Universal curves of resistance and reac¬ 
tance vs. line length, for various Zr/Zo ratios with Zr 
less than Zo. Actual values of resistance and reactance 
are found by multiplying the quantity Rs/Zoor Xs/Zo 
by the characteristic impedance of the line. 

Fig. 3-18 — Universal resistance-reactance curves for 
Zr greater than Zo. These curves are used in the same 
way as those of Fig. 3-17. 

The input impedance of a line an odd multiple 
of a quarter wavelength long is 

4 
S Zr 

If Zr is a pure resistance, Zs also will be a pure 
resistance. liearranging this equation gives 

Zo = VzizTt 

This means that if we have two values of imped¬ 
ance that we wish to “match,” we can do so if we 
connect them together by a quarter-wave trans¬ 
mission line having a characteristic impedance 
equal to the square root of their product. A 
quarter-wave line is, in effect, a transformer. It is 
frequently used as such in antenna work when it 
is desired, for example, to transform the imped¬ 
ance of an antenna to a new value that will match 
a given transmission line. This subject is con¬ 
sidered in greater detail in a later section of this 
chapter. 

Reactive Terminations 

In most amateur applications of transmission 
lines the load is — or should be — a pure resist¬ 
ance. At least, every attempt is made to make it 

nated in a purely-resistive load. At even multi¬ 
ples (i.e., multiples of a half wavelength) the in¬ 
put resistance, Rs, is equal to the load resistance, 
Rl- As a matter of fact, a line an exact multiple 
of a half wave in length simply repeats, at its 
input or sending end, whatever impedance exists 
at its output or receiving end; it does not matter 
whether the impedance at the receiving end is 
resistive, reactive, or a combination of both. Sec¬ 
tions of line having such length can be cut in or 
out without changing any of the operating condi¬ 
tions, at least when the losses in the line itself are 
negligible. 

Fig. 3-19 — Measurement of standing-wave ratio. In 
this drawing Imu is 1.5 and /min is 0.5, so the s.w.r. is 
Imss/Imla = 1.5/0.5, Or 3 to 1. 
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so. However, there are cases where the load has 
reactance as well as resistance, and recognizing 
the symptoms of reactance in the load is of value 
in indicating what steps should be taken to con¬ 
vert the load to a pure resistance. 

The situation is easier to visualize if a line ter¬ 
minated in a pure reactance is considered first. 
For example, suppose the line is terminated in a 
capacitive reactance as shown in Fig. 3-20A. 
It does not matter to the line what physical form 
the reactance takes; the important thing is that 
in it the phase relationships are such that the 
current leads the voltage. The reactance might 
be a condenser, for example — or it might simply 
be an additional section of transmission line that 
exhibits capacitive reactance at its input end, as 
indicated in Fig. 3-20B. 

From Fig. 3-11, a section of open-circuited 
transmission line less than one-quarter wave¬ 
length long will have capacitive reactance. By 
proper choice of line length, any desired value of 
reactance can be obtained, as shown in Fig. 3-12. 
Consequently, any “lumped” reactance, such as 
a condenser, connected to the end of the trans¬ 
mission line can be replaced by a section of open-
circuited line of appropriate length. In other 
words, a condenser connected across the end of 
the transmission line lengthens the line, electri¬ 
cally. The amount of effective lengthening de¬ 
pends on the capacitance of the condenser. If 
the capacitance is small, the reactance is high and 
the line is only slightly lengthened, electrically. 
If the capacitance is large and its reactance there¬ 
fore low, the electrical lengthening may amount 
to nearly a quarter wavelength. 

Once the equivalent lengthening is determined, 
we can simply look upon the line as one having 
the new length and apply all that has been said 
previously about open-circuited lines. In the case 
just considered, this would mean that the point of 
maximum current, instead of appearing exactly 
a quarter wavelength from the end of the line, 
would appear at something less than a quarter 
wavelength from the end. This is shown in Fig. 
3-20C. The larger the capacitance of the terminat¬ 
ing condenser the closer the current loop comes 
to the physical end of the line. All the other loops 
and nodes of both current and voltage would be 
shifted accordingly. 

If the line is terminated in an inductance, we 
can substitute a short-circuited section of line less 
than one-quarter wavelength long for the lumped 
inductance. Thus, terminating a line in an in¬ 
ductance is equivalent to extending its length by 
something less than one-quarter wavelength and 
short-circuiting it. This is shown at D, E and F 
in Fig. 3-20. The smaller the inductance, the 
greater the length of line, up to one-quarter 
wavelength, that is added electrically. When the 
equivalent section of line is substituted for the 
inductance, all that has been said about shorted 
lines applies, based on the new equivalent length. 

When the load has both resistance and react¬ 
ance the apparent length of the line is again in¬ 
creased. The amount of the apparent increase is 
affected by the resistance component of the load 
as well as by the reactive component. However, 
inductive reactance still will cause the first volt¬ 
age maximum to appear less than one-quarter 
wavelength from the load, just as in Fig. 3-20F. 
Capacitive reactance will cause the first current 
maximum to appear less than one-quarter wave¬ 
length from the load, as in Fig. 3-20C. The posi¬ 
tions of the maxima will not be exactly the same, 
when the load has both resistance and reactance, 
as they are when the load is purely reactive. Also, 
the voltage and current nodes do not reach zero 
because not all the outgoing power is reflected. 
The actual standing waves would be more like 
those shown in Fig. 3-13, but with the positions of 
the nodes and loops shifted in the directions indi¬ 
cated in Fig. 3-20. 

Fill. 3-20 — Lines terminated in pure reactance. A re¬ 
active load is equivalent to a change in the length of 
the line. 

The presence of reactance in the load, along 
with resistance, increases the standing-wave ratio 
over the value it would have with the same load 
resistance without reactance. Thus in the case of 
an antenna terminating the transmission line, the 
s.w.r. will have its lowest value when the antenna 
is exactly resonant at the operating frequency. 
At either higher or lower frequencies the s.w.r. 
will increase because the antenna exhibits react¬ 
ance at its input terminals when operated off 
exact resonance, as described in Chapter Two. 
This effect is modified somewhat by the fact that 
the radiation resistance also changes as the fre¬ 
quency is varied, but in general the reactance' 
changes will be greater than the resistance 
changes. 

Knowledge of the effect of reactance in the load 
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on the positions of current and voltage maxima 
can be used to good advantage in adjusting the 
length of an antenna to resonance as described 
later. 

• ATTENUATION 

The discussion in the preceding part of this 
chapter applies to all types of transmission lines, 
regardless of their physical construction. It is, 
however, based on the assumption that there is 
no power loss in the line. Every actual line will 
have some inherent loss, partly because of the 
resistance of the conductors, partly because of the 
fact that power is consumed in every dielectric 
used for insulating the conductors, and partly 
because in many cases power escapes from the 
line by radiation. 

Losses in a line modify its characteristic im¬ 
pedance slightly, but usually not to a sufficient 
extent to be significant. They will also affect the 
input impedance; in this case the theoretical 
values will be modified only slightly if the line is 
short and has only a small loss, but may be 
changed considerably if an appreciable proport ion 
of the power input to the line is dissipated by the 
line itself. A large loss may exist because the line 
is long, because it has inherently high loss per 
unit length, because the standing-wave ratio is 
high, or because of a combination of two or all 
three of these factors. 

The reflected power returning to the input 
terminals of the line is less when the line has 
losses than it would be if there were none. The 
over-all effect is that the s.w.r. changes along the 
line, being highest at the load and smallest at the 
input terminals. A long, high-loss line therefore 
tends to act, so far as its input impedance is con¬ 
cerned, as though the impedance match at the 
load end were better than is actually the case. 

Line Losses 

Of the three types of loss in a line — resistance 
loss, dielectric loss, and radiation loss — the 
radiation loss is likely to be the most variable. 
Theoretically, radiation loss is negligible in a 
coaxial line or in a parallel-conductor line having 
conductor spacing that is very small compared 
with the wavelength. Practically, it is very low 
if the line is operating under good conditions —-
that is, properly balanced. Under poor conditions 
the power radiated by the line may Ik1 comparable 
with the power radiated by the antenna. But this 
is a fault of the installation, not the line itself. 
In comparing lines on a loss basis, therefore, it is 
customary to ignore radiation and consider only 
the losses in the conductors and dielectric. 

Conductor loss ami dielectric loss both increase 
as the operating frequency is increased, but not 
in the same way. This, together with the fact that 
the relative amount of each type of loss depends 

on the actual construction of the line, makes it 
impossible to give a specific relationship between 
loss and frequency that will apply to all types of 
lines. Each line has to be considered individually. 

The power lost in a transmission line is not 
directly proportional to the line length but varies 
logarithmically with the length. That is, if 10% 
of the input power is lost in a section of line of 
certain length, 10% of the remaining power will 
Im‘ lost in the next section of the same length, ami 
so on. For this reason it is customary to express 
line losses in terms of decibels per unit length, 
since the decibel is a logarithmic unit. Calcula¬ 
tions are very simple because the total loss in a 
line is found by multiplying the db. loss per unit 
length by the total length of the line. Line loss is 
usually expressed in decibels per 100 feet. How¬ 
ever, it is necessary to specify the frequency for 
which the loss applies, since the loss varies with 
frequency. In an approximate way, the losses in 
some types of lines increase directly with the fre¬ 
quency, so the loss for such lines is sometimes ex¬ 
pressed in decibels per wavelength of line. In 
such a case, of course, there are twice as many 
wavelengths in a given physical length of line 
when the frequency is doubled, and so the actual 
loss is doubled. 

Effect of S.W.R. 

The power lost in a line is least when the line is 
terminated in a resistance equal to its character¬ 
istic impedance, and increases with an increase in 
the standing-wave ratio. This is because the 
effective values of both current and voltage be¬ 
come larger as the s.w.r. becomes greater. The in¬ 
crease in effective current raises the ohmic losses 
in the conductors, and the increase in effective 
voltage increases the losses in the dielectric. 

The increased loss caused by an s.w.r. greater 
than 1 may or may not be serious. If the s.w.r. is 
not greater than 2, the additional loss caused by 
the standing waves, as compared with the loss 
when the line is perfectly matched, does not 
amount to more than about db. even on very 
long lines. Since db. is an undetectable change 
in signal strength, it can be said that from a 
practical standpoint an s.w.r. of 2 or less is, so far 
as losses are concerned, every bit as good as a 
perfect match. 

The effect of s.w.r. on line loss is shown in 
Fig. 3-21. The horizontal axis is the attenuation, 
in decibels, of the line when perfectly matched. 
The vertical axis gives the additional attenuation, 
in decibels, caused by standing waves. For ex¬ 
ample, if the loss in a certain line is 4 db. when 
perfectly matched, an s.w.r. of 3 on that same 
line will cause an additional loss of 1.1 db., ap¬ 
proximately. The total loss on the poorly-matched 
line is therefore 4 + 1.1 =5.1 db. If the s.w.r. 
had been 10 instead of 3, the additional loss 
would be 4.3 db. and the total loss 4 + 4.3 = 8.3 
db. 
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It is of interest to note that when the line loss 

is high with perfect matching, the additional loss 
in db. caused by the s.w.r. tends to be constant 
regardless of the matched line loss. The reason 
for this is that the amount of power available to 
be reflected from the load is reduced, because 
relatively little power reaches the load in the 
first place. For example, if the line loss with per¬ 
fect matching is 6 db., only 25% of the power 
originally put into the line reaches the load. If the 
mismatch at the load (the s.w.r. at the load) is 4 
to 1, 36% of the power reaching the load will be 
reflected. Of the power originally put into the 
line, then, 0.25 X 0.36 = 0.09 or 9% will be 
reflected. This in turn will be attenuated 6 db. 
traveling back to the input end of the line, so that, 
only 0.09 X 0.25 = 0.0225 or slightly over 2% of 
the original power actually gets back to the input 
terminals. With such a small proportion of power 
returning to the input terminals the s.w.r. meas¬ 
ured at the input end of the line would be only 
about 1.35 to 1 — alt hough it is 4 to 1 at the load. 
In the presence of line losses the s.w.r. always 
decreases along the line going from the load to the 
input end. 

On lines having low losses when perfectly 
matched, a high standing-wave ratio may in¬ 
crease the power loss by a large factor. However, 
in this case the total loss may still be inconse¬ 
quential in comparison with the power delivered 

Fig. 3-21 — Increase in line loss because of standing 
waves. To determine the total loss in decibels in a line 
having an s.w.r. greater than 1, first determine the loss 
for the particular type of line, length and frequency, 
on the assumption that the line is perfectly matched 
(Tables 3-1 and 3-II). Locate this point on the horizon¬ 
tal axis and move up to the curve corresponding to the 
actual s.w.r. The corresponding value on the vertical 
axis gives the addition«/ loss in decibels caused by the 
standing waves. 

to the load. Au s.w.r. of 10 on a line having only 
0.3 db. loss when perfectly matched will cause an 
additional loss of 1 db., as shown by the curves. 
This loss would produce a just-detectable differ¬ 
ence in signal strength. 

Voltages and Currents on Lines 

The power reflected from a mismatched load 
does not represent an actual loss, except as it is 
attenuated in traveling back to the input end of 
the line. It merely represents power returned, and 
the actual effect is to reduce the power taken 
from the source. That is, it reduces the coupling 
between the power source and the line. This is 
easily overcome by readjusting the coupling until 
the actual power put into the line is the same as it 
would be with a matched load. In doing this, of 
course, the voltages and currents at loops along 
the line are increased. 

As an example, suppose that a line having a 
characteristic impedance of 600 ohms is matched 
by a resistive load of 600 ohms and that 100 
watts of power goes into the input terminals. The 
line simply looks like a 600-ohm resistance to the 
source of power. By Ohm’s Law the current and 
voltage in such a matched line are 

Substituting 100 watts for P and 600 ohms for 
R, the current is 0.408 ampere and the voltage is 
245 volts. Assuming for the moment that the line 
has no losses, all the power will reach the load so 
the voltage and current at the load will be the 
same as at the input terminals. 

Now suppose that the load is 60 ohms instead 
of 600 ohms. The s.w.r. is 10, therefore. The re¬ 
flection coefficient, or ratio of the reflected volt¬ 
age or current to the voltage or current arriving 
at the load, is 

S.W.R. - 1 
k - S.W.R. + 1 

In this case the reflection coefficient is (10 — 1) 
/(10 + 1) = 9/11 = 0.818, so that the reflected 
voltage and current are both equal to 81.8% of 
the outgoing voltage and current. The reflected 
power is proportional to the square of either the 
current or voltage, and so is equal to (0.818)2 = 
0.67 times the outgoing power, or 67 watts. Since 
we have assumed that the line has no losses, this 
amount of power arrives back at the input ter¬ 
minals and subtracts from the original 100 watts, 
leaving only 33 watts as the amount of power 
actually taken from the source. 

In order to put 100 watts into the 60-ohm 
load the coupling to the source must be increased 
so that the outgoing power minus the reflected 
power equals 100 watts, and since the power ab¬ 
sorbed by the load is only 33% of that reaching 
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it, the outgoing power must equal 100/0.33 = 
303 watts. In a perfectly-matched line, the cur¬ 
rent and voltage with 303 watts input would be 
0.71 ampere and 426 volts, respectively. The 
reflected current and voltage are 0.818 times 
these values, or 0.581 ampere and 349 volts. At 
current maxima or loops the current will there¬ 
fore be 0.71 + 0.58 = 1.29 amp., and at a mini¬ 
mum point will be 0.71 — 0.58 = 0.13 amp. The 
voltage maxima and minima will be 426 + 349 = 
775 volts and 426 — 349 = 77 volts. (Because of 
rounding off figures in the calculation process the 
s.w.r. does not work out to be exactly 10 in either 
the voltage or current case, but the error is very 
small.) 

In the interests of simplicity this example has 
been based on a line with no losses, but the ap¬ 
proximate effect of line attenuation could be in¬ 
cluded without much difficulty. If the matched-
line loss were 3 db., for instance, only half the 
input power would reach the load, so new values 
of current and voltage at the load would be com¬ 
puted accordingly. The reflected power would 
then be based on the attenuated figure, and then 
itself attenuated 3 db. to find the power arriving 
back at the input terminals. The over-all result 
would be, as stated before, a reduction in the 
s.w.r. at the input terminals as compared with 
that at the load, along with less actual power de¬ 
livered to the load for the same power input to 
the line. 

Fig. 3-22 shows the ratio of current or voltage 
at a loop, in the presence of standing waves, to 

FiH. 3-22 — Increase in maximum value of current or 
voltage on a line with standing waves, as referred to the 
current or voltage on a perfectly-matched line, for the 
same power delivered to the load. Voltage and current 
at null points are given by the reciprocals of the values 
along the vertical axis. 

the current or voltage that would exist with the 
same power in a perfectly-matched line. Strictly 
speaking, the curve applies only near the load 
in the case of lines with appreciable losses. How¬ 
ever, the curve shows the maximum possible 
value of current or voltage that can exist along 
the line whether there are line losses or not, and 
so is useful in determining whether or not a par¬ 
ticular line can operate safely with a given s.w.r. 

Line Construction and Operating Characteristics 
The two basic types of transmission lines, 

parallel-conductor and coaxial, can be con¬ 
structed in a variety of forms. Both types can 
be divided into two classes: those in which the 
majority of the insulation bet ween the conductors 
is air, only the minimum of solid dielectric neces¬ 
sary for mechanical support being used; and 
those in which the conductors are imbedded in 
and separated by a solid dielectric. The former 
class (air-insulated) has the lowest loss per unit 
length because there is no power loss in dry air so 
long as the voltage between conductors is below 
the value at which corona forms. At the maxi¬ 
mum power permitted in amateur transmitters 
it is seldom necessary to consider corona unless 
the s.w.r. on the line is very high. 

or can be purchased ready-made. Materials 
commonly used in manufactured spacers are 
isolantite, Lucite, and polystyrene. The spacings 
used vary from two to six inches, the smaller 
spacings being necessary at the higher frequencies 
(28 Me.) so that radiation will be minimized. 
The number of spacers required on “open-wire” 
lines of this type depends on the separation be¬ 
tween conductors; it is necessary to use them at 

^.No /2 or ¡4 

in u 2“ toi' 

AIR-INSULATED LINES 

A typical type of construction used for parallel¬ 
conductor or “two-wire” air-insulated trans¬ 
mission lines is shown in Fig. 3-23. The two line 
wires, ordinarily No. 12 or No. 14 wire, are sup¬ 
ported a fixed distance apart by means of in¬ 
sulating rods called spacers. Spacers may be 
made from insulating material, such as bakelite, 

Fin. 3-23 — Typical open-wire line construction. Com¬ 
mercial spacers are usually provided with grooved ends 
for the line conductors. The conductor is held in place 
by a tie wire anchored in a hole near the groove. 
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small-enough intervals along the line to prevent 
the two wires from swinging appreciably with 
respect to each other in a wind. 
The characteristic impedance of open-wire 

lines of the most useful conductor sizes and spac¬ 
ings is approximately 400 to 600 ohms. When an 
air-insulated line having lower characteristic im¬ 
pedance is needed, metal tubing having a diame¬ 
ter from 14 to Jz inch is frequently used. With 
the larger conductor diameter and relatively 
close spacing it is possible to build a line having 
a characteristic impedance as low as about 200 
ohms. This type of construction is principally for 
quarter-wave matching transformers at the 
higher frequencies. 
The characteristic impedance of an air¬ 

insulated parallel-conductor line is given by: 
b 

Zo = 2.6 log -
a 

where Zo = Characteristic impedance 
b = Center-to-center distance between 

conductors 
a = Radius of conductor (in same units 

as b) 
It does not matter what units are used for a 
and b so long as they are the same units. Both 
quantities may be measured in centimeters, 
inches, etc. Since it is necessary to have a table 
of common logarithms to solve practical prob¬ 

lems, the solution is given in graphical form 
in Fig. 3-24 for a number of common con¬ 
ductor sizes. 

Another type of parallel-conductor line that is 
useful in some special applications is the four-
wire line. In cross-section, the conductors of the 
four-wire line are at the corners of a square, the 
spacings being of the same order as those used in 
two-wire lines. The conductors at opposite 
corners of the square are connected together to 
operate in parallel. This type of line has a lower 
characteristic impedance than the simple two-
wire type. Also, because of the more symmetrical 
construction it is better balanced, electrically, to 
ground and other objects that may be close to 
the line. The spacers for a four-wire line may be 
disks of insulating material, “X’’-shaped mem¬ 
bers, etc. The characteristic impedance of four-
wire lines is shown graphically in Fig. 3-25. 

In coaxial lines of the air-insulated type a 
considerable proportion of the insulation between 
conductors may actually be a solid dielectric, be¬ 
cause of the necessity for maintaining constant 
separation between the inner and outer conduc¬ 
tors. This is particularly likely to be true in small¬ 
diameter lines, typical construction of which is 
shown in Fig. 3-26. The inner conductor, usually 
a solid copper wire, is supported by insulating 
beads at the center of the copper-tubing outer 
conductor. The beads usually are isolantite and 

the wire is generally crimped on each side 
of each bead to prevent the beads from 
sliding. The material of which the beads 
arc made, and the number of them per 
unit length of line, will affect the charac¬ 
teristic impedance of the line. The greater 
the number of beads in a given lengt h the 
lower the characteristic impedance com¬ 
pared with the value that would be ob¬ 
tained with air insulation only. The pres¬ 
ence of the solid dielectric also increases 
the losses in the line. On the whole, how¬ 
ever, a coaxial line of this type tends to 
have lower actual loss, at frequencies up 
to about 100 Me., than any other line 
construction, provided the air inside the 
line can be kept dry. This usually means 
that air-tight seals must be used at the 
ends of the line and at every joint. 

The characteristic impedance of an air¬ 
insulated coaxial line is given by the 
formula 

Zo = 138 log -a 

where Zo = Characteristic impedance 
b = Inside diameter of outer 

conductor 
a = Outside diameter of inner 

Fig. 3-24 — Characteristic impedance rs. conductor size and spac¬ 
ing for parallel-conductor lines. 

conductor (in same units 
as 6) 
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Fig. 3-25 — Characteristic impedance vs. conductor 
size and spacing for four-wire lines. Opposite wires (not 
adjacent ones) are connected together at each end of 
the line. 

Again it docs not matter what units are used 
for b and a, so long as they are the same. Curves 
for typical conductor sizes are given in Fig. 3-27. 

The formula and curves for coaxial lines are 
approximately correct for lines in which bead 
spacers are used, provided the beads are not too 
closely spaced. 

• SOLID-DIELECTRIC LINES 
Lines in which the conductors are separated by 

a flexible solid dielectric have a number of ad¬ 
vantages over the air-insulated type. They are 
less bulky, weigh less in comparable types, main¬ 
tain more uniform spacing between conductors, 
are generally easier to install, and are neater in 
appearance. Both parallel-conductor and coaxial 
lines are available with this type of insulation. 
The flexibility of the solid-dielectric cable is prac¬ 
tically impossible to duplicate in an air-insulated 
line, and since the solid cable is completely 
weatherproof there is no danger of excessive 
power loss or voltage breakdown because of 
moisture. The flexibility of the parallel-conductor 
type is also a marked advantage, greatly simpli¬ 
fying installation when the line has to go around 
corners as compared with the open-wire type. 

The chief disadvantage of the solid dielectric 
lines is that the power loss per unit length is 
greater than in air-insulated lines. Also, the 

CROSS-SECTION 
Fig. 3-26 — Construction of air-insulated coaxial lines. 

power-handling capability is somewhat lower 
when the line is operated with an appreciable 
standing-wave ratio. The dielectric used (poly¬ 
ethylene) has quite low losses compared with 
most solid dielectrics, but still the losses are con¬ 
siderably higher than in air. The power loss causes 
heating of the dielectric, and when there are 
standing waves on the line the heating is greatest 
at points where the voltage maxima occur. Also, 
if the conductors are small the large currents 
flowing at current maxima with a high s.w.r. 
may cause an excessive rise in conductor temper¬ 
ature. Polyethylene softens at fairly low temper-

Fig. 3-27 — Characteristic impedance of typical air-
insulated coaxial lines. 
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atures, and if the heating is great enough —as it 
may well be with high power and a high stand¬ 
ing-wave ratio — the line will break down both 
mechanically and electrically. 

The construction of a number of types of solid¬ 
dielectric lines is shown in Fig. 3-28. In the 300-
ohm type (“Twin-Lead” is one trade name) the 
conductors are stranded wire equivalent to No. 
20 in cross-sectional area and are molded in the 
edges of a polyethylene ribbon about a half inch 
wide. The effective dielectric is partly solid and 
partly air. The presence of the solid dielectric 
lowers the characteristic impedance of the line as 
compared with the same conductors in air, the 
result being that the impedance is approximately 
300 ohms. The fact that part of the field between 
the conductors exists outside the solid dielectric 
leads to an operating disadvantage in that dirt or 

300 -Ohm 
Twin-Lead 

n-Ohm 
Twin-Lead 

Solid 
Coax 

Polyethylene insulation. 

y - Vinyl outer covenny 
''Braid outer conductor 

'Inner conductor 
lili. H-2H — Construction of parallel-conductor and 
coaxial lines with solid dielectric. 

moisture on the surface of the ribbon tends to 
change the characteristic impedance. The opera¬ 
tion of the line is therefore affected by weather 
conditions. The effect will not be very serious in a 
line terminated in its characteristic impedance, 
but if there is a considerable standing-wave ratio 
a small change in Zo may cause wide fluctuations 
of the input impedance. Weather effects can be 
minimized by cleaning the line occasionally and 
giving it a thin coating of a water-repellent ma¬ 
terial such as silicone grease or automobile wax. 

The transmitting-type 75-ohm Twin-Lead uses 
stranded conductors about equivalent to solid 
No. 12 wire, with quite close spacing between con¬ 
ductors. Because of the close spacing most of the 
field is confined to the solid dielectric, very little 
existing in the surrounding air. This makes the 
75-ohm line much less susceptible to weather 
effects than the 300-ohm type. 

Solid flexible “coax” is available in a rather 
large number of different types. However, the 
basic construction is the same in all, and is typi¬ 
fied in the drawing in Fig. 3-28. The over-all 
diameter varies from a little less than )4 inch to 
somewhat over an inch, depending chiefly on the 
power requirements for which the cable was de¬ 
signed. In some cables the inner conductor is 

stranded; in others, solid wire is used. In some 
the outer conductor is a single braid; in others it 
is double. The outer jacket, usually vinyl plastic, 
plays no part in the electrical performance of the 
cable but is simply a waterproof covering. 

A whole series of fittings for making detachable 
connections to flexible coaxial cable is available. 
These include general-purpose connectors, some 
of which are quite inexpensive, and “constant¬ 
impedance” units especially designed so that, 
lengths of cable can be spliced together or 
terminated without causing a change in the char¬ 
acteristic impedance. Such impedance “bumps” 
along a line correspond in a general way to having 
a load that is not matched to the line; that is, 
they will cause some of the outgoing power to 
be reflected back toward the input end. In most 
amateur applications it is not necessary to worry 
about such impedance discontinuities because 
most installations will use a single length of cable 
with connectors only at the load and at the trans¬ 
mitter. In such a case it is a simple matter to 
compensate for the extra reactance introduced 
by the connector. 

Solid coaxial cables are available in two char¬ 
acteristic im|«'dances, approximately 50 and 75 
ohms. In addition to the two parallel-conductor 
types described above, there are also lightweight 
two-wire lines of 150 and 75 ohms. These are use¬ 
ful for receiving antennas, but are not heavy 
enough to carry very much power. 

The attenuation and other characteristics of 
the various types of lines commonly used by 
amateurs are shown in Table 3-1. Table 3-11 is a 
more comprehensive listing of the standard 
types of solid-dielectric coaxial cable. 

• OTHER TYPES OF LINES 
There aie two types of lines, in addition to 

those already described, that deserve some 
mention since they are still used to a limited 
extent. One is the single-wire line, consisting 
simply of a single conductor running from the 
transmitter to the antenna. The “return” circuit 
for such a line is the earth; in fact, the second 
conductor of the line can be considered to be 
the image of the actual conductor in the same 
way that an antenna strung above the earth has 
an image (see Chapter Two). The characteristic 
impedance of the single-wire line depends on the 
conductor size and the height of the wire above 
ground, ranging from 500 to 600 ohms for No. 12 
or No. 14 conductors at heights of 10 to 30 feet. 
By connecting the line to the antenna at a point 
that represents a resistive impedance of 500 to 
600 ohms the line can be matched and will 
operate without standing waves. 

Although the single-wire line is very simple to 
install, it has at least two outstanding disad¬ 
vantages that have made it practically obsolete. 
Since the return circuit is through the earth, the 
behavior of the system depends on the kind of 
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TABLE 3-1 

Transmission-Line Velocity Factors and Attenuation 

Type of Line Velocity 
Factor 
V 

Attenuation ** 
db./100ft.; Me. 

Capaci¬ 
tance 

per Foot 
wjd. 

3.5 7 14 28 50 144 

Open-wire, 400 to 600 ohms 0.975* 0.03 0.05 0.07 0.1 0.13 0.25 

Parallel-tubing 0.95* 

Coaxial, air-insulated 0.85* 0.2 0.28 0.42 0.55 0.7 1.4 

RG-8/U (53 ohms) 0.66 0.28 0.42 0 61 1.0 1.4 2.6 29.5 

RG-58/U (53 ohms) 0.66 0.53 0.8 1.2 1 9 2.7 5.1 28.5 

RG-ll/U (75 ohms) 0.66 0.27 0.41 0.61 0.92 1.3 2 1 20.5 

RG-59/U (75 ohms) 0.66 0.56 0.82 1.4 1.8 2.5 4.6 21.0 

Twin-Lead, 300 ohms 0 82 0.18 0.3 0.5 0.84 1.3 2.8 5.8 

Twin-Lead, 150 ohms 0.77 0.2 0.35 0.6 1.0 1.6 3 5 10 

Twin-Lead, 75 ohms 0.68 0.37 0.64 1.1 1.9 3.0 6.8 19 

Transmitting Twin-Lead, 
300 ohms 

0.84 0.19 0.32 0.55 0.9 1.4 3.0 

Transmitting Twin-Lead, 
75 ohms 

0 71 0.29 0.49 0.82 1.4 2.1 4.8 

Rubber-insulated twisted¬ 
pair or coaxial **** 

0.56 
to 

0.65 
0.96 1.6 2.5 4.2 6.2 13 

* Average figures for air-insulated lines taking into account eftect of insulating spacers. 
** For lines terminated in characteristic impedance. 
**♦ Losses.between open-wire line and air-insulated coaxial cable. Actual loss with both open-wire and parallel¬ 

tubing lines is higher than listed because of radiation, especially at higher frequencies. 
**** Approximate figures for good-quality rubber insulation. 

ground over which the antenna and transmission 
line are erected. In practice, it may not be possi¬ 
ble to get the necessary good connection to actual 
ground that is required at the transmitter. Sec¬ 
ond, the line always radiates since there is no 
near-by second conductor to cancel the fields. The 
radiation will be minimum when the line is prop¬ 
erly terminated because the line current is lowest 
under those conditions. However, the line is al¬ 
ways a part of the radiating antenna system to a 
greater or lesser extent. 

The second type of line is the twisted pair. This 
is a two-conductor line of the twisted-lampcord 
type, usually with rubber insulation. It was rather 
popular some years ago before the introduction of 
the polyethylene-insulated lines. Its chief disad¬ 
vantage is the high power loss per unit length 

(see Table 3-1) together with the fact that the 
losses increase markedly when the line is damp 
or wet. The characteristic impedance of most 
lampcords and special twisted lines for radio use 
is in the region from 70 to 140 ohms. In view of 
the much lower losses of the polyethylene lines 
now available, twisted-pair lines are not recom¬ 
mended — although in an emergency ordinary 
lampcord can be pressed into service if nothing 
better is available. 

• ELECTRICAL LENGTH 
In the discussion of line operation earlier in 

this chapter it was assumed that currents 
traveled along the conductors at the speed of 
light. Actually, the velocity is somewhat less, 
the reason being that electromagnetic fields 



TABLE 3-II — STANDARD COAXIAL CABLES 

Army-
Navy 
Type 

Number 

RG-58/U 1

RG-8/U 

RG-17/U 

RG-19/U 

RG-55/U 2

RG-5/U 
RG-14/U 

RG-59/U 

RG-ll/U 

RG-6/U 3

RG-13/U 

RG-02/U 

RG-63/U 

RG-71/U 4

RG-41/Ü« 

Inner Conductor 

20 A.W.G. copper 

7/21 A.W.G. copper 

0.188 copper 

0.250 copper 

20 A.W.G. copper 

16 A.W.G. copper 
10 A.W.G. copper 

22 A.W.G. copperweld 

7/26 A.W.G. tinned 
copper 

21 A.W.G. copperweld 

7/26 A.W.G. tinned 
copper 

A.W.G. cupperweld 

22 A.W.G. copperweld 

22 A.W.G. copperweld 

16/30 A.W.G. tinned 
copper 

Nominal 
Diameter 

of 
Dielectric 
(Inches) 

0.116 

0.285 

0.680 

0.910 

0.116 

0. 185 
0.370 

0.146 

0.285 

0.185 

0.280 

0. 146 

0.285 

0. 146 

0.250 

Nominal 
Over-all 
Diameter 
(Inches') 

0.195 

0 405 

0.870 

1.120 

Max. 
0.206 

0.332 
0.545 

0.242 

0.405 

0.332 

0.420 

0.242 

0.405 

Max. 
0.250 

0.425 

IfetW 
Pounds 
Foot 

0.025 

0.106 

0.460 

0.740 

0.034 

0.087 
0.216 

0.032 

0.096 

0.082 

0.126 

U.0382 

0.0832 

0.0457 

0. 150 

Nominal 
Imped¬ 
ance 
Ohms 

53.5 

52.0 

52.0 

52 0 

53.5 

53.5 
52.0 

73.0 

75.0 

76.0 

74.0 

93.0 

125 

93.0 

67.5 

Nominal 
Capaci¬ 
tance 

Wfd./ft 

28.5 

29.5 

27.5 

29.5 

28.5 

28.5 
29.5 

21 0 

20.5 

20.0 

20.5 

13 5 
Max. 14.5 

10.0 
Max. 11.0 

13.5 
Max. 11 5 

27.0 

Attenuation in 
db. per 100 ft. Max. 

Operating 
Voltage 
II. M.S. 

1900 

4000 

11,000 

14.000 

1900 

2000 
5500 

2300 

4000 

2700 

4000 

750 

1000 

750 

3000 

Remarks 

General-purpose small-size 
flexible cable 

General-purpose medium-size 
flexible cable 

Large high-power low-attenua¬ 
tion transmission cable 

Very large high-power low-at¬ 
tenuation transmission cable 

Small-size flexible cable 

Small microwave cable 
General-purpose semiflexible 

power transmission cable 
General-purpose small-size 

video cable 
Medium-size flexible video 

and communication cable 
Small-size video and i.f. cable 

I.f. cable 

Smalt-$ize low-capacitance air-
spaced cable 

Medium-size low-capacitance 
air-spaced cable 

Small-size low-capacitance air-
spaced cable for i.f. purposes 

Special twist cable 

Class of Cab 

50-55 Ohms 

70-80 Ohms 

Low Capacitance 

Twisting 
Application 

>les 

Single* 
Braid 

Double 
Braid 

Single 
Braid 

Double 
Braid 

Single 
Braid 

Double 
Braid 

Single 
Braid 

SO Me. 

2.0 

1.0 

0.37 

0.31 

2.0 

1 4 
(i 66 

1 9 

0.93 

1 .4 

0.93 

1.6 

1.1 

1.6 

4.6 

100 Me. 

4.1 

2.1 

0.85 

0.70 

4.1 

2.7 
1.4 

3.7 

1.9 

2.7 

1.9 

3.0 

2 o 

3.0 

10.0 

Al! cables use copper braid and vinyl protective covering unless otherwise noted. 
1 Tinned-copper shielding braid. 
2 Tinned-copper shielding braid and polyethylene protective covering. 
8 Shielding braid: inner — silver-coated copper; outer — copper. 
4 Shielding braid: inner — plain copper; outer — tinned copper. Polyethylene protective covering. 
5 Tinned-copper shielding braid and neoprene protective covering. 
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travel more slowly in dielectric materials than 
they do in free space. In air the velocity is prac¬ 
tically the same as in empty space, but a practical 
line always has to be supported in some fashion 
by solid insulating materials. The result is that 
the fields are slowed down ; the currents t ravel a 
shorter distance in the time of one cycle than they 
do in space, and so the wavelength along the line 
is less than the wavelength would be in free space 
at the same frequency. 

Whenever reference is made to a line as being 
so many wavelengths (such as a “half wave¬ 
length” or “quarter wavelength”) long, it is to 
be understood that the electrical length of the 
line is meant. Its actual physical length as 
measured by a tape always will be somewhat 
less. The physical length corresponding to an 
electrical wavelength is given by 

9KI 
Length (feet) = y - F 

where f = Frequency in megacycles 
V = Velocity factor 

The velocity factor is the ratio of the actual 
velocity along the line to the velocity in free 
space. Values of V for several common types 
of lines are given in Table 3-1. 

Because a quarter-wavelength line is frequently 
used as an impedance transformer, it is convenient 
to calculate the length of a quarter-wave line 
directly. The formula is 

246 , 
Length (feet) = -y F 

where the symbols have the same meaning as 
above. 

# LINE INSTALLATION 

One great advantage of coaxial line, particu¬ 
larly the flexible solid-dielectric type, is that it 
can be installed with almost no regard for its 
surroundings. It requires no insulation, can be 
run on or in the ground or in piping, can be bent 
around corners with a reasonable radius, and can 
be “snaked” through places such as the space be¬ 
tween walls where it would be impracticable to 
use other types of lines. However, coax lines al¬ 
ways should be operated in systems that permit 
a low standing-wave ratio, and precautions must 
be taken to prevent r.f. currents from flowing on 

CHAPTER 3 
the outside of the line. This point is discussed 
later in this chapter. 

In installing parallel-wire lines care must be 
used to prevent the line from being affected by 
moisture, snow and ice. Spacers that are impervi¬ 
ous to moisture and are unaffected by sunlight 
and the weather should be used on air-insulated 
lines. Steatite spacers meet this requirement 
adequately, although they are somewhat heavy. 
The wider the line spacing the longer the leakage 
path across the spacers, but this cannot be carried 
too far without running into line radiation, par¬ 
ticularly at the higher frequencies. Where an 
open-wire line must be anchored to a building or 
other structure, stand-off insulators of a height 
comparable with the line spacing should be used 
if mounted in a spot that is open to the weather. 
Lead-in bushings for bringing the line into a 
building also should have a long leakage path. 

The line should be kept away from other con¬ 
ductors, including downspouting, metal window 
frames, flashing, etc., by a distance equal to two 
or three times the line spacing. Conductors that 
are very close to the line will be coupled to it in 
greater or lesser degree, and the effect is that of 
placing an additional load across the line at the 
point where the coupling occurs. Reflections take 
place from this coupled “load,” raising the stand¬ 
ing-wave ratio. The effect is at its worst when one 
line wire is closer than the other to the external 
conductor. In such a case one wire carries a 
heavier load than the other, with the result that 
the line currents are no longer equal. The line 
then becomes “unbalanced.” 

Solid-dielectric two-wire lines have a relatively 
small external field because of the small spacing, 
and can be mounted within a few inches of other 
conductors without much danger of coupling 
between the line and such conductors. Clip-type 
stand-off insulators are available for supporting 
the line when it must run along walls or similar 
structures. 

Sharp tends should be avoided in any type of 
transmission line, because such bends cause a 
change in the characteristic impedance of the 
line. The result is that reflections take place from 
each tend. This is of less importance when the 
s.w.r. is high than when an attempt is being 
made to match the load to the line’s characteristic 
impedance. It may be impossible to get the s.w.r. 
down to a desired figure until the necessary bends 
in the line are made more gradual. 

Coupling the Line to the Antenna 
Throughout the discussion of transmission-line 

principles in the first part of this chapter the 
operation of the line has been described in terms 
of an abstract “load.” This load hail the elec¬ 
trical properties of resistance and, sometimes, 
reactance. It did not, however, have any physical 
attributes that associated it with a particular 

electrical device. That is, it could be anything at 
all that exhibits electrical resistance and/or 
reactance. 

The fact is t hat, so far as the line is concerned, 
it does not matter what the load is, just so long 
as it will accept power. It is important to keep 
this in mind. Many amateurs make the mistake 
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of confusing transmission lines with antennas, 
believing that, because two identical antennas 
have different kinds of lines feeding them, or the 
same kind of line with different methods of 
coupling to the antenna, the “antennas” are 
different. Nothing could be farther from the 
truth. There may be practical reasons why one 
system (including antenna, transmission line, 
and coupling method) may be preferred over 
another in a particular application. But to the 
transmission line an antenna is just a load that 
terminates it, and the important thing is what 
that load looks like to the line in terms of re¬ 
sistance and reactance. Any kind of transmission 
line can be used with any kind of antenna, if the 
proper measures are taken to couple the two 
together. 

Resonant and Nonresonant Lines 

Probably the principal factor that determines 
the way a transmission line is operated is the 
frequency range over which the antenna is to 
work. Very few types of antennas will present 
essentially the same load impedance to the line 
on harmonically-related frequencies. As a result, 
the builder is usually faced with the necessity of 
choosing between an antenna system that will 
permit operating the transmission line with a 
low standing-wave ratio, but is confined to one 
operating frequency or a narrow band of fre¬ 
quencies, and a system that will permit operation 
in several harmonically-related bands but with a 
large s.w.r. on the line. 

Methods of coupling the line to the antenna 

Antenna, 

Transmission 
Line 

(A) CENTER FEED 

Antenna, 

Transmission 
Line 

(B) END FEED 

Fig. 3-29 — Center and end feed as used in simple an¬ 
tenna systems. 

therefore divide, from a practical standpoint, 
into two classes. In the first, operation on several 
amateur bands is the prime consideration and 
the standing-wave ratio is secondary. The s.w.r. 
is normally rather large and the input impedance 
of the line depends rather critically on the line 
length and the operating frequency. Lines 
operated in this way are called resonant or tuned 
lines, because it is necessary to “tune out” the 
reactive part of the input impedance in order to 
get adequate power transfer between the trans¬ 
mitter and the line. 

In the second class, a conscious attempt is 
made, when necessary, to transform the antenna 
impedance to a value that matches the charac¬ 
teristic impedance of the line. When this is done 
the line operates with a very low standing¬ 
wave ratio and its input impedance is essen¬ 
tially a pure resistance, regardless of the line 
length. The line in such a case is nonresonant, or 
flat — “flat” because a graph of the current 
along the line is a straight line. A transmission 
line is considered to be flat, within practical 
limits, if the s.w.r. is not more than about 1.5 to 1. 

A principal reason for matching the antenna 
to the line impedance is that a flat line operates 
with the least power loss. While it is always 
desirable to reduce losses and thus increase 
efficiency, the effect of standing waves in this 
connection can be overemphasized. This is par¬ 
ticularly true at the lower amateur frequencies, 
where the inherent loss in most types of lines is 
quite low even for runs that, in the average ama¬ 
teur installation, are rather long. For example, 
100 feet of 300-ohm receiving-type Twin-Lead 
has a loss of only 0.18 db. at 3.5 Me., as shown 
by Table 3-1 Even with an s.w.r. as high as 10 
to 1 the additional loss caused by standing waves 
is less than 0.7 db., from Fig. 3-21. Since 1 db. 
represents the minimum detectable change in 
signal strength, it docs not matter in this case 
whether the line is flat or not. But at 144 Me. 
the loss in the same length of line perfectly 
matched is 2.8 db., and an s.w.r. of 10 would 
mean an additional loss of 4 db. At the higher 
frequency, then, it is worth while to match the 
antenna and line as closely as possible. 

Another reason for matching is that certain 
types of lines, particularly those with solid 
dielectric, have definite voltage and current 
limitations. At the lower frequencies this is a far 
more compelling reason than power loss for at 
least approximate matching. Where the voltage 
and current must not exceed definite maximum 
values, the amount of power that the line can 
handle is inversely proportional to the standing¬ 
wave ratio. If the safe rating on the 300-ohm 
line in the example above is 500 watts when 
perfectly matched, the line can handle only 50 
watts with equal safety when the s.w.r. is 10 to 1. 
Thus, despite the fact that the line losses are low 
enough to make no difference in the signal 
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VOLTAGE FEED 

Fig- 3-30 Current and voltage feed, in antennas operated at the funda¬ 
mental frequency, 2 times the fundamental and 3 times the fundamental. 
The current and voltage distribution on the antenna are identical with both 
methods only at the fundamental frequency. 

strength the high s.w.r. could be tolerated only 
with low-power transmitters. 

Aside from power considerations, there is a 
more-or-less common belief that a flat line “does 
not radiate” while one with a high s.w.r. does 
radiate. This impression is quite unfounded. It 
is true that the radiation from a parallel-conduc¬ 
tor line increases with the current in the line, 
and that the effective line current increases with 
the s.w.r. However, the loss by radiation from a 
properly-balanced line is so small in the first 
place (and is, furthermore, independent of the 
line length) that multiplying it several times still 
does not bring it out of the “negligible” classifi¬ 
cation. Whenever a line radiates it is because of 
faulty installation. Radiation from this cause 
can take place from either resonant or non-
resonant lines, parallel-conductor or coaxial. 

• RESONANT LINES 
Since no attempt is made to match the antenna 

impedance to the characteristic impedance of the 

line in resonant-line systems, there 
is no real problem in coupling the 
line to the antenna. Customary 
practice is to connect the line 
either to the center of the antenna 
(center feed) as indicated in Fig. 
3-29A, or to one end (end feed) 
as shown in Fig. 3-29B. 

Because the line operates at a 
rather high standing-wave ratio, 
the best type to use for resonant 
operation is the open-wire line. 
Twin-Lead of the 300-ohm variety 
can also be used, but the power 
limitations discussed in the pre¬ 
ceding section should be kept in 
mind. Although the manufacturers 
have placed no power rating on 
receiving-type 300-ohm line it 
seems reasonable to make the as¬ 
sumption, based on the conductor 
size, that the current should not 
exceed 1.5 amp. in a line installed 
so that there is free air circulation 
about it. This corresponds to a 
power of 675 watts in a perfectly-
matched 300-ohm line. When there 
are standing waves, the safe power 
can be found by dividing 675 by 
the s.w.r. In the case of a center-
fed antenna as in Fig. 3-29A, the 
s.w.r. in the average case should 
not exceed about 5 to 1, so using 
receiving-type 300-ohm Twin-
Lead as a resonant line would ap¬ 
pear to be safe for transmitter 
power outputs up to 100 watts or 
so. Transmitting-type Twin-Lead 
rated at 1 kw., matched, should be 
able to handle a power of 250 watts 

at a s.w.r. of about 5 to 1. 
Since there is no point in using a resonant line 

to feed an antenna that is to operate on one 
amateur band only, the discussion to follow will 
be based on the assumption that the antenna is to 
be operated on its harmonics for multiband work. 

“Current” and “Voltage” Feed 

Usual practice is to connect the transmission 
line to the antenna at a point where either a 
current or voltage loop occurs. If the feed point 
is at a current loop the antenna is said to be 
current fed; if at a voltage loop the antenna is 
voltage fed. 

These terms should not be confused with center 
feed and end feed, because they do not neces¬ 
sarily have corresponding meanings. There is 
always a voltage loop at the end of a resonant 
antenna, no matter what the number of half¬ 
wavelengths, so a resonant end-fed antenna is 
always voltage fed. This is illustrated at D and 
E in Fig. 3-30 for end-fed antennas a half wave-
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length long (antenna fundamental frequency) 
and one wavelength long (second harmonic). 
It would continue to be true for an end-fed an¬ 
tenna operated on any harmonic. However, Fig. 
3-30F shows voltage feed at the center of the 
antenna; in this case the antenna has a total 
length of two half wavelengths each of which is 
voltage fed by one side of the transmission line. 
Voltage feed is determined not by the physical 
position of the transmission line on the antenna, 
but by the fact that a voltage loop occurs on the 
antenna at the feed point. Since voltage loops 
always occur at integral multiples of a half 
wavelength from either end of a resonant an¬ 
tenna, feeding the antenna at any half-wave-
length point constitutes voltage feed. 

Typical cases of current feed are shown at A, 
B and C in Fig. 3-30. The feed point is at a cur¬ 
rent loop, which always occurs at the midpoint of 
a half-wave section of the antenna. In order to 
feed at a current loop the transmission line must 
be connected in at a point that is an odd multiple 
of one-quarter wavelength from either end of the 

resonant antenna. A center-fed antenna is also 
current fed only when the antenna length is an 
odd multiple of one-half wavelength. Thus the 
antenna in Fig. 3-30B is both center fed and cur¬ 
rent fed since it is three half wavelengths long. 
It would also be center fed and current fed when 
five, seven, etc., half wavelengths long. To cur¬ 
rent feed a one-wavelength antenna, or any 
resonant antenna having a length that is an even 
multiple of one-half wavelength, it is necessary 
to shift the feed point from the center of the an¬ 
tenna (where a voltage loop always occurs in such 
a case) to the middle of one of the half-wave sec¬ 
tions. This is indicated in Fig. 3-30C in the case 
of a one-wavelength antenna; current feed can be 
used if the line is connected to the antenna at a 
point wavelength from either end of the 
antenna. 

In the usual case of an antenna operated on sev¬ 
eral bands, the point at which the transmission 
line is attached is of course fixed. The antenna 
length is such that it is resonant at some fre¬ 
quency in the lowest-frequency band to be used 

and the transmission line is con¬ 
nected either to the center or the 
end. The current and voltage dis¬ 
tribution along antennas fed at 
both points is shown in Fig. 3-31. 
With end feed, A to F inclusive, 
there is always a voltage loop at 
the feed point. Also, the current 
distribution is such that in every 
case t he antenna is a true harmonic 
radiator of the type described in 
Chapter Two. 

With center feed, the feed point 
is always at a current loop on the 
fundamental frequency and all odd 
multiples of the fundamental. In 
these cases the current and voltage 
distribution are identical with the 
distribution on an end-fed an¬ 
tenna. This can be seen by compar¬ 
ing A and G, C and I, and E and 
K, Fig. 3-31. (In I, the phase is 
reversed as compared with C, but 
this is merely for convenience in 
drawing; the actual phases of the 
currents in each half-wave section 
reverse each half cycle so it does 
not matter whether the current 
curve is drawn above or below the 
line, so long as the relative phases 
arc properly shown in the same 
antenna.) On odd multiples of the 
fundamental frequency, therefore, 
the antenna operates as a true har¬ 
monic antenna. 
On even multiples of the funda¬ 

mental frequency the feed point 
with center feed is always at a 
voltage loop. This is shown at H, 
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.J and L in Fig. 3-31. Comparing B and H, it can 
be seen that the current distribution is different 
with center feed than with end feed. With center 
feed the current in both half-wave sections of the 
antenna are in the same phase, but with end feed 
the current in one half-wave section is in reverse 
phase to the current in the other. This does not 
mean that one antenna is a better radiator than 
the other, but simply that the two will have differ¬ 
ent directional characteristics. The center-fed 
arrangement is commonly known as “two half¬ 
waves in phase,” while the end-fed system is a 
“one-wavelength antenna” or “second-har¬ 
monic ” antenna. 

Similarly, the system at J has a different cur¬ 
rent and voltage distribution than the system at 
D, although both resonate at four times the fun¬ 
damental frequency. A similar comparison can be 
made between F and L. The center-fed arrange¬ 
ment at J really consists of two one-wavelength 
antennas, while the arrangement at L has two 
2-wavelength antennas. These have different 
directional characteristics than the 2-wavelength 
and 4-wavelength antennas (D and F) that 
resonate to the same multiple, respectively, of the 
fundamental frequency. 

The reason for this difference between odd and 
even multiples of the fundamental frequency in 
the case of the center-fed antenna can be ex¬ 
plained with the aid of Fig. 3-32. It will be re¬ 
called from Chapter Two that the direction of 
current flow reverses in each half wavelength of 
wire. Also, in any transmission line the currents 
in the two wires always must be equal and flow¬ 
ing in opposite directions at any point along the 
line. Starting from the end of the antenna, the 
current must be flowing in one direction through¬ 
out the first half-wavelength section, whether this 
section is entirely antenna or partly antenna and 
partly one wire of the transmission line. Thus, in 
A, Fig. 3-32, the current flows in the same direc¬ 
tion from P to Q, since this is all the same conduc¬ 
tor. However, one quarter wave is in the antenna 
and one in the transmission line. The current in 
the other line wire, starting from R, must flow 
in the opposite direction in order to balance the 
current in the first wire, as shown by the arrow. 
And since the distance from R to S is ^2 wave¬ 
length, the current continues to flow in the same 
direction all the way to S. The currents in the 
two halves of the antenna are therefore flow¬ 
ing in the same direction. Furthermore, the cur¬ 
rent is maximum K wavelength from the ends of 
the antenna, as previously explained, and so both 
currents are maximum at the junction of the an¬ 
tenna and transmission line. This makes the cur¬ 
rent distribution along the antenna exactly the 
same as with end feed. 

Fig. 3-32B shows the case where the over-all 
length of the antenna is one wavelength, making 
a half wave on each side. A half wavelength along 
the transmission line also is shown. If we assume 

that the current is flowing downward in the line 
conductor from Q to R, it must be flowing up¬ 
ward from «S to T if the line currents are to bal¬ 
ance. However, the distance from Q to P is Vt 
wavelength, and so the current in this section of 
the antenna must flow in the opposite direction 
to the current flowing in the section from Q to R. 
The current in section PQ is therefore flowing 
away from Q. Also, the current in section TU 
must be flowing in the opposite direction to the 
current in ST, and so is flowing toward T. The 

U--% -^ 1« Ÿ4 -4 

Fig. 3-32 — Showing how the type of feed changes from 
current to voltage, with a center-fed antenna, on twice 
the fundamental frequency, and hack to current feed 
mi three limes the fundamental. The same change occurs 
between all even and odd multiples. 

currents in the two half-wave sections of the an¬ 
tenna are therefore flowing in the same direction. 
That is, they are in the same phase. 

With the above in mind, the direction of cur¬ 
rent flow in a 1 Fá-wavelengt h antenna, Fig. 3-
32C, should be easy to follow. The center half¬ 
wave section QT corresponds to the half-wave 
antenna in A. The currents in the end sections, 
PQ and TU, simply flow in the opposite direction 
to the current in QT. Thus the currents are out of 
phase in alternate half-wave sections. 

The shift in voltage distribution between odd 
and even multiples of the fundamental frequency 
can be demonstrated by a similar method, mak¬ 
ing allowance for the fact that the voltage is 
maximum where the current is minimum, and 
vice versa. On all even multiples of the funda¬ 
mental frequency there is a current minimum at 
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the junction of the line and antenna, with center 
feed, because there is an integral number of half 
wavelengths in each side of the antenna. The 
voltage is maximum at the junction in such a case 
and we have voltage feed. Where the multiple of 
the fundamental is odd, there is always a current 
maximum at the junction of the transmission 
line and antenna, as demonstrated by A and C in 
Fig. 3-32. At these points the voltage is minimum 
and we therefore have current feed. 

"Zepp” or End Feed 

In the early days of short-wave communica¬ 
tion an antenna consisting of a half-wave dipole 
end-fed through a J4-wavelength resonant trans¬ 
mission line was developed as a trailing antenna 
for Zeppelin airships. In its utilization by ama¬ 
teurs, over the years, it has become popularly 
known as the “Zeppelin” or “Zepp” antenna. 
The term is now applied to practically any reso¬ 
nant antenna fed at the end by a t wo-wire trans¬ 
mission line. 

The mechanism of end feed is |>erhaps some¬ 
what difficult to visualize, since only one of the 
two wires of the transmission line is connected to 
the antenna while the other is simply left “free.” 
The difficulty lies in the natural tendency to 
think in terms of current flow in ordinary electri¬ 
cal circuits, where it is necessary to have a com¬ 
plete loop between both terminals of the power 
source before any current can flow at all. But as, 
explained earlier, this limitation applies only to 
circuits in which the electromagnetic fields reach 
the most distant part of the circuit in a time in¬ 
terval that is negligible in comparison with the 
time of one cycle. When the circuit dimensions are 
comparable with the wavelength no such com¬ 
plete loop is necessary. The antenna itself is an 
example of an “open” circuit in which large 
currents can flow. 

One way of looking at end feed is to consider 
the entire length of wire, including both antenna 
and feeder, as a single unit. For example, suppose 

Fig. 3-33— Folded-antenna analogy of an end-fed an¬ 
tenna. 

we have a wire one wavelength long, as in Fig. 
3-33A, fed at a current loop by a source of r.f. 
power. The current distribution will be as shown 
by the curves, with the assumed directions indi¬ 
cated by the arrows. If we now fold back the %-
wavelength section to the left of the power 
source, as shown at B, the over-all current dis¬ 
tribution will be similar, but the currents in the 
two wires of the folded section will be flowing in 
opposite directions. The amplitudes of the cur¬ 
rents at any point along the folded-back portion 
will be equal in the two wires. The folded section 
therefore has become a J^-wavelength transmis¬ 
sion line, since the fields from the equal and op¬ 
posite currents cancel. There is, however, nothing 
to prevent current from continuing to flow in the 
right-hand half-wavelength section, since there 
was current there before the left-hand section was 
folded. 

This picture, although showing how power can 
flow from the transmission line to an antenna 
through end feed, lacks completeness. It does not 
take into account the fact that the current 1\ 
in the transmission line is greatly different from 
the current 1 in the antenna. A more basic view¬ 
point is the one already mentioned in Chap¬ 
ter Two: the current is caused by electromagnetic 
fields traveling along the wire and simply consti¬ 
tutes a measurable manifestation of those fields; 
the current does not cause the fields. From this 
standpoint the transmission-line conductors 
merely serve as “guides” for the fields so the elec¬ 
tromagnetic energy will go where we want it to go. 
When the energy reaches the end of the trans¬ 
mission line it meets another guide, in the form of 
the antenna, and continues along it. However, 
the antenna is a different form of guide: it has a 
single conductor while the line has two; it has no 
provision for preventing radiation while the line is 
designed for that very purpose. This is simply an¬ 
other way of saying that the impedance of the 
antenna differs from that of the transmission 
line, so there will be reflection when the energy 
traveling along the line arrives at the antenna. 
We are then back on familiar ground, in that we 
have a transmission line terminated in an im¬ 
pedance different from its characteristic im-
|H‘dance. 

Feeder Unbalance 

With end feed, the currents in the two line 
W'ires do not balance exactly and there is therefore 
some radiation from the line. The reason for this 
is that the current at the end of the free wire is 
zero (neglecting a small charging current in the 
insulator at the end) while the current does not 
go to zero at the junction of the “active” line 
wire and the antenna. This is because not all the 
energy going into the antenna is reflected back 
from the far end, some being radiated; hence the 
outgoing and reflected currents at a node cannot 
completely caneel. 
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In addition to this unavoidable line radiation a 

further unbalance will occur if the antenna is not 
exactly resonant at the operating frequency. If 
the frequency is too high (antenna too long) the 
current node does not occur at the junction of the 
antenna and “live” feeder but moves out on the 
antenna. When the frequency is too low the node 
moves down the active feeder. Since the node on 
the free feeder has to occur at the end, either case 
is equivalent to shifting the position of the stand-

Considerably less is known about the im¬ 
pedances to be expected at voltage loops. Theo¬ 
retical values are in the neighborhood of 5001) to 
8000 ohms, depending on the antenna-conductor 
size. Such experimental figures as are available 
indicate a much lower order of resistance, with 
measurements and estimates running from 1000 
to 4000 ohms. Something of the order of 2000 to 
3000 ohms is probably near enough for estimating 
purposes. In any event, there will be some differ-

END FEED CENTER FEED 

Fifi. 3-34 — Effect of departure from exact resonance in antenna with 
end-fed and center-fed systems. 

ing wave along one feeder wire but 
not the other. Representative cases 
are shown in Fig. 3-34. The farther 
off resonance the antenna is operated 
the greater the unbalance and the 
greater the line radiation. With center 
feed this unbalance does not occur, 
as is also shown in Fig. 3-34, because 
the system is symmetrical with re¬ 
spect to the line. 

To avoid line radiation it is always 
best to feed the antenna at its center 
of symmetry. In the case of simple 
antennas for operation in several 
bands, this means that center feed 
should be used. End feed is required 
only when the antenna is operated 
on an even harmonic to obtain a 
desired directional characteristic, and 
then only when it must be used on 
more than one band. For single-band 
operation it is always possible to feed 
an even-harmonic antenna at a cur¬ 
rent loop in one of the half-wave sec¬ 
tions nearest the center. 

S. W. R. with Resonant Lines 

When a resonant line is connected 
to the antenna at a current loop the 
standing-wave ratio can be estimated 
with good-enough accuracy with the aid of the 
curve in Fig. 2-23. Although the actual value of 
the radiation resistance, as measured at a cur¬ 
rent loop, will vary with the height of the an¬ 
tenna above ground, the theoretical values given 
in Fig. 2-23 will at least serve to establish whether 
the s.w.r. will be high or low. 

With center feed the line will connect to the 
antenna at a current loop on the fundamental 
frequency and all odd multiples, as shown by 
Fig 3-31. At the fundamental frequency and 
usual antenna heights, the antenna resistance 
should lie between 50 and 100 ohms, so with a 
line having a characteristic impedance of 600 
ohms the s.w.r. will be = 600/50 = 12 
as one limit and 600/100 = 6 as the other. On 
the third harmonic the theoretical resistance as 
given by Fig. 2-23 is 100 ohms, so the s.w.r. should 
be about 6. For 300-ohm line the s.w.r. can be ex¬ 
pected to be between 3 and 6 on the antenna 
fundamental and about 3 on the third har¬ 
monic. 

ence between end feed and center feed, since the 
current distribution on the antenna is different 
in these two cases at any given even multiple of 
the fundamental frequency. Also, the higher the 
multiple the lower the resistance at a voltage 
loop, so the s.w.r. can be expected to decrease 
when an antenna is operated at a high multiple 
of its fundamental frequency. Assuming 2400 
ohms as a mean value, the s.w.r. would be 4 with 
a 600-ohm line and 8 with a 300-ohm line. How¬ 
ever, considerable variation is to be expected. 

ANTENNA CURRENTS ON 
TRANSMISSION LINES 

In any discussion of transmission-line opera¬ 
tion it is always assumed that the two conductors 
carry equal and opposite currents throughout 
their length. This is an ideal condition that may 
or may not be realized in practice. In the average 
case the chances are rather good that the cur¬ 
rents will not be balanced unless special precau¬ 
tions are taken. Whether the line is resonant or 
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nonresonant has little to do with the situation. 

Consider the half-wave antenna shown in Fig. 
3-35 and assume that it is somehow fed by a 
source of power at its center, and that the in¬ 
stantaneous direction of current flow is as indi¬ 
cated by the arrows. In the neighborhood of the 
antenna is a group of conductors disposed in 
various ways with respect to the antenna itself. 
All of these' conductors are in the field of the 

Fig. 3-35 — Coupling between antenna and conductors 
in the antenna's field. 

antenna and are therefore coupled to it. Conse¬ 
quently, when current flows in the antenna a 
voltage will be induced in each conductor. This 
causes a current flow determined by the induced 
voltage and the impedance of the conductor. 

The degree of coupling depends on the position 
of the conductor with respect to the antenna, 
assuming that all the conductors in the figure 
are the same length. The coupling between the 
antenna and conductor IJ is greater than in any 
other case, because 1J is close to and parallel 
with the antenna. Ideally, the coupling between 
conductor GH and the antenna is zero, because 
the voltage induced by current flowing in the 
left-hand side of the antenna is exactly balanced 
by a voltage of opposite polarity induced by the 
current flowing in the right-hand side. This is 
because the two currents are flowing in opposite 
directions with respect to GH. Complete can¬ 
cellation of the induced voltages can occur, of 
course, only if the currents in the two halves of 
the antenna are symmetrically distributed with 
respect to the center of the antenna, and also 
only if every point along GH is equidistant from 
any two points along the antenna that are like¬ 
wise equidistant from the center. This cannot be 
true of any of the other conductors shown, so a 
finite voltage will be induced in any conductor in 
the vicinity of the antenna except one perpendic¬ 
ular to the antenna at its center. 

Now consider the two conductors E F and KL, 
which are parallel and very close together. Except 
for the negligible spacing between them, the two 
conductors lie in the same position with respect 
to the antenna. Therefore, identical voltages will 
be induced in both, and the resulting currents will 
be flowing in the same direction in hath conductors. 
It is only a short step to visualizing conductors 
EF and KL as the two conductors of a section of 
transmission line in the vicinity of the antenna. 
Because of coupling to the antenna it is not only 

possible but certain that a voltage will be induced 
in the two conductors of the transmission line in 
parallel. The resulting current flow is in the same 
direction in both conductors, whereas the true 
transmission-line currents are always flowing in 
opposite directions at each point along the line. 
These “parallel” currents are of the same nature 
as the current in the antenna itself, and hence are 
called “antenna” currents on the line. They are 
responsible for a great deal of the radiation that 
takes place from transmission lines, regardless of 
whether the line is resonant or not. 

Unbalanced Currents 
Fig. 3-36 shows how the line and antenna cur¬ 

rents can combine to produce resultant unbal¬ 
anced currents in the line conductors. Although 
the “antenna” current in this example is smaller 
than the line current, it reduces the total current 
in one wire and increases it in the other, with the 
result that the current in Conductor No. 1 is 
only about half as large as the current in Con¬ 
ductor No. 2. The relative current amplitudes in 
the two conductors will be affected by the phase 
relationship between the antenna and line cur¬ 
rents as well as their amplitudes. 

The currents in Fig. 3-36 are shown on an 
instantaneous basis, but the standing waves of 
current along the line are also affected. In general, 
when there is an antenna current of appreciable 
amplitude on the line it will be found that not 
only are the line currents unbalanced but the 
apparent s.w.r. is different in each conductor, 
and that the loops and nodes of current in one 
wire do not occur at the same points as in the 
other wire. Under these conditions it is impossible 
to measure the true s.w.r. 

It should be obvious from Fig. 3-35 that only in 
the case of a center-fed antenna can the coupling 
between the line and antenna be reduced to zero. 
There is always some such coupling when the 
antenna is end fed, so there is always the possibil¬ 
ity that antenna currents of appreciable ampli-

Fig. 3-36 — Instantaneous currents in line conductors 
when both "line*' and "antenna’’ currents are present. 
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Fifi. 3-37 — The important length for resonance to an¬ 
tenna currents coupled from the antenna to the line. 
In the center-fed system one side of the antenna is part 
of the "paralleF-resonant system. 

tude will exist on the line, contributing further 
to the inherent line unbalance in the end-fed 
arrangement. But the center-fed system is also 
likely to have antenna-to-line coupling if the line 
is not brought off at right angles to the antenna 
for a distance of at least a half wavelength. 

Detuning the Line 

The antenna current flowing in the line as a 
result of voltage induced from the antenna will be 
small if the over-all circuit, considering the line 
simply as a single conductor, is not resonant at 
the operating frequency. The frequency (or fre¬ 
quencies) at which the system is resonant depends 
on the total lengt h and whet her the transmission 
line is grounded or not at the transmitter end. 

If the line is connected to a coupling circuit 
that is not grounded, either directly or through a 

capacitance of more than a few uufd., it is neces¬ 
sary to consider only the length of the antenna 
and line. In the end-fed arrangement, shown 
at A in Fig. 3-37, the line length, L, should 
not be an integral multiple or close to such a 
multiple of a half wavelength. In the center-
fed system, Fig. 3-37B, the length of the 
line plus one side of the antenna should not 
be a multiple of a half wavelength. In this case 
the two halves of the antenna are simply in 
parallel so far as resonance for the induced 
“antenna” current on the line is concerned, 
because the line conductors themselves act in 
parallel. When the antenna is to be used in 
several bands, resonances of this type should be 
avoided at all frequencies to be used. Fig. 3-38 
shows, as solid lines along the length scale, the 
lengths that avoid exact resonance on frequencies 
from 3.5 to 29.7 Me. These are based on the 
usual antenna-length formulas, since the velocity 
factor of the line plays no part in establishing 
such resonances; it applies only to true transmis¬ 
sion-line currents. 

Whenever possible, it is best to choose line 
lengths, such as those indicated by the arrows, 
that fall midway in the nonresonant range. This 
is because the resonances are not extremely 
sharp. Working close to resonance, although not 
exactly on it, will allow an appreciable “antenna” 
current to flow even though it may not be as 
large as it would if the line were exactly resonant. 
For the same reason the line length should be 
chosen to fall in a range where there is a con¬ 
siderable distance between resonances. A length 
of 76 feet, for example, would be definitely less 
susceptible to resonance effects than a length of 
96 feet. 

The lengths shown in Fig. 3-38 are subject to 
some modification in practice. Transmission lines 
usually have bends, are at varying heights above 
ground, etc., all of which will modify the resonant 
frequency. It is advisable to check the system for 
resonance at and near all operating frequencies 

» 20 30 40 50 60 70 60 90 100 IIO 120 130 >40 ISO 160 170 
Length in Feet 

Fifi. 3-38 — lengths shown by solid lines along the horizontal axis avoid exact resonance at frequencies in 
all amateur bands from 3.5 to 29.7 Me., in systems where the coupling apparatus is not grounded. Best operating 
lengths are at the center of the wider ranges, as shown by the arrows. These lengths correspond to L in Fig. 3-37. 
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before assuming that the line is safely detuned 
for antenna currents. This can be done by tem¬ 
porarily connecting the ends of the line together 
and coupling them through a small capacitance 
(not more than a few wdd.) to a resonance indica¬ 
tor such as a grid-dip meter. Very short leads 
should be used between the meter and antenna. 
Fig. 3-39 shows the method. Once the resonance 
points are known it is a simple matter to prune 
the feeders to get as far away as possible from 
resonance at any frequency to be used. 

Resonances in systems in which the coupling 
apparatus is grounded at the transmitter are not 
so easily predicted. The “ground” in such a case 
is usually the metal chassis of the transmitter 
itself, not actual ground. In the average amateur 
station it is not possible to get a connection to 
real ground without having a lead that is an ap¬ 
preciable fraction of a wavelength long. At the 
higher frequencies, and particularly in the v.h.f. 
region, the distance from the transmitter to 
ground may be a wavelength or more. Probably 
the best plan in such ease s is to make the lengt h 
L in Fig. 3-37 equal to a multiple of a half-wave-
length. If the transmitter has fairly large capaci¬ 
tance to ground, a system of this length will be 
effectively detuned for the fundamental and all 
even harmonics when grounded to the transmitter 
at the coupling apparatus. However, the reso¬ 
nance frequencies will depend on the arrangement 
and constants of the coupling system even in 
such a case, and preferably should be checked by 
means of the grid-dip meter. If this test shows 
resonance at or near the operating frequency, 
alternative grounds (to a heating radiator, for 
example) should be tried until a combination is 
found that detunes the whole system. 

As a general rule, it appears to be preferable to 
avoid grounding at the coupling circuit whenever 
the circumstances permit. The lengths given in 
Fig. 3-38 can then be applied, provided care is 
used to keep the capacitance between the cou¬ 
pling circuit and the transmitter chassis small. It 
is seldom necessary to ground an open-wire sys¬ 
tem. On the other hand, it is highly desirable to 
ground coaxial line at the transmitter to ensure 
that the power fed to the line will travel on the 
inside. With this type of line the presence of 
antenna currents can be checked by going along 
the line with a crystal-detector wavemeter, and 
t hen t rying grounds as described above to reduce 
t he current on the outside of the cable to the low¬ 
est possible value. 

Unbalance in center-fed systems can arise 
even when the line is brought away at right 
angles to the antenna for a considerable distance. 
If both halves of the antenna are not symmet¬ 
rically placed with respect to near-by conductors 
(such as power and telephone wires, downspout¬ 
ing, etc.) the antenna itself becomes unbalanced 
and the current distribution is different in the 
two halves. Because of this unbalance a voltage 
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will be induced in the line even if the line is 
symmetrical with respect to the antenna. 

It should be quite clear, from the mechanism 
that produces antenna currents on a transmission 
line, that such currents are entirely independent 
of the normal operation as a true transmission 
line. It does not matter whether the line is per¬ 
fectly matched or is operated with a high stand¬ 
ing-wave ratio. Nor does it matter what kind of 
line is used, air-insulated or solid-dielectric, 

Line 

Fig. 3-39 — Using a grid-dip meter to check resonance 
of the antenna system for antenna currents on the 
transmission line. 

parallel-conductor or coax. With coax the antenna 
current flows on the outside of the outer con¬ 
ductor, while the transmission-line currents flow 
only inside the line. This makes it possible to 
separate the two in the coax case, whereas no 
such separation is possible with parallel-wire 
lines. In every case, the antenna currents should 
be minimized by detuning the line if the line is to 
fulfill only its primary purpose of transferring 
power to the antenna. 

• NONRESONANT LINES 

Operating the transmission line at a low stand¬ 
ing-wave ratio requires that the line be termi¬ 
nated, at its output end, in a resistive load match¬ 
ing the characteristic impedance of the line as 
closely as possible. The problem can be ap¬ 
proached from two standpoints: selecting a trans¬ 
mission line having a characteristic impedance 
that matches the antenna resistance at the point 
of connection; or transforming the antenna re¬ 
sistance to a value that matches the 7m of the line 
selected. The first approach is simple and direct, 
but its application is limited because the antenna 
impedance and line impedance are alike only in 
a few special cases. The second approach provides 
a good deal of freedom in that the antenna and 
line can be selected independently. Its disadvan¬ 
tage is that it is more complicated construction-
ally. Also, it frequently calls for a somewhat 
tedious routine of measurement and adjustment 
before the desired match is achieved. 

Operating Considerations 

As pointed out earlier in this chapter, most an¬ 
tenna systems show a marked change in resistance 
when going from the fundamental to multiples of 
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the fundamental frequency. For this reason it is 
usually possible to match the line impedance 
only on one frequency. A matched antenna sys¬ 
tem is consequently a one-band affair, in most 
cases. It can, however, usually be operated over a 
fair frequency range in a given band. The fre¬ 
quency range over which the standing-wave ratio 
is low is determined by the impedance-es.-fre-
quency characteristic of the antenna. If the 
change in impedance is small for a given change 
in frequency, the s.w.r. will be low over a fairly 

IS-ohm Twin-Lead 

-Length in feet = 

Soldered/^^ 
Joints 

II 
Fig. 3-40 — Half-wave dipole fed with 75-ohm Twin-
Lead, giving a close match between antenna and line 
impedance. The leads in the "Y” from the end of the 
line to the ends of the center insulator should be as short 
as possible. 

wide band of frequencies. However, if the im¬ 
pedance change is rapid (a sharply-resonant or 
high-Q antenna) the s.w.r. will also rise rapidly as 
the operating frequency is shifted to one side or 
the other of the frequency for which the antenna 
is resonant and for which the line is matched. 

It must be emphasized that the line unbalance 
discussed in the preceding section is every bit as 
likely to occur with matched lines as with tuned 
lines. In fact, the presence of antenna currents 
on the line is likely to be more noticeable when 
the line is nonresonant, simply because a matched 
line operates with minimum line current for a 
given power input. This does not mean that the 
radiation from the line is any greater or any less. 
Actually, if the line is otherwise balanced, the 
radiation is entirely caused by the antenna cur¬ 
rents on the line in either the resonant or non¬ 
resonant case. As much care should be used in 
selecting the length of a nonresonant line, to pre¬ 
vent resonance for parallel currents, as is used in 
choosing a length for a resonant line. The chart 
of Fig. 3-38 applies equally well. Equal care 
should also be used to bring the line away from 
the antenna at the angle with respect to the an¬ 
tenna conductors that results in the least coupling 
between antenna and line. 

Antenna Resonance 

Another point that needs emphasis in connec¬ 
tion with matching the antenna to the line is that 
the impedance at the point where the line is con¬ 
nected must be a pure resistance. This means that 
the antenna system must be resonant at the fre¬ 
quency for which the line is to be matched. 

(Some types of long-wire antennas are exceptions, 
in that their input impedances are resistive over a 
wide band of frequencies. Such systems are them¬ 
selves essentially nonresonant.) The higher the Q 
of the antenna system the more essential it is that 
exact resonance be established before an attempt 
is made to match the line. This is particularly 
true of the close-spaced parasitic arrays described 
in a later chapter. With simple dipole and har¬ 
monic antennas the tuning is not so critical and 
it is usually sufficient to cut the antenna to the 
length given by the appropriate formula in Chap¬ 
ter Two. The frequency should be selected to be 
at the center of the range of frequencies (which 
may be the entire width of an amateur band) 
over which the antenna is to be used. 

Matching with 75-Ohm Twin-Lead 

As discussed in Chapter Two, the impedance at 
the center of a resonant half-wave antenna at 
heights of the order of J¿ wavelength and more 
is resistive and is in the neighborhood of 70 ohms. 
This is rather closely matched by transmitting¬ 
type Twin-Lead having a characteristic imped¬ 
ance of 75 ohms. It is possible, therefore, to oper¬ 
ate with a low s.w.r. using the arrangement 
shown in Fig. 3-40. No precautions are necessary 
beyond those already described in connection 
with antenna-to-line coupling. 

This system is badly mismatched on even multi¬ 
ples of the fundamental frequency, since the feed 
in such cases is at a high-impedance point. How¬ 
ever, it is reasonably well matched at odd multi¬ 
ples of the fundamental. For example, an antenna 
resonant near the low-frequency end of the 7-Mc. 
band will operate with a low s.w.r. over the 
21-Mc. band (three times the fundamental). 

The same method may be used to feed a har¬ 
monic antenna at any current loop along the 
wire. For lengths up to three or four wavelengths 
the s.w.r. should not exceed 2 to 1 if the antenna 
is Ji or Lá wavelength above ground. 
At the fundamental frequency the s.w.r. 

should not exceed 2 to 1 when the applied fre¬ 
quency is varied plus or minus 2% from the fre¬ 
quency of exact resonance. Such a variation 
corresponds approximately to the entire width 
of the 7-Mc. band, if the antenna is resonant at 
the center of the band. A wire antenna is assumed. 
Antennas having a greater ratio of diameter to 
length will have a lower change in s.w.r. with 
frequency. 

Matching with 75-Ohm Coaxial Cable 

Instead of using Twin-Lead as just described, 
the center of a half-wave dipole may be fed 
through 75-ohm coaxial cable such as RG-ll/U, 
as shown in Fig. 3-41. The principle is exactly the 
same as with Twin-Lead, and the same remarks as 
to s.w.r. apply. However, there is a considerable 
practical difference between the two types of line. 
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(A) (C) 
Fig. 3-42. The arrangement at A 
is a Ji-wave section of transmis¬ 
sion line, shorted at one end and 
with its open end connected 
across the terminals of the an¬ 
tenna and regular transmission 
line. The connections to the inner 
and outer conductors are, how¬ 
ever, reversed. This helps to re¬ 
store physical symmetry at the 
antenna terminals and thus over¬ 
comes the unbalance that exists 
when only one cable is used. The 
shorted section of line is a very 
high impedance at the operating 
frequency and therefore has no 
effect on the coupling between 
the regular line and antenna. The 
length of the shorted section is 

Fig. 3-41 — Half-wave antenna fed with 75-ohm coaxial 
cable. The outside of the outer conductor of the line may 
be grounded for lightning protection. 

Fig. 3-42 — Methods of balancing the termination when a coaxial cable is 
connected to a balanced antenna. The systems at It and C are two forms 
of "bazooka.” 

With the parallel-conductor line the system is 
symmetrical, but with coaxial line it is inher¬ 
ently unbalanced. 

Stated broadly, the unbalance with coaxial 
line is caused by t he fact that the outer conductor 
is not coupled to the antenna in the same way as 
the inner conductor. The over-all result is that cur¬ 
rent will flow on the outside of the outer conduc¬ 
tor in the simple arrangement shown in Fig. 3-41. 
The unbalance is rather small if the line diameter 
is very small compared with the length of the an-

dependent on the propagation factor of the par¬ 
ticular type of line used. There should be no 
connection between the two cables except at the 
antenna terminals. 

tenna, a condition that is met fairly well at the 
lower amateur frequencies. However, it is not 
negligible in the v.h.f. and u.h.f. range, nor should 
it be ignored at 28 Me. The current that flows on 
the outside of the line because of this unbalance, 
it should be noted, is not the “antenna” current 
previously discussed. More exactly, it does not 
arise from the same type of coupling. The cou¬ 
pling pictured in Fig. 3-35 can still occur, in addi¬ 
tion. However, the remedy is the same in both 
cases — the system must be detuned for currents 
on the outside of the line. This can be done by 
choosing one of the recommended lengths in 
Fig. 3-38 or by an actual resonance check by the 
method shown in Fig. 3-39. 
Other detuning and line-balancing methods 

particularly adapted to coaxial lines are shown in 

Airspace 
/2 to ! " 

"Bazookas’ ’ 

Two forms of “bazooka ” are shown at B and C 
in Fig. 3-42. These are quarter-wave sections 
whose purpose is to detune the outside of the 
transmission line for the currents caused by lack 
of symmetry. A parallel-conductor section is 
shown at B and a coaxial section or detuning 
sleeve at C. In both cases the principal dielectric 
in the detuning section is air, so the length is 
calculated on the basis of a velocity factor of 
0.95. In B, the second conductor is a piece of 
coax simply for convenience, since the inner and 
outer conductors are connected together; a length 
of tubing of the same diameter as the outer braid 
could be used with equal effect. The two conduc¬ 
tors should be separated sufficiently so that the 
vinyl covering on the cable represents oidy a 
small proportion of the dielectric between them. 

The diameter of the coaxial detuning sleeve in 
C should be fairly large compared with the diam¬ 
eter of the cable it surrounds. A diameter of two 
inches or so is satisfactory with half-inch cable. 
The sleeve should be symmetrically placed with 
respect to the center of the antenna so that it will 
be equally coupled to both sides. Ot herwise a cur¬ 
rent will be induced from the antenna to the out¬ 
side of the sleeve. This is particularly important 
at v.h.f. and u.h.f. 

The detuning sections shown at B and C also 
prevent “antenna” currents of the type described 
earlier, provided the sections are symmetrical 
with respect to the antenna and provided the line 
beyond the detuning section does not pick up 
energy from the antenna’s field. To avoid such 
pick-up it is well to use a line length, measured 
from the top of the sleeve to the transmitter, 
that is safely far away from resonance in the band 
on which the antenna is to be operated. 

Inner and 
J outer conductors 
V soldered together 
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In all of the balancing methods shown in Fig. 

3-42 the quarter-wave section should be cut to be 
resonant at exactly the same frequency as the 
antenna itself. These sections tend to have a 
beneficial effect on the impedance-frequency 
characteristic of the system, because their react¬ 
ance varies in the opposite direction to that of 
the antenna. For instance, if the operating fre¬ 
quency is slightly below resonance the antenna 
has capacitive reactance, but the quarter-wave 
sections or stubs have inductive reactance. Thus 
I he reactances tend to cancel, which prevents the 
impedance from changing rapidly and helps main¬ 
tain a low standing-wave ratio on the line over a 
band of frequencies. 

Quarter- Wave Transformers 
The impedance-transforming properties of a 

quarter-wave transmission line can be used to 
good advantage in matching the antenna im¬ 
pedance to the characteristic impedance of the 
line. As described earlier, the input impedance 
of a quarter-wave line terminated in a resistive 
impedance Zu is 

Rearranging this equation gives 

This means that any value of load impedance 
Zn can be transformed into any desired value of 
impedance Zs at the input terminals of a quarter¬ 
wave line, provided the line can be constructed 
to have a characteristic impedance Zo equal to 
the square root of the product of the two im¬ 
pedances. The factor that limits the range of 
impedances that can be matched by this method 
is the range of values for Zo that is physically 
realizable. The latter range is approximately 50 
to (Í00 ohms. 

Practically any type of line can be used for the 
matching section, including both air-insulated 
and solid-dielectric lines. 

A common application of this type of matching 
section is in matching a half-wave antenna to a 
600-ohm line, as shown in Fig. 3-43. Assuming 
t hat the antenna has a resistive impedance in the 
vicinity of 65 to 70 ohms, the required Zo of the 
matching section is approximately 200 ohms. A 
stiction of this type can be constructed of parallel 
tubing, from the data in Fig. 3-24. Using tubing 
of Ij-inch diameter, the center-to-center spacing 
is approximately 1.3 inches for this characteristic 
impedance. In practice, provision should be made 
for changing the spacing between the matching-
section conductors over a small range. The spac¬ 
ing can be varied, while checking the s.w.r. on the 
main transmission line, until the match is as 
nearly perfect as possible. It is to be expected 
that some adjustment will be necessary because 
the actual antenna resistance will be dependent 
on the height of the antenna. 

Fig. 3-43 — Matching a half-wave antenna to a 600. 
ohm line through a quarter-wave linear transformer. 
This arrangement is popularly known as the "Q” match¬ 
ing system. 

Antennas operated on harmonics can be 
matched to a transmission line by this method 
provided the matching section is connected into 
the antenna at a current loop. Fig. 3-44 shows the 
required Zo of the quarter-wave matching section 
for a number of different open-wire transmission 
line impedances. This graph is based on the 
theoretical values of radiation resistance for long-
wire antennas, and some modification must be 
anticipated in practice because of ground effects 
and the effect of radiation of energy from the 
antenna. Discrepancies of this sort between 
theory and practice can be compensated by 
changing the conductor spacing in the matching 
section to make the s.w.r. as low as possible. 

Another application for the quarter-wave 
“linear transformer” is in matching the very low 
antenna impedances encountered in close-spaced 
directional arrays to a transmission line having a 
characteristic impedance of 300 to 600 ohms. The 
observed impedances at the antenna feed point in 
such cases range from about 8 to 20 ohms. A 
matching section having a Zo of 75 ohms is useful 

ANTENNA LENGTH. IN WAVELENGTHS 

Fig. 3-44 — Kequired Zo of quarter-wave linear trans¬ 
formers for matching at a current loop in harmonic an¬ 
tennas of various length. The curves are for the following 
main transmission-line impedances: A, 440 ohms; B, 
470 ohms; C, 580 ohms; D, 600 ohms. 
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with such arrays. The impedance at its input 
terminals will varj- from approximately 700 ohms 
with an 8-ohm load to 280 ohms with a 20-ohm 
load. If the main transmission line has a charac¬ 
teristic impedance of 600 ohms, the s.w.r. will 
range from less than 1.2 with the 8-ohm load to 
2.1 with the 20-ohm load. Since the additional line 
loss is practically negligible when the s.w.r. is 2 to 
1, the 75-ohrn section gives a quite adequate 
match over the range of impedances encountered 
in most such antenna arrays. Transmitting Twin-
Lead is suitable for this application; such a short 
length is required that the loss in the matching 

Fig. 3-45 - Impedance transformation with a resonant 
circuit, together with antenna analogy. 

section should not exceed about 0.6 db. even 
though the s.w.r. in the matching section may be 
almost 10 to 1 in the extreme case. 

Delta Match 

Among the properties of a coil-and-condenser 
resonant circuit is that of transforming imped¬ 
ances. If a resistive impedance, Zi in Fig. 3-45, is 
connected across the outer terminals AB of a 
resonant LC circuit, the impedance Z^ as viewed 
looking into another pair of terminals such as BC 
will also be resistive, but will have a different 
value depending on the mutual coupling between 
t he parts of the coil associated with each pair of 
terminals. Z. will be less than Zi in the circuit 
shown, but this relationship will be reversed if 
Z\ is connected across terminals BC and Zi is 
viewed from terminals AB. 

A resonant antenna has similar properties. The 
impedance presented between any two points 
symmetrically placed with respect to the center of 
a half-wave antenna will depend on the distance 
between the points. The greater the separation 
the higher the value of impedance, up to the lim¬ 
iting value that exists between the open ends of 
the antenna. This is also suggested in Fig. 3-45. 
The impedance Zi between terminals 1 and 2 is 
lower than the impedance Z^ between terminals 
3 and 4. Both impedances, however, are purely 
resistive if the antenna is resonant. 

This principle, plus the fact that a “fanned” 
transmission line — i.e., one with continuously-
increasing spacing — has a continuously-increas¬ 
ing value of characteristic impedance, is utilized 
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for frequencies up to and including the 28-Mc. 
band, and 

in the delta matching system shown in Fig. 3-46. 
The center impedance of a half-wave dipole as a 
series-resonant circuit is too low to be matched 
directly by any practicable type of air-insulated 
parallel-conductor line. However, if the antenna 
is considered as a parallel-resonant circuit it is 
possible to find between two points a value of 
impedance that can be matched to such a line 
when a “fanned” section or delta is used to 
couple the line and antenna. 

Available information on the delta match is 
based on experimental data for the case of a sim¬ 
ple half-wave antenna coupled to a 600-ohm 
transmission line. The antenna length, L, should 
be based on the formula in Chapter Two, Using 
t he appropriate factor for the length/diameter 
ratio. The ends of the delta or “ Y” should be at¬ 
tached at points equidistant from the center of 
the antenna, and the total distance, A, between 
them is given by 

118 

113 
1 (feet) - / (Mc }

for frequencies above 30 Me. The length of the 
delta, B, is given by 

^^3 

These formulas are based on the assumption 
that the center impedance of the antenna is ap¬ 
proximately 70 ohms, and will require modifica¬ 
tion if the actual impedance is very much dif¬ 
ferent. 

The delta match can be used for matching the 
driven element of a directive array to a trans¬ 
mission line, but if the impedance of the element 

Fig. 3-16 — The "della" matching system, applied to a 
half-wave antenna and 600-ohm line. 

is low — as is frequently the case — the proper 
dimensions for A and B must be found by experi¬ 
ment. In general, the points at which the delta 
conductors are attached to the antenna will be 
closer together, for proper matching, as the an¬ 
tenna impedance becomes lower. 
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The delta match is somewhat awkward to ad¬ 

just when the proper dimensions are unknown, 
because both the length and width of the delta 
must be varied. An additional disadvantage is 
that there is always some radiation from the 
delta. This is because the conductors are not close 
enough together throughout their length to meet 
the requirement that line spacing should be 
negligibly small in comparison with the wave¬ 
length. 

The ' 'T'’-Match 

A matching system that, like the delta, uses the 
I rinciple of tapping along the antenna to obtain 
a desired impedance is the “T”-match shown in 
I ig. 3-47. However, in the “T”-match the conduc¬ 
tors in the matching section are parallel to the 
antenna, a more convenient arrangement con¬ 
structionally. The system has sufficient flexibility 
to be used with either a simple half-wave dipole 
or the driven element of a directive array, an 1 
can be adjusted to match the characteristic im¬ 
pedance of most of the commonly-used lines. 

Fin. 3-47 — The "T" matching system, applied to a 
half-wave antenna and 600-ohm line. 

For a dipole having an approximate impedance 
of 70 ohms, the matching-section dimensions for 
matching a 600-ohm line are given by the follow¬ 
ing formulas: 

180.5 
J (feet) -y (Mc j 
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With an antenna element of different impedance, 
or for matching a line having aZo other than 600 
ohms, the matching-section dimensions can be 
determined experimentally. Typical dimensions 
for directional arrays are given in a later chapter. 

This type of matching system is especially 
adaptable to antennas constructed of tubing. In 
such case the matching section also can be tubing 
of the same size and the end pieces can be metal 
straps whose positions can easily be changed for 
adjustment. With wire antennas the end of the 
transmission line and the center of the matching 
section can be supported from the center of the 
antenna by strips of insulating material having 
the same length as dimension B. 

Folded Dipoles 

In the diagram shown in Fig. 3-48, suppose for 
the moment that the upper conductor between 
points B and C is disconnected and removed. 
The system is then a simple center-fed dipole, 
and the direction of current flow along the an¬ 
tenna and line at a given instant is as given by 
the arrows. Then if the upper conductor between 
B and C is restored, the current in it will flow 
away from B and toward C, in accordance with 
the rule for reversal of direction in alternate half¬ 
wave sections along a wire. However, the fact 
that the second wire is “folded” makes the cur¬ 
rents in the two conductors of the antenna flow 
in the .same direction. Although the antenna 
physically resembles a transmission line, it is not 
actually a line but is merely two conductors in 
parallel. The connections at the ends of the two 
are assumed to be of negligible length. 

For all practical purposes a half-wave dipole 
formed in this way has exactly the same proper¬ 
ties as an ordinary dipole. Its directional proper¬ 
ties and radiation resistance will be the same as 
those of an ordinary dipole. However, the trans¬ 
mission line is connected to only one of the con¬ 
ductors. It is therefore to be expected that the 
antenna will “look” different, in respect to its 
input impedance, as viewed by the line. 

The effect on the impedance at the antenna 
input terminals can be visualized quite readily. 
The center impedance of the dipole as a whole is 
the same as the impedance of a single-conductor 
dipole — that is, approximately 70 ohms. A given 
amount of power will therefore cause a definite 
value of current, I. In the ordinary half-wave 
dipole this current flows at the junction of the 
line and antenna. In the folded dipole the same 
current also flows, but is equally divided between 
two conductors in parallel. The current in each 
conductor is therefore //2. Consequently, the 
line “sees” a higher impedance because it is 
delivering the same power at only half the current 
It is easy to show that the new value of im-
pedance is equal to four times the impedance of a 
simple dipole. If more wires are added in parallel 
the current continues to divide equally between 

Fifi. 3-48 I )irection of current flow in a folded dipole 
and associated transmission line. 
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them and the original impedance is raised by a 
factor N2, where N is the total number of con¬ 
ductors in parallel. 

This explanation is a simplified one based on 
the assumption that the conductors are close 
together and that all have the same diameter. 

THREE-WIRE FOLDED DIPOLES 

Fig. 3^19 — Two- and three-wire folded dipoles. 

The folded dipole is frequently (but not neces¬ 
sarily) constructed with identical conductors 
paralleled. Fig. 3-49 shows a few common ar¬ 
rangements. The two-wire system at A is an 
especially useful one because the input impedance 
is so close to 300 ohms that it can be fed directly 
with 300-ohm Twin-Lead, without any other 
matching arrangement, and the line will operate 
with a very low standing-wave ratio. The an¬ 
tenna itself can be built like an open-wire line; 
that is, the two conductors can be held apart by 
regular feeder spreaders, the 6-inch size being 
quite suitable. Alternatively, it is possible to use 
300-ohm ribbon for the antenna, in addition to 
using it for the transmission line. The length of 
the antenna does not change on this account, 
since the antenna section does not operate as a 
transmission line but simply as two wires in 
parallel. 

Fig. 3-49B shows two ways of forming a 3-wire 
folded dipole. The input impedance of a 3-wire 
folded dipole is theoretically 9 times the dipole 
radiation resistance, and therefore offers a very 
good match for a 600-ohin open-wire line. The 
parallel- and series-connected arrangements shown 
in Fig. 3-49B are equivalent, and the choice 
between them is simply a matter of convenience. 
The parallel system is usually simpler, from the 
insulation standpoint. 

The folded dipole has a much “flatter” im-
pedance-as.-frequency characteristic than a sim¬ 
ple dipole. That is, the reactance varies rather 
slowly as the frequency is varied on either side of 
resonance. The result is that it is possible to oper¬ 
ate over a considerably wider band of frequencies, 
while maintaining a low s.w.r. on the line, than 
with a simple dipole. This can be explained by 
the fact that, as seen by the line, the system is 
not only an antenna but also consists of two short-
circuited quarter-wave transmission lines. As 
pointed out in connection with the “bazooka,” 
the reactance of a quarter-wave shorted section 
varies in the opposite direction to the reactance 
of an antenna as the frequency is varied. Thus 
the two tend to cancel. The actual current in the 
folded antenna consists of two components; the 
first is the antenna current already described, 
and the second is a transmission-line current 
flowing in each quarter-wave section. The trans-
mission-line current is substantially zero at the 
center of the antenna but is large at the ends. It 
does not cause radiation if the spacing between 
the two conductors is small in comparison with 
the wavelength. 

Folded dipoles frequently are made of 300-ohm 
Twin-Lead as a matter of structural convenience. 
In this case the velocity factor for the material as 
an antenna is the same as for wire of any other 
type, since the antenna currents flow in the same 
direction on the two conductors. However, the 
velocity factor of the line does apply in the case of 
the transmission-line currents just described. As 
a result, a Twin-Lead folded dipole cut to the 
correct length as an antenna is not the correct 
length to give “quarter-wave” transmission-line 
sections on each side. Because of this the Twin-
Lead folded dipole does not have quite as good an 
impedance-frequency characteristic as one made 
from separate wires. 

This condition can be corrected by changing 
the electrical length of the line with the con¬ 
densers shown in Fig. 3-50. The condensers make 
each side of the antenna equivalent to an 
open-circuited half-wavelength line for trans¬ 
mission-line tyi»e currents, reflecting the desired 
high impedance at the feed point. The capaci¬ 
tance required is easily calculated on the basis of 
6.9 Mifd. per meter of operating wavelength. For 

w-300-ohm Twin-Lead 

300-ohm 
< line 

Fig. 3-50 — Condenser loading at ends of a Twin-I^ead 
folded di|M>le to resonate the antenna for transmission* 
line currents. The capacitance required at C is 6.9 
M/xfd. per meter of operating wavelength. 
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7 Me., for example (40 meters in round numbers), 
the capacitance should be 6.9 X 40 = 276 pgfd. 
The nearest available standard size of fixed con¬ 
denser would be satisfactory. Mica condensers 
can be used at most amateur powers. The capaci¬ 
tance at the ends has.no effect on the operation 
of the system as an antenna, because the impe¬ 
dance at the ends is high and even a small capaci¬ 
tance is a short-circuit for the antenna currents. 

A folded dipole will not accept power at twice 
the fundamental frequency, or any even multiples 
of the fundamental. At such multiples the folded 
section simply acts like a continuation of the 
transmission line. No other current distribution 
is possible if the currents in the two conductors of 
the actual transmission line are to flow in opposite 
directions. It should be pointed out, however, 
that the antenna can actually be excited at the 
second harmonic if there is any capacitive cou¬ 
pling between the transmitter tank circuit and 
the line, and if the over-all system — considering 
the line conductors as being in parallel — is at or 
near resonance at the second harmonic. I he sig¬ 
nificant length is L in Eig. 3-37B. To avoid radia¬ 
tion of even harmonics, therefore, the system 
should be detuned by proper choice of over-all 
length. 

Fig, 3-51 — Nomogram for computing impedance step-
up in a folded dipole having conductors of unequal 
diameter. The scale at the left is the ratio of conductor 
radii or diameters (driven element smaller). I he right¬ 
hand scale is the ratio of center-to-center conductor 
spacing to driven-element radius. The diagonal scale is 
the impedance step-up ratio. A straightedge Conner ting 
two known quantities on the appropriate scales will 
intersect the third scale at the corresponding value. 

On the third and other odd multiples of the 
fundamental the current distribution is correct 
for operation of the system as a folded antenna. 
Since the radiation resistance of a 3/2-wave an¬ 
tenna is not greatly different from that of a half¬ 
wave antenna, a folded dipole can be operated on 
its third harmonic with a low s.w.r. in 300-ohm 
line. A 7-Mc. folded dipole consequently can be 
used for the 21-Mc. band as well. 

Multiwire and Unequal-Conductor 
Folded Dipoles 

Two- and 3-wire folded dipoles take care of the 
most popular types of transmission lines (300-
and 600-ohm lines) when the antenna is a half¬ 
wave radiator. Larger impedance ratios are 
frequently desirable when the folded dipole is 
used as the driven element in a directive array 
because the radiation resistance is frequently 
quite low. In such a case the number of conduc¬ 
tors in the dipole can be increased to give the 
desired impedance step-up. Measurements have 
shown that the step-up is in quite good agree¬ 
ment with the -V2 rule up to at least four conduc¬ 
tors in parallel, but there is evidence that it does 
not increase quite as rapidly if a large number of 
conductors is used. The application of this princi¬ 
ple to a directional array is shown in a later 
chapter. A multi wire dipole should be constructed 
in the form of a cage, with the conductors equally 
spaced around the circumference of a circle. 

Analysis of the impedance step-up when the 
conductors of a two-conductor folded dipole have 
different diameters is rather complicated. The 
nomogram of Eig. 3-51 is based on assumptions 
t hat appear to be borne out satisfactorily in prac¬ 
tice. Note that both conductor diameter and 
spacing are involved. The broken line shows an 
example of the use of the chart. In this example 
«2 is 2.3 times Hi, and the spacing, I), is 7 times 
Hi; this gives an impedance step-up of 7.5 times. 
The input impedance of an antenna element hav¬ 
ing a radiation resistance of 10 ohms, for instance, 
would l>e 75 ohms with this particular set of di¬ 
mensions. Hi, Hi and I) may be measured in any 
units, since the significant quantities are simply 
ratios, so long as the same units are used through¬ 
out. 

Matching Stubs 

As explained earlier in this chapter, a termi¬ 
nated transmission line less than wavelength 
long has an input impedance that is both resistive 
and reactive. The equivalent circuit of the line 
input impedance can be formed either of resist¬ 
ance and reactance in series or resistance and 
reactance in parallel. Eig. 3-52A shows such a line 
terminated in a resistance less than its charac¬ 
teristic impedance, together with the equivalent 
circuits of the input impedance. 

Depending on the line length, the resistive 
component, Rs, can have any value between 
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Fig. 3-52 —-Circuit equivalent of a transmission line 
less than M wavelength long terminated in a load re¬ 
sistance lower than Zo, and methods of compensating 
for the reactive component of the input impedance. 

Zu (when the line has zero length) and Z^/Zv. 
(when the line is exactly J4 wave long). The same 
thing is true of Ä’g. (Äs and Ä's do not, however, 
have the same values at the same line length, 
other than zero and Ji wavelength.) With either 
equivalent there is some line length that will give 
a value of Äs or Ä's equal to the characteristic 
impedance of the line. In either case, also, react¬ 
ance will accompany the resistance. If provision 
is made for canceling or “tuning out” this reac¬ 
tive part of the input impedance only the resisl¬ 
ance will remain. Since this resistance is equal to 
Zo a transmission line of the same characteristic 
impedance connected to terminals AB will be 
properly matched. 

Tuning out the reactance in the equivalent se¬ 
ries circuit requires that a reactance of the same 
value as Xs, but of opposite kind, be inserted in 
series with the line. This is shown at B in Fig. 
3-52. Tuning out the reactance in the equivalent 
parallel circuit requires that a reactance of the 
same value as X's but of the opposite kind be 
connected across terminals AB. This is shown at 
Fig. 3-52 C. 

Corresponding circuits and relationships for the 
case where the line is terminated in a resistive 

Fig. 3-53 — Circuit equivalent of a transmission line 
less than X wavelength long terminated in a load re¬ 
sistance greater than Zo, and methods of compensating 
for the reactive component of the input impedance. 

load greater than its characteristic impedance 
arc shown in Fig. 3-53. Aside from the fact that 
the reactances are of the opposite kind to those 
in Fig. 3-52, ail of the foregoing remarks apply 
equally well. 

In practice it is convenient to use the parallel 
equivalent circuit. The transmission line is simply 
connected to the load (which of course is usually 
a resonant antenna) and then a reactance of the 
proper value is connected across the line at the 
proper distance from the load. From this point 
back to the transmitter there are no standing 
waves on the line. A convenient type of reactance 
to use is a section of transmission line less than 
Ji wave long, either open- or short-circuited 
depending on whether capacitive or inductive 
reactance is called for. Reactances formed from 
sections of transmission line are called matching 
stubs, and are designated as open or closed de¬ 
pending on whether the free end is open- or 
short-circuited. The two types are shown in Fig. 
3-54. 

The distance from the load to the stub (dimen¬ 
sion A in Fig. 3-54) and the length of the stub, B, 
depend on the characteristic impedances of the 

Open 
Stub 

Fig. 3-54 — Use of open or closed stubs for canceling 
the parallel reactive component of input impedance. 

line and stub and on the ratio of Zr to Zo. Since 
the ratio of Zr to Zo is also the standing-wave 
ratio in the absence of matching, the dimensions 
are a function of the s.w.r. If the line and stub 
have the same Zo, dimensions A and B are de¬ 
pendent on the s.w.r. only. Consequently, if the 
s.w.r. can be measured before the stub is installed, 
the stub can be properly located and its lengt h 
determined even though the actual value of load 
impedance is not known. 

Typical applications of matching stubs are 
shown in Fig. 3-55. From inspection of these 
drawings it will be recognized that when an an¬ 
tenna is fed at a current loop, as in Fig. 3-55A, 
Zr is less than Zo (in the average case) and there¬ 
fore calls for an open stub installed within the 
first quarter wavelength of line measured from 
the antenna. Voltage feed, as at B and C, cor¬ 
responds to Zr greater than Zo and therefore re¬ 
quires a closed stub. 
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Curves showing the length of the stub and its 

distance from the load, measured in terms of 
wavelength, are given in Figs. 3-56 and 3-57. 
These curves are based on the assumption that 
the load is a pure resistance, and that the charac¬ 
teristic impedances of both the line and stub are 
identical. The equations from which the curves 
are constructed are 

tan A = \/ SAT .R. 
S.W .R. -

B = ■ 
VS.W.R 

for the closed stub when Zr is greater than Zo 
and _ 

cot A = a/ SAT .R. 

tan B = 
SAT .R. - 1 
VSAT.R. 

Fig. 3’56 — Position and length of open stub as a func¬ 
tion of Zo/Zr or standing-wave ratio. 

for the open stub when Zr is less than Zo. In 
these equations the lengths A and B must be 
expressed in electrical degrees. The formula for 
converting length in wavelengths to electrical 
degrees is 

Length (degrees) = 
360 X Length in wavelengths 

In using the curves or the above equations it 
must be remembered that the wavelength along 
the line is not the same as in free space. If an 
open-wire line is used the velocity factor of 0.975 
will apply. When solid-dielectric line such as 
Twin-Lead is used the free-spaee wavelength as 
given by the curves must be multiplied by the 
appropriate velocity factor to obtain the actual 
length of A and B. The formula for the actual 
length is 

985 X F 
A (feet) — y X A (wavelengths) 

985 X V 
B (feet) — , —r X B (wavelengths) J yrlc.j 

where F is the velocity factor of the line of which 
sections A and B are constructed. 

Although the curves and equations do not ap¬ 
ply when the characteristic impedances of the 
line and stub are not the same, this does not mean 
that the line cannot be matched under such con¬ 
ditions. With a few exceptions, it is readily pos¬ 
sible to match even if the characteristic imped¬ 
ances of section A, the stub, and the line all are 
different. The exceptions arise when the Zo of 
section A is considerably different from that of 
the line, and when, at the same time, Zr is not 
greatly different from the Zo of section A. In 
such a case it may be impossible to obtain a 
resistive component of the input impedance of 
section A that will match the Zo of the main 
transmission line. This cannot happen if section .4 
is simply a continuation of the main transmission 
line to the load. 

On the other hand, the stub itself can have any 
desired characteristic impedance if its length is 
chosen so that it has the proper value of react¬ 
ance. Once the length is determined for a 

particular case from Figs. 3-56 
and 3-57 the corresponding value 
of reactance can be found from 
Fig. 3-12 and a new length found 
from the same figure for a stub of 
the desired Zo- For example, sup¬ 
pose that it is determined from 
Fig. 3-56 that the length of an 
open stub is 0.16 wavelength 
when the stub and line have the 
same characteristic impedance. 
Assume that this Zo is 600 ohms. 
From Fig. 3-12, X/Zo for an 
open-circuited transmission line 
0.16 wavelength long (57.6 de¬ 
grees) is 0.65, so X = 0.65 X 600 
= 390 ohms. If we want to make 
the stub from 300-ohm line, 
X/Zo = 390/300 = 1.3. The 
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value 1.3 on the open-circuited line curve cor¬ 
responds to a length of 37.5 degrees or 0.104 
wavelength. The actual length of the 300-ohm 
Twin-Lead stub would be 0.104 X V = 0.104 X 
0.82 = 0.085 wavelength. 

Other Stub Positions 

As a general rule, matching stubs will be in¬ 
stalled less than Ji wavelength from the load, 
since this reduces the standing-wave ratio along 
the greatest length of transmission line. How¬ 
ever, the stub may be connected farther from the 
load, if necessary. The curves of Figs. 3-56 and 
3-57 may be used equally well. It is only neces¬ 
sary to remember that at every quarter-wave 
point along the line the input impedance is the 
reciprocal of the impedance at a point Ji wave¬ 
length nearer the load. Referring to Fig. 3-54, if 
Zr is less than Zo the impedance 14 wave from 
the load will be higher than Zo and will equal 
Zo2/Zr. It is therefore possible to consider this 
Ji-wave point as the end of a line terminated in 
a load Zq2/Zr, and then use the curves of Fig. 
3-57, adding 0.25 to the value found for dimen¬ 
sion A. The length of the open stub is given di¬ 
rectly by Fig. 3-57. Similarly, if Zr is greater 
than Zo Fig. 3-56 can be used, adding 0.25 wave¬ 
length to dimension A as given by the curve. 
Whether Zr is larger or smaller than Zo can be 

determined by measuring the current in the line 
(before the stub is installed) over a length of Ji 
wavelength from the load. If the current at the 
load is higher than at a point Ji wavelength 
away, Zr is less than Zo', if the load current is 
smaller, Zr is greater than Zo¬ 

in all of the discussion of matching stubs it has 
been assumed that the load is a pure resistance. 
This is the most desirable condition, since the 
antenna that represents the load preferably 
should be tuned to resonance before any attempt 
is made to match the line. Nevertheless, matching 
stubs can be used even when the load is consider¬ 
ably reactive. A reactive load simply means that 

Fill. 3-57 —Position and length of closed stub as a 
function of Zr/Zo or standing-wave ratio. 

the loops and nodes of the standing waves of 
voltage and current along the line do not occur 
at integral multiples of J4 wavelength from the 
load. To use the curves of Figs. 3-56 and 3-57 it is 
only necessary to find a point along the line at 
which a current loop or node occurs. Then Fig. 
3-56 gives the stub length and distance toward the 
transmitter from a current loop. Fig. 3-57 gives 
the stub length and distance toward the transmit¬ 
ter from a current node. 

In using matching stubs it should be noted that 
the length and location of the stub should be 
based on the s.w.r. at the load. If the line is long 
and has fairly high losses, measuring the s.w.r. at 
the input end will not give the true value of the 
s.w.r. at the load. This point was discussed earlier 
in this chapter in the section on attenuation. 

Stubs on Coaxial Lines 

The principles outlined in the preceding sec¬ 
tion apply with equal force to coaxial lines. The 
construction is, of course, different. Also, it is not 
feasible to measure s.w.r. along a solid-dielectric 
coaxial cable and still keep the cable in one piece. 
The ratio Zr/Zo or Z0/Zr must be determined 
by other means, such as direct measurement of 
Zr. 

The coaxial cases corresponding to the open-
wire cases shown in Fig. 3-54 are given in Fig. 
3-58. The curves of Figs. 3-56 and 3-57 may be 
used to determine the dimensions A and II. In a 
practical installation the junction of the trans¬ 
mission line and stub would be a Tee connector. 

If it is impossible to measure either the load 
resistance or s.w.r., an impedance match can be 
brought about by using two closed stubs, spaced 
about Ji wavelength apart, provided the lengths 
of the stubs are adjustable. The latter is hardly 
feasible with solid-dielectric lines used as stubs, 
but is practicable at u.h.f. where a shorting piston 
can be moved along inside an air-insulated line. 
Double-stub impedance matching has had little 
or no application in amateur work at the present 
writing. 

Matching Sections 

If the three antenna systems in Fig. 3-55 are 
redrawn in somewhat different fashion, as shown 
in Fig. 3-59, there results a system that differs in 
no consequential way from the matching stubs 
previously described, but in which the stub 
formed by A and B together is called a “quarter¬ 
wave matching section.” The justification for this 
is that a quarter-wave section of line — espe¬ 
cially one with a short-circuit at one end — is 
similar to a resonant circuit, as described earlier 
in this chapter. It is therefore possible to use it 
to transform impedances as described in connec¬ 
tion with Fig. 3-45, by tapping at the appropriate 
point along the line. 

The usual procedure recommended for adjust¬ 
ing such a system is first to resonate the antenna 
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independently to the operating frequency, then 
resonate the matching section before it is con¬ 
nected to either line or antenna. (In the case of 
the open-ended section at A in Fig. 3-59, one end 
may be shorted temporarily while the section is 
adjusted to resonance.) Then the section and 
antenna are connected together, and finally the 
line is tapped along the matching section until a 
position is found where standing waves on the 
transmission line disappear. 

I n many cases this procedure does not result in 
the minimum possible s.w.r. on the line. The 

b-*-j 
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; b 
ijwi ; I 

i 

No connection 
between conductors 

Disk dosing end 
of outer conductor 

Fifi, 3-58 — Open and closed slubs on coaxial lines. 

reason can be found on examination of Figs. 3-56 
and 3-57. The sum of A and B is not even ap¬ 
proximately a quarter wavelength when the 
original s.w.r. is fairly low. At an s.w.r. of 2, for 
example, it is approximately 0.3 wavelength for 
the closed stub and 0.2 wavelength for the open 
stub. At an s.w.r. of 5 it is slightly over 0.26 
wavelength for the closed stub and slightly under 
0.24 wavelength for the open stub. Above an 
s.w.r. of 10 the length is substantially Ji wave¬ 
length in either case. In other words, the proper 
length for the matching section is Ji wavelengt h 
only when the s.w.r. is quite high to start with. 
A small correction in matching-section length is 
necessary, for minimum s.w.r. on the line, even 
when the original s.w.r. is of the order of 10 or 
higher. 

This peculiarity of tuning is not unique with 
"quarter-wave” transmission lines, but applies 
also in the case of ordinary LC circuits. It arises 
because there are three ways in which “reso¬ 
nance” in a parallel circuit can be specified. 
When the Q of the circuit is at all high there is no 
significant difference between the three, but if the 
Q is low the difference may be considerable. 
When the s.w.r. is low the Q of the matching 
Section also is low. 

Figs. 3-56 and 3-57 give design data for match¬ 

ing sections, A being the distance from the an¬ 
tenna to the point at which the line is connected, 
and A + B being the total lengt h of the matching 
section. The curves apply only in the case where 
the characteristic impedances of the matching 
section and transmission line are the same. Equa¬ 
tions are available for the ease where the match¬ 
ing section has a different Zo than the line, but 
are somewhat complicated and will not be given 
here, in view of the fact that it is generally possi¬ 
ble to make the line and matching section similar 
in construction. 

When experimental adjustments are made in 
I he lengt h of a matching section, a closed section 
is more convenient than an open section, particu¬ 
larly if the matching section is constructed of 
wire. This is because it is easy to construct a 
“shorting bar” — which actually may be a wire 
the same length as the line spacing, and provided 
with clips for making contact to the line — and 
slide it along the matching section. About the 
only means available for adjusting the length of 
an open section is to clip off short lengths from 
the open end. This obviously does not allow much 
latitude in finding the optimum length. An open 
section can always be made into a closed section 
by extending its length Ji wavelength, so that 
the over-all length becomes approximately Já 
wavelength. (A Ji-wave shorted transmission 
line has very high input impedance and so can 
be connected across the open end of the matching 
section without affecting its operation.) Adjust¬ 
ments can then be made by moving the shorting 
bar, which in effect changes the length of the 
formerly open section because the length of the 
added quarter-wave stub remains the same so 
long as the operating frequency is not changed. 

Matching with Lumped Constants 

It was pointed out earlier that the purpose of a 
matching stub is to cancel the reactive component 
of line impedance at the point of connection. In 
other words, the stub is simply a reactance of the 
proper kind and value shunted across the line. It 
does not matter what physical shape this react¬ 
ance takes. It can be a section of transmission 
line or a “lumped” inductance or capacitance as 
desired. Fig. 3-60A shows the case of a line 
terminated in a load less than its characteristic 
impedance, calling for an open (capacitive) stub 
for impedance matching. A condenser having the 
same value of reactance can be used just as well, 
as shown in Fig. 3-60B. There are cases where, 
from an installation standpoint, it may be con¬ 
siderably more convenient to use a condenser in 
place of a stub. Furthermore, if a variable con¬ 
denser is used for Xc it becomes possible to adjust 
the capacitance to the exact value required. 

The proper value of capacitance may be de¬ 
termined with the aid of Figs. 3-56 and 3-12. Asan 
example, suppose that the antenna is a close¬ 
spaced array fed by a 300-ohm line, and that 
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Fig. 3-59 — Application of matching sections to common antenna types. 

of Zo toZR (that is,thes.w.r. prior to 
matching) is required for high Q. The 
s.w.r. has to be practically 100 to 1 
for a Q of 10, for example. 
As shown in Fig. 3-60C, the induc¬ 

tive reactance should be divided 
into two equal parts, one in each 
side of the circuit, when a balanced 
line is used. Each coil, in other 
words, should have half the total in¬ 
ductance, provided they are mounted 
so there is no mutual inductance. 
The reactance values can be con¬ 
verted to inductance and capaci¬ 
tance by the usual formulas or 
charts. 

Both systems described above can 
be used for matching the line to 
a load impedance higher than the 
characteristic impedance. Thus an 
inductance can be shunted across the 

the standing-wave ratio at the load has been 
determined to be 15 to 1. From Fig. 3-50 dimen¬ 
sion A is 0.04 wavelength and B is 0.206 wave¬ 
length. From Fig. 3-12, 0.206 wavelength corre¬ 
sponds to a value of Xc/Zo of 0.28, so Xc = 0.28 
X 300 = 84 ohms. If the frequency is 14.2 Me., 
for instance, 84 ohms corresponds to a capaci¬ 
tance of 134 pgfd. A 150-/igfd. variable con¬ 
denser connected across the line 0.04 wave¬ 
length from the antenna terminals would provide 
ample adjustment range. The r.m.s. voltage 
across the condenser is E = VPZo, and for 500 
watts, for example, would be E = V500 X 300 
= 386 volts. The peak voltage is 1.41 times the 
r.m.s. value, or 545 volts. With 100 per cent am¬ 
plitude modulation the peak would be twice as 
large. 

The impedance-transforming properties of a 
coil-and-condenser resonant circuit also can be 
used for matching the load to the transmission 
line. If the line is disconnected from terminals 
1-2 in Fig. 3-60C, we have an ordinary LC circuit 
with resistance in series with the inductance. By 
proper choice of values for Xt and Xc, the impe¬ 
dance between terminals 1-2 can be made purely 
resistive and of a value equal to the characteristic 
impedance of the transmission line. The reac¬ 
tances required to meet this condition are given by 

and 

line instead of the condenser in Fig. 3-60B, at the 
point where a closed stub would be required. The 
same procedure is used for finding the required 
reactance, but Fig. 3-57 is used instead of Fig. 
3-56, and the Xl/Zo curve is used in Fig. 3-12. In 
t he circuit of Fig. 3-60C the inductive and capaci¬ 
tive reactances are interchanged, with one-half 
the total capacitive reactance (twice the required 
capacitance) in series with each side of the line 

A 
4 

(A) _ 

Zp_ Xc _p ZKless th<uiZ0

I-A-1 

Fig. 3-60 — The open stub (A) may be replaced by a 
condenser of the same reactance (B) connected at the 
same point on the line. A matching circuit using lumped 
constants is shown at C. 

and with the inductive reactance across the line. 
The formulas given above are likewise inter¬ 
changed. In practice, however, this system is most 
likely to be used when the load impedance is less 
than the characteristic impedance of the line. 

Xl and Xc do not have the same value unless the 
Q of the matching circuit is high. This is not gen¬ 
erally the case because an extremely large ratio 

Inductive Coupling 
It is possible to match impedances by using 

inductively-coupled resonant circuits connected 
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to the line and antenna. Although such a method 
has little application in most antenna systems, it 
is quite useful when a line is to be matched to a 
rotatable beam antenna. In such a case it avoids 
the necessity for any direct metallic connection 
between the antenna and line, and so allows con¬ 
tinuous rotation without slip rings or other forms 
of contactor. 

In its usual form the coupling is between two 
metallic loops or rings of rather large diameter 
constructed of copper tubing. These constitute 
the inductances in the primary (line) and sec¬ 
ondary (antenna) circuits. The reactance of the 
secondary ring is tuned out by inserting con¬ 
densers C2 and C3 in Fig. 3-61, having a total re¬ 
actance equal to that of the secondary loop. This 
permits the antenna or driven element to be the 
proper length for resonance at the operating 
frequency. 

Fig. 3-61 •— Matching with inductively-coupled reso¬ 
nant circuits. This method is useful with low-impedance 
rotatable directive arrays. 

To obtain sufficient coupling between the two 
circuits it is necessary that their Qs be fairly high. 
The impedance of a center-fed antenna element is 
always so low that the secondary circuit must be 
series resonant to operate at all, and the lower 
the antenna impedance the better from the stand¬ 
point of attainable Q. On the other hand, the de¬ 
sign of the primary circuit depends on the char¬ 
acteristic impedance of the transmission line and 
the reactance that it is possible to obtain in 
L\. A single-turn loop approximately one foot in 
diameter will have a reactance in the neighbor¬ 
hood of 75 ohms at 14 Me. In a parallel-resonant 
circuit terminating a 600-ohm line this will give a 
Q of roughly 600/75 = 8, when resonated by a 
condenser of the same reactance. This is a satis¬ 
factory value for adequate coupling, particularly 
if the same size of loop is used in the secondary 
circuit with an antenna having an impedance of 
20 ohms or less. To use a series-resonant circuit in 
the primary side it would lx: necessary that the 
transmission line be 50- or 75-ohm coaxial cable 
or 1 win-Lead, and that the reactance of the pri¬ 
mary loop be in the neighborhood of 500 ohms. 
This would require a coil of several turns, which 
is somewhat undesirable from a constructional 
standpoint. Consequently, the system is chiefly 
used with an open-wire transmission line. 

Ci, Ci and C3 should be adjustable. As a pre¬ 
liminary step, L\C\ should be tuned to resonance 
at the operating frequency with the line discon¬ 
nected and Li removed. (Resonance may be de¬ 
termined with a calibrated grid-dip meter or other 
suitable equipment.) L£iC3 also should be tuned 

to resonance, with the antenna disconnected and 
replaced by a short-circuit, and with Li removed. 
Ci and C3 should be adjusted to have the same 
capacitance at resonance. The antenna should 
likewise be resonated with L3CiC3 removed. The 
complete system may then be connected up as 
shown in Fig. 3-61, leaving the condenser settings 
untouched. Provision should be made for vary¬ 
ing the coupling between ¿i and Li. Starting with 
loose coupling, the transmitter is then connected 
to the transmission line and the coupling between 
L\ and L3 increased until the desired power out¬ 
put is obtained. The s.w.r. should be measured, 
and if not close to unity small adjustments may 
be made to the variable condensers to make it as 
low as possible. 

In a rotating system using this method, every 
effort should be made to keep the spacing be¬ 
tween Li and Li constant as the antenna is 
turned. If there is any variation in spacing the 
power input to the antenna will depend on its 
position. 

It is possible to dispense with condensers Ci and 
C3 and simply connect Li directly to the antenna 
terminals. This detunes the driven element, but 
the secondary circuit as a whole can be brought 
back to resonance by shortening the antenna 
until it shows a capacitive reactance equal to the 
inductive reactance of L3. Alternatively, the an¬ 
tenna may be left at the normal resonant length, 
in which case reactance will be coupled into the 
primary circuit. This may be tuned out, within 
limits, by appropriate adjustment of Ci. How¬ 
ever, this method will, in general, require closer 
coupling between Lt and Lj; also, it is likely to 
be more sensitive to changes in coupling as the 
antenna is rotated, and the proper circuit con¬ 
stants are difficult to determine. 

With loops as described above, approximately 
150 M^fd. is required at Ci and 300 «Jd. each at 
Ci and C3, for 14-Mc. operation. Loops of the 
same size at 28 Me. will require half these values 
of capacitance. 

ADJUSTMENT OF MATCHING 
SYSTEMS 

When a nonresonant line is to be used the 
choice of type of line and the method of match¬ 
ing is largely an individual matter; that is, there 
is no one system that is “best” for everybody. 
A study of the foregoing material will soon show 
that some systems are usable with certain an¬ 
tenna types but not with others; direct matching 
by using a line having a characteristic impedance 
equal to the antenna impedance, for example, is 
useful only with one type of antenna and a few 
types of line. In some systems there is little oppor¬ 
tunity for adjustment; in others a wide range of 
adjustments is possible. In general, it is better to 
choose a system that permits adjustment if the 
antenna impedance is not known fairly accurately 
beforehand. 
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Fig. 3’62 — Adjusting an antenna to resonance by location of current nulls 
on the transmission line. 

In the adjustment of any match¬ 
ing system there are two separate 
operations that must be performed. 
The first is that of resonating the 
antenna so that the load presented 
to the transmission line is purely 
resistive. The second is transform¬ 
ing the antenna impedance to the 
value that matches the line imped¬ 
ance. Both operations require the 
use of measuring equipment of one 
type or another. 

Resonating the Antenna 

The resonant frequency of an 
antenna can be determined by 
methods similar to those used 
with ordinary tuned circuits. One 
method, for example, is to use a 
grid-dip meter coupled to one end 
thiough a small capacitance, as al¬ 
ready suggested in Fig. 3-39, for 
checking feeder resonance. This 
scheme is often not practicable, 
since it may not be possible to 
reach the end of the antenna after 
it is erected. It is always best to 
check the frequency with the an¬ 
tenna in its actual operating posi¬ 
tion. 

A better method makes use of 
the fact that nodes and loops in 
the standing waves on a mis¬ 
matched transmission line will 
occur at points that are exact 
multiples of % wavelength from 
the end of the line only when the 
line is terminated in a pure resist¬ 
ance. A standing-wave indicator 
will be required, but it will be nec¬ 
essary anyway if the termination 
is to be adjusted for minimum 
s.w.r. The indicator must be one 
that will respond to current (or 
voltage) — not, like the “ Micro¬ 
Match,” to reflected power alone. 
It is difficult to check standing 
waves on coaxial and 75-ohm parallel-conductor 
lines, but for the purpose of measuring the 
resonant frequency of the antenna a temporary 
line (such as 3t)0-ohm Twin-Lead) can be 
substituted. 

As a preliminary, it is desirable to know 
whether the antenna impedance is higher or lower 
than the line impedance. If this is not known it 
can be determined very easily by connecting the 
line to the antenna, supplying enough power to 
give a suitable reading on the standing-wave in¬ 
dicator, and checking the current along the line 
starting from the antenna. As the indicator is 
moved away from the antenna the current will 
either increase or decrease (except if the antenna 

happens to match the line), as shown in Fig. 3-62 
at A and B, until a point approximately X wave¬ 
length from the antenna is reached. If the current 
decreases moving away from the antenna, the an¬ 
tenna impedance is lower than the characteristic 
impedance of the line; if the current increases, 
the antenna im]>edance is higher. 

The next step is to disconnect the line from the 
antenna and if the antenna impedance (Zr) was 
lower than Zo, short circuit the line as in Fig. 
3-62C. In the opposite case, the end of the line 
should be left open, as at D. Then (with reduced 
power) measure the current along the line and 
locate the first current node, denoted by X in 
both drawings. With the shorted line, this locates 
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a point X wavelength from the end with high 
accuracy; with the open line, the distance is H 
wavelength. The node is used in preference to a 
loop in the latter case because its position can be 
determined much more accurately. This measure¬ 
ment takes into account the velocity factor of the 
line and so requires no correction. Mark the posi¬ 
tion of the node for future reference. 

Next, reconnect the line to the antenna (re¬ 
moving the short, if used) and again measure the 
current starting from the antenna. The current at 
the node will not be as small as it was with the 
transmission line alone, but the node will be 
easily identifiable. If it has shifted toward the 
antenna, as in E and F, the antenna is too long; 
if the shift is away from the antenna the antenna 
is too short, as in G and II. After appropriate ad¬ 
justments in antenna length have been made it 
should be possible to make the node coincide 
with point X, as shown at I and J. This indicates 
that the antenna is resonant at the operating 
frequency. 

Although the description above and the draw¬ 
ings are in terms of the first current node going 
away from the antenna, it should be obvious that 
any current node along the line may be used. The 
standing-wave measurements can, in fact, be 
made at any convenient point along the line, just 
so long as a node can be located. It is not even 
necessary to know the relationship between Zu 
and Zo, since a measurement can first be made 
with the antenna connected, a node located, and 
the transmission line tried both open and short-
circuited to see which brings a node closest to the 
one found with the antenna connected. The re¬ 
mainder of the procedure is the same. Also, a 
standing-wave indicator that responds to voltage 
instead of current may be used; the only differ¬ 
ence is that a voltage node occurs X wavelength 
from the antenna when Zu is higher than Zo, and 
X wavelength away when Zn is lower than Zo. 

Adjusting the Termination 

When a transmission line is to be matched to a 
simple half-wave dipole it will suffice, in most 
cases, to follow the design information previously 
given for the type of line and matching system 
to be employed. In this case, in fact, it is often 
satisfactory to cut the antenna to length by for¬ 
mula and not go to the trouble of establishing 
exact resonance. 

Aside from resonating the antenna, there is 
little that can be done about adjusting systems 
such as a dipole fed at the center with 75-ohm 
line, or a folded dipole fed with 300-ohm line. If 
the antenna height can be altered, it may be pos¬ 
sible to bring about a better match by using the 
height that makes the radiation resistance the 
optimum value for good matching. From the 
standpoint of power lost in the line, an s.w.r. of 
2 to 1 is perfectly satisfactory, as pointed out 
Carlier, The chief advantage of a lower s.w.r, is 

that little or no retuning of the coupling circuit 
at the transmitter is required when shifting fre¬ 
quency within a band. This point is covered later 
in this chapter. 

When a X-wave line balancer “bazooka” or 
impedance transformer is used it is advisable to 
resonate it before installation. This can be done 
without much difficulty if a grid-dip meter is 
available. In the system shown in Fig. 3-42A, the 
stub should be cut slightly long and shorted at 
the bottom with a small loop — just large enough 
to permit coupling to a grid-dip meter. A half¬ 
inch loop should be sufficient. The open end is 
then clipped a little at a time until the stub is 
resonant at the desired frequency. The resonant 
length should include the length of the connec¬ 
tions to the antenna at the open end. After reso¬ 
nating, the conductors at the bottom end may be 
soldered directly together. The small error intro¬ 
duced by the coupling loop will not be significant 
except at frequencies approaching the u.h.f. re¬ 
gion. The system at B in Fig. 3-42 may be ad¬ 
justed by a similar process, except that in this 
case t he connect ion at the bottom will serve as the 
coupling loop. Both lines should be clipped equally 
to bring the system to resonance, leaving enough 
conductor for making connection to the antenna 
at the top, but not connecting the two lines to¬ 
gether until after resonance lias been established. 
The system shown in Fig. 3-42C may be reso¬ 
nated by cutting a small longitudinal slot near 
the bottom of the sleeve, just large enough to 
take a single-turn loop that is in turn link-coupled 
to the grid-dip meter. If the sleeve is a little long 
to start with, a bit at a time can be cut off the top 
until the stub is resonant. 

The X-wave transformer of Fig. 3-43 may be 
adjusted to resonance before being connected to 
the antenna by short-circuiting one end and cou¬ 
pling it inductively at that end to a grid-dip 
meter. The length of the short-circuiting conduc¬ 
tor increases the length of the line slightly, but 
this can be compensated for by cutting half the 
length of the shorting bar from each line conduc¬ 
tor after resonating, measuring the shorting-bar 
length between the centers of the line conductors. 
The only means available for adjustment of the 
impedance match with this system is to vary the 
spacing between the conductors of the linear 
transformer. Check of the s.w.r. with two or three 
different spacings will show which direction to 
take to bring about the best match. 

In the delta and “T” systems there are two 
variables, the positions of the taps on the antenna 
being one. The other is the length B, Fig. 3-46, in 
the delta system, and the spacing, B, Fig. 3-47, 
in the “T”. No specific directions can be given 
other than to try all possible combinations to find 
the one that gives the lowest s.w.r. It is usually 
better to try the antenna taps first, keeping them 
spaced equally distant from the center of the an¬ 
tenna. Where a specific antenna design using 
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either of these systems is being followed, the 
dimensions given will serve as a starting point. If 
initial measurement of the s.w.r. shows it to be no 
higher than 2 to 1 there is almost nothing to be 
gained, in the way of efficiency, by spending a 
large amount of time to secure a “perfect” match. 

Matching Stubs and Sections 

There are also two variables when matching 
stubs or sections are used, dimensions A and B, 
Figs. 3-55 and 3-5!*. With this system considerable 
time can be saved if the antenna impedance or 
the s.w.r. (with no matching stub or section) can 
be measured. While accurate measurement is not 
easy — some of the pitfalls are discussed later in 
t his chapter — even an approximate measurement 
will give a set of starting dimensions that is likely 
to save some cüt-and-try. 

Although there is no difference between a stub 
and a “%-wave” matching section, the explana¬ 
tion of the adjustment procedure is somewhat 
more straightforward if the matching-section 
viewpoint is taken. Also, if the s.w.r. cannot be 
determined accurately before installing a stub, it 
is advisable to make the stub or matching section 
of the appropriate length to be closed at the far 
end. The length depends on whether Zr, the an¬ 
tenna impedance, is larger or smaller than the Z® 
of the line. The two cases are shown in Fig. 3-63. 
Dimensions A and B correspond to the same des¬ 
ignations in Figs. 3-55 and 3-59. Where an open 
stub would be used, the stub length is extended 
J4 wavelength so the end can be closed. This is 
not done for electrical reasons but purely for con¬ 
venience in adjustment, as explained earlier. 

The adjustment procedure that follows is based 
on the same principle used in adjusting an an¬ 
tenna to resonance. In fact, the initial steps in 
the procedure are to determine whether Zr is 
higher or lower than Z®, then mark the position of 
a current node on the disconnected transmission 
line (leaving the end open if Zr is higher than Z®, 
and shorting it if Zr is lower), and then adjust 
the antenna length with the matching section dis¬ 
connected. Measure or estimate the s.w.r. with 
the antenna alone terminating the line, and set 
the shorting bar accordingly. If the s.w.r. is 4 or 
more, A + B will be near enough to ki wave¬ 
length to use that length as a beginning. Next, 
attach the line on the matching section near the 
antenna and note whether the position of the 
current node has shifted. If it has, adjust the po¬ 
sition of the shorting bar to bring it back to point 
A'. Note the s.w.r., as indicated by comparative 
current readings at a loop and node (the meter 
does not have to read linearly with current for 
this purpose). Move the line taps down to a new 
position on the matching section, readjust the 
position of the shorting bar to bring the current 
node at X, and note the new s.w.r. Continue this 
process, adjusting the shorting bar each time, 
until the s.w.r. is minimum. If the line taps arc 

moved down too far, the positions of the nodes 
and loops along the line will be interchanged, 
indicating that the proper point for matching has 
been passed. 

This procedure is based on the fact that for 
proper matching the load must be resistive; this 
is accomplished by setting the shorting bar to 
tune out the reactance, as indicated by the fact 
that the current nodes occur at the same point as 
with the line open or shorted. The match between 
the load and line resistances is a separate adjust¬ 
ment, the position of the line taps. However, the 
two adjustments interlock and the final settings 
must be approached Step by step. 

In case a variable condenser is to be substituted 
for an open stub (Fig. 3-60B) an equivalent ad¬ 
justment procedure may be followed. At each 

(B) 

Fig. 3-63 — -Adjustment of matching section. The 
closed matching section is approximately D wavelength 
long when the antenna impedance is higher than the 
line characteristic impedance, and approximately 1 
wavelength long when the reverse is true. 

trial position of the condenser along the line, 
adjust the capacitance to bring the current node 
back to the reference position, which will be 
wavelength from the pointât which the condens¬ 
er is attached. Then check the s.w.r. and try a 
new position on the line for the condenser, explor¬ 
ing in this way until the s.w.r. is minimized. 

With the LC circuit of Fig. 3-60C, changing 
the inductance in each coil corresponds to chang¬ 
ing the position of the condenser on the line in the 
preceding paragraph. The corresponding proce¬ 
dure should be followed until a match is ob¬ 
tained. 
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Coupling the Line to the Transmitter 

Ao-

13 L 

(A) (B) 

(0 (D) 
Fig. 3-64 — Impedance transformation with a resonant circuit. 

In many respects the problem of coupling the 
transmission line to the transmitter is similar to 
that of coupling the antenna to the transmission 
line. That is, the question of impedance matching 
is involved. The input impedance of the trans¬ 
mission line is the load for the transmitter. As 
described earlier in this chapter, the input im¬ 
pedance can fall anywhere in a wide range of 
values, depending on the length of the line, the 
standing-wave ratio, and the characteristic im¬ 
pedance of the line. Also, it can be either a pure 
resistance or a combination of both reactance 
and resistance. 

On the other hand, the final amplifier of the 
transmitter requires a definite value of load im¬ 
pedance for optimum efficiency and/or linearity, 

limit. The maximum impedance that can exist 
across terminals AH is proportional to the Q of 
the circuit with R disconnected. With a coil and 
condenser having reasonably low losses, the self¬ 
impedance of the circuit will be in the tens of 
thousands of ohms — much higher than the 
range of impedances that will have to be handled 
in the line-to-transmitter coupling system. Prac¬ 
tically speaking, then, such a circuit can be used 
for matching any of the impedances likely to be 
encountered. 

Fig. 3-64B shows a circuit that also provides a 
method for impedance transformation, using a 
capacitive “tap” instead of tapping on the 
inductance. In this case, decreasing the capaci¬ 
tance of Cb (while increasing the capacitance of 

and this impedance must be a pure resist¬ 
ance. In most cases the required imped¬ 
ance will be in the vicinity of a few thou¬ 
sand ohms; the exact value depends on the 
tube operating conditions such as plate 
voltage, grid bias, amount of grid excita¬ 
tion available, and so on. Fortunately, it 
is seldom necessary to know the actual load 
impedance required. When the tube manu¬ 
facturer’s recommendations are followed 
with respect to tube operating conditions 
the value of full-load plate current is al¬ 
ways specified, and plate current becomes 
the criterion for loading. If the load re¬ 
sistance is too high (“light” loading) the 
plate current will be below the recom¬ 
mended value; if the resistance is too low 
(“heavy” loading) the plate current will 
be too great. The main object of the cou¬ 
pling system is to transform the input im-
pedance of the transmission line into the 
required value of tube load resistance. 

• IMPEDANCE TRANSFORMATION 

A resonant circuit exhibits properties similar 
to those of a transformer, and may be used to 
change a given value of impedance into a new 
value that may be either higher or lower. In Fig. 
3-64A this transformer action is secured by tap¬ 
ping the load resistance, R, across part of the 
coil in a circuit that is tuned to resonance at the 
operating frequency. The impedance (reflected 
impedance) appearing at terminals Afi is larger 
than R and will be a pure resistance if Ä is a 
pure resistance. The smaller the number of turns 
across which R is connected, in proportion to 
the total number of turns in the coil, the greater 
the impedance step-up to terminals Afi. There 
is no theoretical limit to the step-up that can 
be obtained if the LC circuit has no inherent 
losses. However, the coil always has some in¬ 
ternal resistance, so there is a definite practical 

Ca correspondingly to maintain resonance) has 
the same effect as moving the tap toward the top 
of the coil in Fig. 3-ÍMA. That is, it reduces the 
impedance step-up ratio. Among other advan¬ 
tages, this type of circuit gives very smooth 
control. However, the range of impedance trans¬ 
formation, with variable condensers of practica¬ 
ble size, is not as great as with the circuit at A. 

Should it happen that the load impedance is 
higher than the impedance required by the source 
of power, the same circuits can be used by re¬ 
versing the terminals. This is shown at C and I) 
in Fig. 3-64. With R connected across the whole 
circuit, its resistance can be transformed to a 
lower value when the input terminals are tapped 
across part of the coil, as at C, or across Cb in 
Fig. 3-64 D. The nearer the tap is to the bottom 
end of the coil, or the larger the capacitance of 
Cb compared with Cu, the smaller the resistance 
reflected between terminals Afi. 
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Series Matching 

If the resistance of If, the load, is very low — 
below 50 ohms, say — it may be difficult to get a 
suitable adjustment when If is tapped on the 
coil as in Fig. 3-64A. In the circuit of Fig. 3-64B 
it may be impossible to get a variable condenser 
of large-enough capacitance when R is very small. 
In such eases the load may be connected in series 
in the tuned circuit, as shown in Fig. 3-65. In 
series-connected circuits the impedance step-up 
to terminals AB depends on the LC ratio; the 
higher the LC ratio the greater the step-up. 

These circuits are not suited to large values of 
If because there is a practical limit to the LC 
ratio that can be obtained. In many applications 
the Q of the circuit may be so low, if It is more 
than 100 ohms or so, that the series circuit is not 
usable even with the largest practicable LC ratio. 

Inductive Coupling 
It is possible to use the circuits of Fig. 3-64 and 

3-65 exactly as shown, with terminals AB con¬ 
nected to the final amplifier tube and the input 
terminals of the transmission line replacing the 
load resistance If. However, for several reasons it 
is more desirable to use inductively-coupled cir¬ 
cuits. For one thing, the plate voltage applied to 
the final tubes appears on the tank coil in series-
fed circuits, and it is dangerous to allow this volt¬ 
age to appear on the transmission line. For an¬ 
other, a single tuned circuit is not selective 
enough to prevent other frequencies, such as har¬ 
monics of the operating frequency generated in 
the amplifier, from being coupled into the line 
and thus into the antenna. 

Three general types of inductively-coupled cir¬ 
cuits are shown in simplified form in Fig. 3-66. 
The circuit at A corresponds to Fig. 3-64A, but 
the load resistance is connected to a second coil, 
L, instead of being tapped across a portion of the 
tank coil. If the two coils are very tightly coupled 
(interwound) the impedance transformation will 
be about the same as in Fig. 3-64A, when L has 
the same number of turns as the number across 
which H is tapped in Fig. 3-64A. With looser cou¬ 
pling the loading is “lighter” and the impedance 
across the LVCP circuit increases. 

Fig. 3-65— Matching with a series-resonant circuit. 
If the circuit Q is 10 or more, the impedance reflected 
between terminals A II is equal to X2K, where X is the 
reactance of cither the coil or condenser. 

The circuit of Fig. 3-66B also is similar to Fig. 
3-64A, except that the entire circuit is inductively 
coupled to the final tank circuit. Fig. 3-66C is the 
series-tuned circuit of Fig. 3-65 inductively 
coupled to the final tank circuit. In these two 
cases the behavior of the secondary circuit, LCR, 
is as already described. However, there is another 

Fig. 3-66— Inductively-coupled impedance-transform-
ing circuits. 

variable, the degree of coupling between the sec¬ 
ondary and primary (final tank) circuits. When 
the coupling between the two coils is very loose, 
the loading on the final tank circuit is “light”; 
its impedance is high, therefore, and the amplifier 
draws less than normal plate current. As the cou¬ 
pling between the coils is made tighter the final 
tank becomes more heavily loaded; the imped¬ 
ance across its terminals decreases and the am¬ 
plifier plate current rises. When the circuit con¬ 
stants are properly chosen it is readily possible 
to load the amplifier tank circuit to the desired 
degree even with quite loose coupling between the 
coils. On the other hand, it is also possible, when 
the circuits are not properly designed, that even 
the tightest coupling that is physically attainable 
will not load the amplifier heavily enough to make 
it draw normal plate current. 

The degree of coupling between two resonant 
circuits, for a given physical separation of the 
coils L and L„, depends on the Qs of the circuits. 
Good transmitter design calls for a tank-circuit Q 
(under loaded conditions) of at least 12, and this 
is high enough for good coupling in all cases. The 
effective Q of the secondary (antenna coupling) 
circuit should be at least 5 if the amplifier is to be 
loaded properly’ with reasonable separation be¬ 
tween the coils. Aside from loading considerations, 
it is desirable to use a secondary Q in the vicinity 
of 10 because this increases the selectivity of the 
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coupling circuit and thus helps discriminate 
against other frequencies, such as harmonics, that 
may be present in the output of the transmitter. 
The Q of the secondary circuit depends on how 

heavily this circuit itself is loaded. Thus in Fig. 
3-66B increasing the number of turns across which 
It is tapped increases t he loading and reduces the 
Q. As the Q is decreased, tighter coupling between 
L and Lp is required for transferring the same 
amount of power. The proper tap position is the 

one that brings the Q down to about 10. When 
this is the case the voltage across the ends of the 
LC tank will be approximately the same as the 
voltage across the final-amplifier tank, and the 
circulating current in the tank also will be ap¬ 
proximately the same. If L heats more than the 
final tank coil, the current is too high; that is, 
the Q is too high and R should be tapped across 
more of the coil. If the coupling between the t wo 
coils has to be quite tight to make the amplifier 
load properly, the Q is too low and R should be 
tapped across a smaller number of turns. 
The secondary Q in the simple transformer cir¬ 

cuit of Fig. 3-66A is zero. The impedance trans¬ 
formation and power transfer depend entirely on 
the number of turns that can be used in L and the 
tightness of coupling between Lv and L. 

Link Coupling 
Varying the coupling between the two coils of 

Fig. 3-66B and 3-66C by changing the spacing 
between them usually is rather inconvenient, 
because the coupling-circuit coil, L, usually will 
lx; about the same size as the final tank or pri¬ 
mary coil, Lv. Common practice is to use link 
coupling between the two coils. Illustrative cir¬ 
cuits using link coupling are shown in Fig. 3-67. 
Provision should be made for varying the cou¬ 
pling between Li and Lv as well as between Li 
and L, as indicated in the drawings. 

There are two ways of looking on link coupling 
for design purposes. From one viewpoint the link 
circuit is merely a means for obtaining mutual 

inductance between Lp and L so they will be 
magnetically coupled even though they may be 
several feet apart. What is wanted, in this case, 
is a rather large current in the link circuit. 1 his 
will be obtained when both Li and Li have a 
small number of turns compared with the number 
of turns in the coils to which they are coupled. 
From the mutual-inductance standpoint, the 
operation of a link-coupled circuit is exactly the 
same as the inductively-coupled circuits de¬ 
scribed in the preceding section. 

The other viewpoint is that the link circuit is 
really a transmission line with coupling coils at 
both ends. In this case the coupling between L, 
and L„ is adjusted so that the amplifier would 
draw normal plate current if the link circuit were 
terminated in a resistance equal to its character¬ 
istic impedance, instead of being terminated in 
L>. Then the loading on the antenna-coupling 
circuit, LC, is adjusted by tapping R across the 
proper number of turns on L, together with ad¬ 
justment of the coupling between L and Li, until 
the line is actually terminated in a pure resistance 
equal to its characteristic impedance. Thus we 
have impedance matching at both ends of the 
link. 
The second method, although somewhat more 

complicated in adjustment, is desirable when the 
link circuit has appreciable length, or when the 
material used in the link line has considerable 
capacitance per unit length. If the link line is 
more than a few feet long, or is constructed of 
solid-dielectric coaxial cable, every attempt 
should be made to match impedances at both 
ends of the link circuit. The line may heat exces¬ 
sively, resulting in poor efficiency of power trans-
-er, if this is not done. 

Complex Loads 
In the foregoing discussion it has been assumed 

that the load, R, is a pure resistance. This is so 
only when the transmission line is matched or 
nonresonant, or, if a resonant line, when the line 
length is an exact multiple of a quarter wave¬ 
length long, measured from a resonant antenna. 
In all other cases the input impedance of the line 
will have both reactive and resistive components. 

The four general cases with reactive lines are 
shown in Fig. 3-68. In A, the line has inductive 
reactance along with resistance. The parallel 
equivalent of the input impedance is used in this 
case because the line is in parallel with the LC 
matching circuit. When the line is tapped on L, 
both R' and X'l are reflected in the same ratio. 
Thus if R' is 500 ohms and the tap is adjusted so 
that it appears as 3000 ohms across the entire cir¬ 
cuit, the inductive reactance, X'l, also will be 
stepped up in the ratio of 6 to 1. Tapping a line 
showing inductive reactance across part of L is 
therefore equivalent to connecting a larger in¬ 
ductive reactance across the LC circuit. Since L 
and the reflected inductance arc in parallel, the 



TRANSMISSION LINES 115 

RW) 

Fin. 3-68 — Effect of complex line impedance on parallel and series matching 
circuits. In the parallel circuit, an equivalent inductance or capacitance is 
reflected across the circuit. In the series circuit, the line reactance adds 
equivalent inductance or capacitance in series. 

resonant, frequency of the entire circuit becomes 
higher than the resonant frequency of LC alone. 
Consequently, the capacitance of C has to l>e in¬ 
creased to bring the circuit back to resonance. 

In Fig. 3-68B the line is equivalent to a resist¬ 
ance and capacitance in parallel. Just as in Fig. 
3-68A, the capacitive reactance is stepped up in 
the same ratio that the resistance is stepped up. 
In this case the LC circuit is shunted by an equiv¬ 
alent capacitance, which tunes it to a lower fre¬ 
quency. Consequently the capacitance of C has 
to be decreased to bring the entire circuit back to 
resonance. 

The corresponding series circuits are shown in 
Fig. 3-68C and I). (These would be used when It 
is very small, as already explained.) When the 
line shows inductive reactance along with resist¬ 
ance, the effect is the same as though additional 
inductance were used in the tuned circuit. There¬ 
fore the circuit becomes tuned to a lower fre¬ 
quency and the capacitance of C has to be de¬ 
creased to bring it back to resonance. When the 
line shows capacitive reactance the opposite is 
true; the equivalent capacitance of the line is in 

series with the tuning capaci¬ 
tance, C, and thus lowers the 

R (ref) total capacitance in the circuit. 
Consequently the circuit be¬ 
comes tuned to a higher fre¬ 
quency and the capacitance of 
C has to be increased to bring it 
back to resonance. 

In general, the necessary re¬ 
tuning can be accomplished by 
adjustment of C as described. 
However, there may be cases 
where the line reactance is so 
high, in the series case, or the 
reflected reactance is so low, in 
the parallel case, that the tuning 
condenser does not have enough 
range to compensate for it. 
Within limits, this can be com¬ 
pensated for in the series case 
by inserting additional react¬ 
ance, of the same value as the 
line reactance but of the oppo¬ 
site kind, in series with the cir¬ 
cuit. If a very large reactance is 
required (large coil or very small 
condenser) it may be difficult to 
arrive at satisfactory values and 
the circuit should be changed to 
the parallel equivalent. 

An alternative method of com¬ 
pensating for the line reactance 
in the parallel case is shown in 
Fig. 3-69. Here the compensating 
reactance is shunted directly 
across the line terminals. Its 
value should be adjusted so that 
it is equal to the line reactance, 

in which case the impedance is a pure resistance. 
Under these conditions, tapping the compensated 
line on L will not change the tuning of the LC 
circuit, if the Q of the circuit (loaded) is in the 
neighborhood of 10 or ftore. 

Fig. 3-69 — Direct compensation of line input reactance 
before impedance transformation. 
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• COUPLING-CIRCUIT DESIGN 
An understanding of the principles just out-

lined will enable anyone to recognize the causes 
of difficulties that may be encountered in coupling 
the transmission line to the transmitter. The 
proper solution can then be arrived at by cut-
and-try methods. However, it is possible to 
determine in advance the approximate circuit 
conditions that will exist, and in many cases this 
will save a good deal of time in experimental 
work. 
The input impedance of the transmission 

line can be determined if the characteristic im¬ 
pedance of the line, its electrical length, and the 
standing-wave ratio are known. The first two 
are a matter of choice, while the last can either 
be measured or estimated with good-enough ac¬ 
curacy. The only requirement is that the antenna 
should be operated at or quite close to resonance 

so that it presents an essentially resistive load 
to the line. In most cases it will suffice to take 
the value of resistance, at the feed point, from 
the published data on the type of antenna to be 
used. The s.w.r. is then Zr/Zo or Zo/Zr, which¬ 
ever is larger, ZR being the antenna impedance 
and Zo the characteristic impedance of the line. 

Knowing these three quantities, the resistive 
and reactive components of the input impedance 
may be found from the charts of Figs. 3-70 to 
3-73, inclusive. Figs. 3-70 and 3-71 give the resist¬ 
ance and reactance in the equivalent parallel 
circuit, Fig. 3-71 being on an enlarged scale so 
the lower values can be read more easily. Figs. 
3-72 and 3-73 are similar charts of the equivalent 
series circuit. In both cases the resistance and 
reactance are “normalized” to the line Zo, so 
that they apply to all lines. Actual values are 
obtained by multiplying the figure taken from 
the chart by the Zo of the line. 
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í ïg. 3-71 Enlarged scale (from Fig. 3-70) for low values of resistance and reactance, equivalent parallel circuit. 

Reactance Compensation 

The line length can be converted into electrical 
degrees by the following formula: 

I .i t 0 37 ir Length in degrees = —— If 

where I = Length of line in feet 
f = Frequency in Me. 
F = Line velocity factor 

For example, if the frequency is 7150 kc. (7.15 
Me.) and the line is a 100-foot length of 300-ohm 
Twin-Lead, the electrical length is 0.37/0.82 X 
100 X 7.15 = 322 degrees. We can bring this 
within the range of the charts by subtracting the 
largest possible multiple of 180 degrees, since the 
impedance repeats at each half-wave interval 
along the line. In this case the largest multiple is 
1, so we have 322 — 180 = 142 degrees. 

Now suppose that the line is terminated in the 

center of a half-wave antenna, without any 
special matching arrangements. The impedance 
of the antenna will be approximately 70 ohms, at 
average heights, so the s.w.r. is 300/70, or about 
4 to 1. From Figs. 3-71 and 3-73 we arrive at the 
following (ZR less than Zo): 

Parallel: It' = 1.5 X 300 = 450 ohms 
A" = 0.9 X 300 = 270 ohms 

Series: R = 0.4 X 300 = 120 ohms 
X = 0.7 X 300 = 210 ohms 

It was necessary to interpolate between the 
curves for s.w.r. = 3 and s.w.r. = 5 in this case, 
and although the figures are approximate they 
are well within the necessary limits of accuracy. 
As shown by the charts, the reactance is ca¬ 
pacitive. 

The series resistance and reactance are just 
about low enough in this example to permit the 
use of a series-tuned coupling circuit. On the other 
hand, the parallel resistance and reactance are 
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Z/Z 90 100 IIO 120 130 140 150 ISO 170 180 
UNE LENGTH FROM RESISTIVE LOAD IN ELECTRICAL DEGREES 

Fit 3-72 — Normalized resistance and reactance components of line input impedance, equivalent series circuit 
To find actual V alues of reactance multiply values given by the characteristic impedance of the transmission line 

high enough to be used with a parallel-tuned cir¬ 
cuit. In view of these conditions either method 
could be used. 

The Coupling Tank 

At this point it is necessary to consider the LC 
constants in the coupling circuit. It has already 
been mentioned that the Q should be approxi¬ 
mately 10. Practical considerations such as the 
capacitance range available in variable condensers 
limit the choice of L and C. A reasonable choice 
is a capacitance of 100 ppfd. for 3.5 Me. If the 
same LC ratio is maintained on all bands, the 
coil and condenser reactances will be the same 
on all harmonic frequencies. We then have the 
following: 

Frequency 
3.5 Me. 
7 Me. 
14 Me. 
21 Me. 
28 Me. 

Capacitance 
100 «dd. 
50 «dd. 
25 «dd. 
17 nafd. 
13 p/dd. 

Inductance 
21.0 Mh. 
10.5 gh. 
5.25 ph. 
3.5 gh. 
2.6 ^h. 

As shown by the charts of Figs. 3-74 and 3-75, 
these inductances and capacitances correspond 
to a reactance of about 450 ohms. With the load 
resistance in series, the circuit Q is equal to the 
reactance divided by R, and so will be 10 when 

R is 45 ohms. With the load resistance in parallel, 
the circuit Q is R' divided by the condenser or 
coil reactance, and so will be 10 when R as re¬ 
flected across the whole circuit is 4500 ohms. 

The fundamental circuits at B and D in Fig. 
3-68 are the ones that apply in the example above. 
In the parallel circuit we must step up R' to 4500 
ohms, so the impedance ratio is 4500/450 = 10. 
The reflected reactance therefore will be 10 X 270 
= 2700 ohms. From Fig. 3-75 the corresponding 
capacitance is approximately 8 ¿¡¿dd. at 7 Me., 
so connecting the line across the proper number 
of turns on L will increase the tuning capacitance 
across the whole circuit by 8 g¿dd. This is easily 
compensated by a corresponding reduction in the 
capacitance of C. 

As a rough estimate, the number of turns across 
which the line should be connected is equal to the 
total number of turns in the coil divided by the 
square root of the impedance ratio. If the coil has 
12 turns, for example, the_turns required for the 
taps are given by 12/V10 = 12/3.16 = 3.8, or 
approximately 4 turns. This relationship is not 
exact, and so should be used only to indicate 
where to start in adjusting the circuit. 

In the series circuit we have 120 ohms of re¬ 
sistance and 210 ohms of capacitive reactance 
connected in series with L and C. Since the re¬ 
actance of C is approximately 450 ohms, the total 



Fiß* 3-73 Enlarged scale (from Fig. 3-72) for low values of resistance and reactance, equivalent series circuit. 

reactance is 450 + 210 = 660 ohms. This could 
be compensated for by adding 210 ohms of in¬ 
ductive reactance in series to make a total of 660 
ohms. From Fig. 3-74 this would require an addi¬ 
tional inductance of 4.8 gh., or a total of about 
15.3 /th. The circuit Q then would equal 660/120, 
or 5.5. Alternatively (and this is the usual prac¬ 
tice) the reactance of C can be decreased, by in¬ 
creasing its capacitance, to 240 ohms, so that its 
reactance plus the line reactance equals 450 
ohms, the reactance of the coil. From Fig. 3-75 
the capacitance required for a reactance of 240 
ohms is 95 Mufd., which would be within the range 
of a lOO-^fd. condenser. Under these conditions 
the Q of the circuit would be X/R = 450/120 
= 3.75. With either method of compensation the 
circuit Q is somewhat low for good selectivity, 
but probably not too low to permit adequate 
coupling to the final tank when either inductive 
or link coupling is used. 

Other cases can readily be worked out by the 

same method. With series tuning, the Q should 
always be checked to make sure it is adequate for 
good coupling, and it is generally advisable to 
shift to parallel tuning if the Q cannot be brought 
near 10. 

Additional Reactance Compensation 

If calculations such as those in the example 
worked out above show that the tank condenser 
will have to be detuned very far from the capaci¬ 
tances recommended in the previous section, or if 
the capacitance has to be increased beyond the 
maximum range of the condenser, it is better to 
compensate directly at the line input terminals as 
shown in Fig. 3-69. In such a case the value of 
reactance as given by the charts of Figs. 3-70 
and 3-71 is used without transformation. In the 
example, the line reactance in the parallel equiva¬ 
lent circuit was 270 ohms, capacitive. We there¬ 
fore would need an inductive reactance of 270 
ohms to shunt across the line terminals. From 
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having a low softening point. 
Whether or not the re¬ 

flected reactance will be such 
as to require compensation 
at the line terminals is not so 
much a matter of the actual 
value of line reactance but of 
the relationship between re¬ 
actance and resistance. This 
relationship can be expressed 
in terms of the ratio of the 
total current into the line to 
the “active” current (that is, 
the current in the resistive 
component of the equivalent 
parallel circuit). This ratio 
varies with the line length 
and s.w.r. as shown in Fig. 
3-76. For any value of s.w.r. 
the ratio is most unfavorable 
(highest) when the line length 
is an odd multiple of 45 de¬ 
grees or Fs wavelength. 

It might seem desirable to 
select a value of the current 
ratio above which the react-

ever, there is no clear-cut 
method for doing it. If the coupling coil is built 
of conductor having ample size to handle the 
power, the losses will not be significant even when 
the current ratio is quite large. But if the coil is 
wound with small wire and is operating near its 
maximum power capacity when the circuit is 
delivering power to a purely resistive load, a 
small increase in the current ratio may cause 
objectionable heating. Fig. 3-76 is useful in show¬ 
ing the regions in which difficulties may be an¬ 
ticipated. As shown by the curves, the range of 
line lengths over which it may be necessary to 
use direct compensation increases rapidly with 
an increase in the s.w.r. 

9 CIRCUIT DETAILS AND 
ADJUSTMENT 

The coupling circuits have been covered in 
basic form in the preceding sections. Actual de¬ 
tails of circuit arrangement vary with the require¬ 
ments. For example, unbalanced (coaxial) lines 
require a different type of treatment than bal¬ 
anced (parallel-conductor) lines. With the latter, 
it is desirable that the entire circuit be balanced 
to ground. When the s.w.r. is high, the coupling 
circuit must be able to handle widely-different 
line input impedances, particularly if the same 
antenna is used on several bands. On the other 
hand, simpler coupling circuits can be used when 
the s.w.r. is very low, especially with low-imped-

Fig. 3-74 the required inductance is approxi¬ 
mately 6.5 gh. for direct compensation of the line 
reactance. 

Besides the physical difficulty of retuning the 
coupling tank to resonance when the reactive 
effects are pronounced, an attempt to compen¬ 
sate wholly by retuning the tank circuit may 
lead to excessive power loss in the tank. This is 
particularly likely to be the case when a rela¬ 
tively low value of inductive reactance is reflected 
across the tank circuit, because this effectively 
reduces the L/C ratio and increases the current 
circulating in the tank. 

The action of the parallel-tuned circuit is some¬ 
what similar to that of an autotransformer. The 
circulating tank current and the line current are 
more or less in phase opposition in the section of 
the coil included between the line taps, so the 
resultant current is smaller than the larger of the 
two. On the other hand, there is no such opposi¬ 
tion in the part of the coil that is not included 
between the taps. The result is that the losses in 
this part of the coil are greater than in the portion 
between the taps. If the circulating current be¬ 
comes large as a result of reflected reactance the 
power loss in the end sections of the coil may be 
considerable. The additional power loss not only 
means decreased efficiency but also may make 
part of the coil too hot for safety, especially when 
the turns are supported by insulating material 

Fill. 3-74 — Inductive-reactance chart. Values given for the frequency shown 
are close enough, for most calculations, throughout the band. 1 he maximum 
difference occurs in the 3.5-4.0 Me. band. 
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the coupling will have very 
little effect on the setting of 
the condenser. However, if 
there is an appreciable s.w.r. 
and the line impedance con¬ 
tains reactance, tightening 
the coupling between the two 
coils will couple an increasing 
amount of reactance into the 
amplifier tank. This makes it 
necessary to retune the tank 
with each change in coupling. 

Use of a separate antenna 
coupling circuit is shown in 
Fig. 3-77C. This arrangement 
provides additional selectiv¬ 
ity — the untuned coupling 
scheme does not — but neces¬ 
sitates additional adjust¬ 
ments. The LC circuit should 
have a Q of about 10, which 
requires a reactance in both 
coil and condenser of about 
500 ohms for 50-ohm line 
and 750 ohms for 75-ohm 
line. Corresponding values of 
inductance and capacitance 
can be taken from Figs. 3-71 
and 3-75. 

With this method fairly 
loose coupling should be used, 
at the start, between the 

desired plate current. With each change in the 
coupling, the amplifier tank condenser should be 
adjusted to resonance, as indicated by minimum 
plate current. If the line is properly terminated 

anee lines. Finally, it is always desirable to take 
precautions against harmonic radiation. 

Coupling to Nonresonant Coaxial Lines 
Several circuits suitable for coupling a trans¬ 

mitter to a coaxial line are shown in Fig. 3-77. It 
is assumed that the antenna is matched to the 
line so that the s w.r. is very low. In the untuned 
circuits at A and B in Fig. 3-77 the line is matched 
to the load required by the transmitter through 
simple transformer action. This calls for rather 
close coupling between the link and the final tank 
coil. Fig. 3-77A shows how a single-ended tank 
can be coupled to the line. The outer conductor 
of the line should be connected to the side of the 
link nearest to the grounded end of the tank coil, 
when the two coils are end to end. If the link is 
wound over one end of the tank coil the side far¬ 
thest from the end of the tank coil should be 
grounded. In either case, this method of ground¬ 
ing tends to reduce capacitive coupling between 
the two coils. 

With a balanced tank, the link should be at the 
center of the amplifier tank coil, as indicated in 
Fig. 3-77B. In this case either side of the link may 
be grounded. 

With untuned coupling the adjustment is quite 
simple. The only control over the loading on the 
amplifier is the coupling between the two coils, 
and this is varied until the amplifier takes the 

LINE LENGTH FROM RESISTIVE LOAD IN ELECTRICAL DEGREES 

Fir. 3-76 — Effect of standing-wave ratio on ratio of 
total line input current to “active” current (the current 
that represents power delivered by the line to the an¬ 
tenna). These curves repeat every 90 degrees (X wave¬ 
length) of line. 

CAPACITIVE REACTANCE IN OHMS 

Fir. 3'75 — Capacitive-reactance chart. Values given for the frequency shown 
are close enough, for most calculations, throughout the hand. The maximum 
difference occurs in the 3.5-4.0 Me. band. 
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links and the tank coils. The final tank condenser 
is first adjusted to resonance, shown by minimum 
plate current, and then the coupling tank is 
tuned by means of C. As C is varied the plate 
current will rise to a peak, at resonance, and then 
fall off again. The coupling at both ends of the 
link circuit can then be increased a bit and the 
tank circuits retuned as before. This process 
should be continued until the amplifier is drawing 
the desired plate current. When the circuits are 

Fig. 3-77 — Untuned coupling to nonresonant coaxial 
lines (A and B); link coupling with series-tuned match¬ 
ing circuit (C). The number of turns required in the 
link coil varies from 1 or 2 at 28 Me. and higher to 4 
or 5 at 3.5 Me. In the event that adequate coupling 
cannot be secured with the circuits at A and II, the 
circuit at C should be used. Alternatively, the line 
input circuit can be tuned as shown in Fig. 3-81. 

properly coupled the plate current should fall off 
when the coupling tank circuit is detuned on 
either side of resonance. With too-tight coupling 
the plate current will rise with such detuning. 

The method of adjustment when the link cir¬ 
cuit is treated as a low-impedance transmission 
line is considered later. In the case of a balanced 
amplifier, the link at the amplifier tank circuit 
should be coupled at the center of the coil in the 
same way as in Fig. 3-77B. 

Coupling to Nonresonant Parallel-
Conductor Lines 

Since the currents in parallel-conductor lines 
should be balanced, it is good practice to use a 
balanced circuit for feeding power into such lines. 
If there is any circuit unbalance to ground the 
voltage applied to one line wire may differ from 

that applied to the other, with the result that the 
two wires will not carry the same current. This 
point requires particular attention when the cou¬ 
pling circuit is mounted on a metal chassis, and 
when the line is one having a characteristic im¬ 
pedance of 300 ohms or more. 

Untuned coupling may be used with 75-ohm 
parallel-conductor lines. The circuits are the same 
as those given in Fig. 3-77 at A and B, except that 
the link either should be grounded at its center or 
not grounded at all. The method of adjustment is 
also the same. 

Untuned coupling is not very successful with 
lines of 300 ohms and over when the line actually 
is operating at a low standing-wave ratio. With 
these high-impedance lines the number of cou¬ 
pling turns may need to be as great as half the 
number of turns in the amplifier tank coil. More¬ 
over, the maximum coefficient of coupling be¬ 
tween the tank coil and a “swinging link ” seldom 
exceeds about 70 per cent, even at the maximum¬ 
coupling position. The voltage induced in the 
coupling coil is proportionately small, and it be¬ 
comes difficult to obtain adequate power transfer. 
Also, a coefficient of coupling less than 100 per 
cent means that part of the magnetic flux set up 
by current flowing in the coupling coil does not 
link with the amplifier tank coil. This in turn 
means that there is reactance (leakage reactance) 
in the secondary circuit, and this reactance acts 
in series with the input resistance of the line to 
increase the total im|>edance of the circuit. In¬ 
creasing the number of turns in the coupling coil 
is seldom beneficial, when the coupling is initially 
inadequate, because the reactance increases with 
the number of turns. 

The only remedy is to tune the coupling circuit. 
The separate coupling tank usually is link-coupled 
to the amplifier tank circuit, as suggested in Fig. 
3-78. If the link is grounded, as is desirable, it 
should be grounded at the amplifier-tank end. 
The circuit of Fig. 3-78 uses a split-stator or bal¬ 
anced condenser, so that the capacitance to 
chassis or ground will be the same on each side of 
the circuit. Care should be used to mount the in¬ 
ductance, L, in such a way that each end is ex¬ 
posed in the same way, physically, to near-by 
metal masses such as chassis, panels and shields. 
At the amplifier-tank end, the link should be at 
the “cold” end of the coil when the amplifier is 
single-ended, and at the center when the amplifier 
circuit is balanced. 

The method of adjustment is as follows: First 
loosen the coupling between the link coil and L, 
and also between the amplifier tank coil and its 
link. Tune the amplifier plate circuit to resonance, 
as shown by minimum plate current. Then, with 
the taps on L fairly close together and equidistant 
from the center of the coil, adjust C to resonance. 
The resonance point will be indicated by a peak 
in the amplifier plate current. Recheck the am¬ 
plifier tuning by again adjusting for minimum 
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plate current; the condenser setting should be es¬ 
sentially the same. Next, increase the coupling 
between the links and the tank coils a little, re¬ 
check the tuning, and note the plate current. Con¬ 
tinue this process just so long as tuning C through 
resonance, without touching the amplifier tank 
condenser, causes the plate current to pass 
through a peak. 

Fifí. 3~78 — Link-coupled circuit for coupling to a non-
resonant open-wire line. I. and C should, in general, 
have the same physical construction and electrical rat¬ 
ings as the final-amplifier tank circuit. However, the 
LC. ratio can he varied over reasonably wide limits 
without affecting the efficiency to any marked degree. 
'I’he primary requirement is that the LC circuit should 
be resonant at tile operating frequency. 

If tuning C off resonance causes the plate cur¬ 
rent to rise or makes it necessary to reset the am¬ 
plifier tank condenser to resonance (after obtain¬ 
ing an initial setting for the value of coupling in 
use) and the plate current at resonance is above 
the desired value, increase the spread between 
the taps on L and continue. With the proper 
coupling and tap settings the tuning of the 
coupling tank should not materially affect the 
amplifier tuning, and the plate current should 
reach the desired load value as C is tuned through 
resonance, dropping off on either side. Under 
these conditions a moderate frequency range can 
be covered without retuning the coupling tank. 

After a suitable set of adjustments has been 
reached it is a good plan to let the transmitter run 
for a short period, then shut off power and see if 
L is showing excessive heat. If L is warmer than 
the amplifier tank coil and both are of the same 
conductor size and approximate inductance, the 
Q in the coupling tank is higher than necessary 
and the taps on L may be moved farther apart. 
Flashover in the condenser also indicates that the 
Q is higher than necessary, assuming that both C 
and the final tank condenser have the same plate 
spacing. 

before attaching the line to the coil, check the 
setting of C at which the coupling circuit is reso¬ 
nant. This may be done in the same way as the 
resonance check with the line attached, except 
that very loose coupling will have to be used. If 
attaching the line makes any material difference 
in the condenser setting at which resonance oc¬ 
curs the line is not “flat.” 

A series-resonant coupling circuit should not 
be used with high-impedance lines because it is 
practically impossible to use a large-enough in¬ 
ductance at L and a small enough capacitance at 
C to give the circuit a reasonable Q. 

Coupling to Resonant Lines 
With resonant transmission lines the use of a 

tuned coupling circuit is essential, except in a few 
cases that are so specialized that they need not be 
considered. The transmission line is usually of the 
open-wire type and will have a characteristic im¬ 
pedance of 500 to 600 ohms. (It was pointed out 
earlier that 300-ohm Twin-Lead also can be used, 
but the power that can Ire handled is limited by 
the standing-wave ratio.) If the s.w.r. is high 
enough the input impedance will be quite low at 
certain line lengths, and in these cases series 
tuning can be used. The common circuit is shown 
in Fig. 3-79A. Link coupling to the final tank cir¬ 
cuit is shown, since this is the most convenient 
way to secure variable inductive coupling. How¬ 
ever, the amplifier-tank and coupling-circuit coils 
may be coupled inductively as suggested in Fig. 
3-66. 

The series tuning capacitance is preferably di¬ 
vided between two condensers, Ci and C2 in Fig. 
3-79A. These should be connected with their 
stator plates to the ends of the coil, L, as shown in 
the diagram. If the circuit is otherwise symmetri-

Fifi. 3-7^- Matching resonant lines by series- and 
parallel-tuned circuits. It and C show how the same two 
condensers used for series tuning can he combined for 
parallel tuning to provide either a high maximum or 
low minimum capacitance. The capacitance of Ct and 
C2 should be 75 to 100 aafd, with a voltage rating equal 
to that of the final tank condenser. Suggested values for 
/. are tabulated in the text in the section on coupling¬ 
tank design. The same values may be used in the series-
tuned circuit, except that at some line lengths (input 
impedance capacitive) it will be necessary to make L 
larger, at low frequencies, in order to resonate the cir¬ 
cuit. This may be done by connecting a “loading” in¬ 
ductance in series. The amount of inductance required 
may be fourni by experiment or determined from the 
design data given in the text. 
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Fifi. 3-80 — Compensating for line input reactance, to 
make the input impedance purely resistive before tap¬ 
ping on coupling circuit. 

cally laid out (see discussion under coupling to 
nonresonant lines) the use of two condensers will 
keep the capacitance to ground the same on both 
sides of the line. The circuit formed by L, Ci and 
C« should be capable of being tuned to resonance 
when the line terminals are short-circuited. 

In adjusting a series-tuned circuit, start with 
loose coupling at both ends of the link. Resonate 
the amplifier tank circuit, as indicated by mini¬ 
mum plate current, and then tune Ci and C2 to 
resonance, keeping both at the same capacitance. 
This will be indicated by a rise in plate current. 
Then tighten the coupling by means of the links, 
a little at a time, until the amplifier takes normal 
plate current. Recheck the settings of the ampli¬ 
fier tank condenser, as well as Ci and Cj, each 
time the coupling is changed. Use the loosest 
coupling at the links that will permit normal 
loading on the amplifier. Detuning Ci and C2 from 
resonance should cause the plate current to fall 
when the proper value of coupling is used. 

The parallel-tuned circuit of Fig. 3-78 is suit¬ 
able for use with resonant lines when the input 
impedance is in the range calling for parallel tun¬ 
ing. Alternative circuits are shown at B and C in 
Fig. 3-79. These make use of the same two con¬ 
densers employed in the series-tuned circuit at A, 
and thus form a useful and economical combina¬ 
tion for a transmitter that works on several 
bands. On the lower frequencies the two conden¬ 
sers are connected in parallel (B), but with the 
rotor of one and the stator of the other on the 
same end of the coil. This preserves the capaci¬ 
tance balance to ground. At high frequencies, 
where a low minimum capacitance is necessary, 
the two condensers can be connected in series 
(C). In this case the two rotors should be con¬ 
nected together. This is equivalent to the circuit 
of Fig. 3-78, which uses a split-stator condenser. 
Note that the stator of Ci can be connected per¬ 

manently to the top end of Li and the stator of 
C2 to the bottom end. It is necessary only to 
switch rotor connections to use either series tun¬ 
ing, parallel tuning with the condensers in series, 
or parallel tuning with the condensers in parallel. 

The adjustment procedure for parallel tuning 
is the same as in the case of a nonresonant line 
(Fig. 3-78) except that the capacitance setting 
for resonance is not necessarily the same with the 
line connected as with it disconnected. When two 
condensers are used, as in B and C, Fig. 3-79, both 
should be maintained at the same capacitance. 
The proper adjustment is the one that loads the 
amplifier to full plate current with the loosest 
coupling at the links. 

In general, parallel tuning can be used under 
practically all conditions. Series tuning is seldom 
actually required. However, if the s.w.r. is quite 
high and the line length is such as to make the 
input impedance minimum (current loop at the 
input terminals) it may be easier to find the opti¬ 
mum operating adjustments with series than with 
parallel tuning. 

At certain line lengths, as already discussed, it 
may be necessary to use shunting reactances 
across the line in order to allow the parallel-tuned 
circuit to operate at good efficiency. It is desirable 
to maintain physical symmetry with respect to 
the line when using such reactances, as indicated 
in Fig. 3-80. If the design procedure outlined 
earlier cannot be followed through, the proper 
values can be determined experimentally as fol¬ 
lows: 

First, resonate the LC circuit alone with very 
loose coupling to the amplifier tank circuit. Note 
the condenser setting. Then tap the line across a 
small portion of L and reresonate the circuit. If 
the capacitance has to be increased, a shunt con¬ 
denser is required across the line. If the capaci¬ 
tance is lower, a shunt coil is needed. When the 
line is tapped on L it may be necessary to increase 
the coupling to the amplifier tank because of the 
loading on the coupling circuit, but the taps 
should be kept close enough together so that loose 
coupling can be used. 

Use a trial value of shunt inductance or capaci¬ 
tance as required, and check the setting of the 
tuning condenser at resonance. Vary the shunt 
inductance or capacitance until the setting of C 
is the same as with the line disconnected. Then 
increase the spread between the taps, tighten the 
coupling, and check again, adjusting the shunt 
capacitance or inductance, if necessary, so that 
resonance is obtained at the original setting of C. 
Continue until the coupling is such that the 
amplifier is fully loaded. 

It is a simple mat ter to determine whether such 
shunt condensers and coils are necessary. If it is 
difficult to find resonance in the coupling circuit 
when the line is tapped on the coil, or if part of 
the coil heats badly when the transmitter is 
allowed to run for a few minutes, the shunting 
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reactances should be used. If the coil does not 
heat under continuous operation, and the tuning 
procedure follows the normal lines described pre¬ 
viously, the shunt elements are not necessary 
even though C may have to be retuned considera¬ 
bly when the line is attached. 

The Link Circuit as a Transmission Line 
In describing the adjustment of link-coupled 

circuits the link was considered simply as provid¬ 
ing mutual inductance between the amplifier¬ 
tank and coupling-circuit coils. When the link is 
treated as a matched transmission line the pro¬ 
cedure should be modified somewhat. 

Any type of transmission line can be used for 
the link, theoretically. However, it should be 
noted that with high-impedance lines it is just as 
difficult to couple power into the line, if an at¬ 
tempt is made to use untuned coupling, whether 
the line is short or long. In using a matched link 
circuit, therefore, it is advisable to choose 50- or 
75-ohm line for the link. The coaxial type is best 
from a constructional standpoint, because the 
outside of the shield is “cold” for r.f. The line can 
therefore be run wherever desired without regard 
for its proximity to other conductors. 

The proper procedure to follow with a matched 
link is first to disconnect the link coil at the far 
end from the transmitter and substitute a resis¬ 

tive load equal to the characteristic impedance. 
This load or dummy antenna must be capable of 
dissipating the power output of the transmitter. 
The coupling between the amplifier tank coil and 
the link then should be adjusted to make the 
amplifier draw normal plate current, with its 
tank circuit tuned to resonance. After this the 
coupling between these two coils should not be 
touched. 

I f it is not possible to obtain sufficient coupling 
in this test, the input circuit of the link must be 
tuned. This can be done by inserting a condenser 
in series with the “input” link, Lt, as shown in 
Fig. 3-81. The circuit formed by CiLt should res¬ 
onate at the operating frequency, and to make 
this possible it may be necessary to increase the 
number of turns in Li over the number usually 
supplied in manufactured link coils. The Q of the 
LiCi circuit needs to be only large enough to make 
it possible to get adequate power transfer. A Q of 
3 to 4 is usually sufficient. The reactance of both 
Lt and Ct therefore should be 3 to 4 times the 
characteristic impedance of the line used in the 
link circuit. A high-Q circuit is not desirable at 
this point because it increases the voltage across 
Ct, for a given amount of power, and because its 
greater selectivity is an operating inconvenience 
in that Ci has to be readjusted when changing 
frequency. With low Q it is possible to work over 

most of a band with a com-
FinaJ tank promise setting of Cj. 

Once the link line is properly 
coupled at its input end the 
tuning procedure is the same as 
described previously, except 
that only the coupling between 
Li and L is varied to change 
the loading on the amplifier. 
The link is properly matched 
when LC is tuned to resonance 
and the amplifier draws normal 
plate current. 

Another method of adjust¬ 
ment is to use a standing-wave 
indicator (see later in this chap¬ 
ter) at the input end of the link 
circuit, adjusting the tuning 
and coupling at the output end 
to obtain minimum s.w.r. This 
may be done at any convenient 
power level, and with loose 
coupling between the ampli¬ 
fier tank coil and Li. Once 
this adjustment is made the 
coupling between L and Li 
should not be changed. The 
power input to the amplifier 
then can be adjusted to the de¬ 
sired value by varying the 
coupling between Lt and the 

Fig. 3-81 — Using the link circuit as a matched transmission line, with amplifie! tank coil. 1 he two 
suggested set-ups for adjustment. methods are shown tn Fig. 3-81. 
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The link arrangement shown can of course be 

used with a single-ended amplifier, or with any 
of the coupling circuits previously described. 

Measurement of Line Input Current 

Although the circuits in Figs. 3-77 to 3-81, in¬ 
clusive, show r.f. ammeters connected in the 
proper places for measuring the line current, no 
mention was made of them in the adjustment 
procedure. This is because they are not essential 
to the operation of the system. If available, how¬ 
ever, they may be used to advantage in tuning up. 

The input impedance of the line is unaffected 
by any adjustments made in the coupling circuit. 
Consequently, the larger the current flowing into 
the line the greater the power fed to the antenna, 
under a given set of conditions. 

For example, assume that a 600-ohm open-wire 
line is to be used and that the power is 500 watts. 
The antenna is to be an all-band affair and the 
highest s.w.r. to be expected is about 10 to 1. 
With perfect matching, the current would be 
v'500/600 = 0-91 amp. From Fig. 3-22, the cur¬ 
rent at a loop will be 3.16 times the matched cur¬ 
rent when the s.w.r. is 10, so the maximum cur¬ 
rent to be expected under any conditions is 3.16 
X 0.91 = 2.9 amp. An instrument having a range 
of 0-3 or 0-4 amperes would be suitable. The 
minimum current to be expected would be the 
maximum divided by the s.w.r., or 2.9/10 = 0.29 
amp. 

Two ammeters, one in each line conductor, 
have been shown in the balanced-line circuits. 
The use of two instruments gives a check on the 

For 
open-wire 
Une 

For 300-olun 
Line 

Pick-up 
Loop 

Fig. — Circuit and suggested construction for standing-wave indica¬ 
tor using crystal-detector wavemeter. LiCi can be any LC combination 
capable of being tuned to the operating frequency. Li usually will consist 
of a turn or two of the same diameter as Li, preferably movable with re¬ 
spect to Lt so the coupling can be adjusted. Cn should be 0.001 pfd. or so. 
The series resistor, R, may be omitted if maximum sensitivity is desired, 
but will improve the linearity of the readings; see text for discussion. JW 
may be a 0-1 milliammeter or any low-range d.c. instrument. 

line balance, since the currents 
should be the same. However, one 
meter can be switched from one 
conductor to the other. If only one 
instrument is used it is preferably 
left out of the circuit except when 
adjustments are being made, since 
it will add capacitance to the side 
in which it is inserted and thus 
cause some unbalance. This is par¬ 
ticularly important when the in¬ 
strument is mounted on a metal 
panel. When coaxial line is used 
t he meter can be left in at all times, 
since it merely adds a little shunt 
capacitance that is easily compen¬ 
sated for in the tuning. 

Since the resistive component of 
the input impedance of a resonant 
line is seldom known accurately, 
the r.f. current is of little value as 
a check on power input to the line. 
However, it shows in a relative 
way the efficiency of the system as 
a whole. The set of coupling ad¬ 
justments that results in the 
largest line current with the least 
plate current is the one that de¬ 
livers the greatest power to the 
antenna with the lowest plate 
power input. Also, in case an am¬ 
plifier is not operated properly — 

When the line is perfectly matched the current 
at the input terminals is equal to y/P/Za, where 
P is the power and Zo is the characteristic imped¬ 
ance of the line. If there are standing waves on 
the line this relationship does not hold. In such a 
case the current that will flow into the line is 
determined by the line length, s.w.r., and whether 
t he antenna impedance is higher or lower than the 
line impedance. Fig. 3-22 shows how the maxi¬ 
mum current to be expected will vary with the 
standing-wave ratio. This information can be 
used in selecting the proper range for the am¬ 
meter. 

for example, the grid excitation may be low — the 
r.f. meter will show when maximum power output 
has been obtained. In such cases maximum out¬ 
put, as shown by the largest obtainable r.f. meter 
reading, may occur at a value of plate current 
less than the rated plate current of the amplifier 
tubes. 

For adjustment purposes, it is possible to sub¬ 
stitute small flashlight lamps for the r.f. am¬ 
meters. Their relative brightness shows when the 
current increases or decreases. They have the 
advantage of cheapness and such small physical 
size that they do not unbalance the input circuit. 
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Standing-Wave Measurements 

Two general types of instruments are used in 
making standing-wave measurements. One type 
measures the current or voltage along the trans¬ 
mission line, either directly or indirectly. With 
this type of indicator it is possible to locate the 
points of maximum and minimum current or 
voltage, as well as to determine the s.w.r. when 
the instrument is properly calibrated. 

The second type is the “directional bridge,” or 
balancing circuit, which responds to power trav¬ 
eling in one direction along the line but not in the 
other. By measuring the amount of power travel¬ 
ing in each direction the standing-wave ratio can 
be determined. When properly calibrated, instru¬ 
ments of this type are direct reading. However, 
they cannot be used for locating loops and nodes 
along the transmission line. 

Both types have their applications. The cur¬ 
rent or voltage indicator is especially useful for 
checking the resonant frequency of an antenna by 
the method described earlier in this chapter, as 
well as in matching procedures based on the posi¬ 
tions of loops and nodes along the transmission 
line. The bridge-type indicator saves time and 
effort during adjustment of matching systems in 
procedures where it is not necessary to determine 
the positions of loops and nodes, since it does not 
have to be moved along the line to check the s.w.r. 
Consequently, it will show instantly whether an 
adjustment has resulted in an improvement. 

• VOLTAGE AND CURRENT 
INDICATORS 

Any sort of indicator that will respond more or 
less linearly to r.f. voltage or current can be used 
to detect standing waves, if only a rough check is 
needed. Many amateurs use a neon bulb for this 
purpose. If the transmitter power is high enough 
to make the bulb glow, the glow will increase as 
the bulb is moved along the line toward a voltage 
loop (current node) and decrease as it is moved 
toward a voltage node (current loop). It is not 
possible to make real measurements with such a 
simple indicator, but the bulb readily will show 
the effect of adjustments to the matching system. 
When the s.w.r. is high the bulb will glow brightly 
when held near the line at a voltage loop, and 
dimly or not at all near a current loop. As the 
s.w.r. is brought down by a better match between 
the antenna and the line there will be less varia¬ 
tion in brightness as the bulb is moved along the 
line. If there is no observable variation, or if the 
brightness simply drops off without showing 
peaks and valleys as the bulb is moved along the 
line from the transmitter to the antenna, the 
impedance match can be considered to be quite 
satisfactory. 

A less sensitive indicator, but one that will 

work if the transmitter power is high enough, is a 
flashlight bulb or dial light connected to a one-
or two-turn loop a few inches in diameter. The 
lamp will be brightest when coupled to the line at 
a current loop, and least bright when coupled at a 
voltage loop. Uniform brightness as the loop is 
moved along the line, keeping the same coupling 
to the line at all points, indicates that the s.w.r. is 
small. This type of indicator will work with open¬ 
wire lines, but cannot be coupled closely enough 
to Twin-Lead to give an indication. 

As an alternative to the flashlight lamp, a 
thermomilliammeter can be connected to a similar 
loop to indicate current along the line. Such 
meters are expensive, but have the advantage 
that the relative value of line current can be 
measured providing care is taken to keep the 
coupling between the loop and line exactly the 
same at all points. 

Wavemeter Indicator 
A sensitive indicator, and one that can be 

calibrated for actual measurement of s.w.r., is 
shown in Fig. 3-82. It uses a small pick-up loop 
with one-half to one inch of conductor parallel to 
the line conductor or conductors. The r.f. output 
of the loop is fed through a flexible r.f. line of low 
impedance, such as receiving-type 75-ohm Twin-
Lead, to the coupling link L2. ¿1C1 is a circuit 
capable of being tuned to the frequency in use; 
the L/C ratio is not critical and any convenient 
values can be used. The r.f. voltage developed 
across the tuned circuit is rectified by the crystal 
detector and the resulting current read by the 
meter M, which can have a range of 0-1 ma. or 
less. The 75-ohm line can have any convenient 
length, enough so that the “trolley” shown in the 
drawing can be moved along the line independ¬ 
ently of the meter itself. The trolley construction 
is used so that the coupling between the loop and 
the line will be constant. 
1 he coupling between L\ and should be 

adjusted so that the meter does not go off scale 
when LiC\ is tuned to resonance. An indicator of 
this type responds to current, and so will give 
maximum readings at a current loop and mini¬ 
mum readings at a current node. It has the ad¬ 
vantage that because of the selective circuit it 
will respond only to the frequency to which it is 
tuned. The simple voltage and current indicators 
discussed above will respond to w'hatever har¬ 
monic voltage and current may be present, in 
addition to the fundamental, and thus may give 
inaccurate indications. This is particularly true of 
voltage indicators that are nonselective, since for 
a given physical separation between the indicator 
and the line the coupling becomes greater the 
higher the frequency. 
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Fig. 3-83 — Typical curve obtained by the standing* 
wave method described in the text. Comparison with the 
sine curve shows the correction that must be applied to 
the meter reading to calibrate it for standing-wave 
measurements. 

Calibration 

A crystal-detector indicator is generally not 
linear — that is, the current flowing in the meter 
circuit is not directly proportional to the voltage 
developed in iiCi — unless the resistance, R, is 
10,000 ohms or more. This reduces the sensitivity, 
but the use of series resistance is recommended if 
the lower sensitivity can be tolerated. Alterna¬ 
tively, R may be reduced or omitted entirely, in 
which case the instrument may be calibrated by 
the following method: Make up a temporary 
transmission line about a wavelength long, short 
it at the far end, and feed in a little power from 
the transmitter at the input end. With the cou¬ 
pling between Li and ¿2 adjusted so that the 
meter reads exactly full scale at a current loop 
near the transmitter, move the indicator along 
the line and locate accurately the positions of 
two consecutive nodes. Measure the distance 
between them, and then convert the length into 
inches per degree by dividing the lengt h in inches 
by 180. Starting at a node, measure the current 
every 10 or 15 degrees along the line until the 
next node is reached, then plot the results on 
graph paper. Plot a half sine wave on the same 
paper, as shown in the typical curve given in 
Fig. 3-83. As a convenience, plot another curve 
showing the relative r.f. current, as given by the 
sine curve, against the corresponding meter read¬ 
ings. Such a curve is shown in Fig. 3-84. When 
making s.w.r. calculations the values given by the 
correction curve should be used. 

The meter readings in Fig. 3-83 were obtained 
experimentally, using a 0-1 milliammeter with 
no resistance in series. Without calibration, the 
s.w.r. as computed from the meter readings al¬ 
ways is higher than the actual s.w.r. This dis¬ 
crepancy increases with the magnitude of the 
s.w.r. As shown by Fig. 3-84, the maximum 
actual s.w.r. that can be read with any pretense 
of accuracy is about 5 to 1, but from the meter 
readings alone it would be calculated to be 
1.0/0.025 or 40 to 1. 

This method of calibration is based on the fact 

that the current distribution in a low-loss short-
circuited transmission line is sinusoidal, for all 
practical purposes. If the line loss is low and 
there are no “antenna” currents on the line, 
the nulls will be quite sharp and the readings on 
one side of the current loop will duplicate those 
on the other side, at equal distances from the 
current loop. If there is any considerable dis¬ 
crepancy (more than a few per cent) between the 
two sets of readings there is probably a parallel 
component of current on the line. To avoid it, 
choose a line length that, considering the two 
wires to be in parallel and forming a single con¬ 
ductor, is not resonant. This means that the 
physical length of the line should not be close to 
a multiple of a quarter wavelength in space. 

In using the instrument for checking standing 
waves it is necessary to avoid direct pick-up of 
r.f. energy by the tuned circuit. It is therefore 
advisable to build the circuit in a metal box. 
Also, loose coupling between ¿i and Lj is desira¬ 
ble because it helps eliminate any “antenna” 
effect of the 75-ohm coupling line. The meter 
should give no indication until the pick-up loop 
is brought quite close to the transmission line 
being checked; a residual reading from strong 
fields about the antenna will obscure the readings 
from the transmission line itself. 

• BRIDGE-TYPE INDICATORS 

Bridge-type indicators are the only kind that it 
is practicable to use with coaxial line, since there 
is no way in which to move a current or voltage 
indicator inside such a line over the distances 
necessary, at low frequencies, for locating loops 

Fill, 3-81 — Calibration curve for the experimentally-
determined readings shown in Fig. 3-83. Without cali¬ 
bration the instrument is useful for checking the effect 
of matching adjustments, since the better the impedance 
match the smaller the current variation along the line, 
but cannot be relied upon for measurement of the 
actual value of s.w.r. 
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and nodes. The principle on which such bridges 
operate is that of balancing a circuit so that a 
voltmeter will not respond to the voltage of a 
wave traveling in one direction along the line, 
but will respond to the voltage of a wave travel¬ 
ing in the other direction. As explained earlier in 
this chapter, there will be no reflection from a 
load equal to the Zn of the line, and so when the 
line is perfectly matched a bridge connected to 

Fig. 3-85 — Bridge circuits suitable for measurement of 
standing-wave ratio. (A) resistance-capacitance bridge; 
(B) Maxwell bridge. Equations for balance (null indica¬ 
tion on voltmeter) arc given to the right of each circuit. 

read voltage returning from the load toward the 
transmitter will show no indication. If a returning 
voltage can be measured at all, there are standing 
waves on the line. The relative amplitudes of the 
outgoing and returning voltages give a measure of 
the standing-wave ratio. 

Two fundamental types of bridge circuit capa¬ 
ble of giving readings proportional to the out¬ 
going and reflected voltages independently are 
shown in Fig. 3-85. If stray capacitance, in¬ 
ductance, and coupling between parts of the 
circuit can be kept to negligible proportions, 
both circuits will function at any frequency. In 
practice, they can be made to work satisfactorily 
at frequencies up to 30 Me. if sufficient care is 
used in the selection of components and in the 
construction of the bridge. This requires that the 
circuit elements be as nearly “pure” as possible. 
That is, condensers must have low inductance; 
inductances, if used, must have low distributed 
capacitance; resistors must be noninductive and 
have low shunt capacitance. Half-watt and one-
watt carbon resistors are generally satisfactory in 
the low-resistance values. 

In the construction of a bridge particular care 
must be taken to keep the leads short, since a 
relatively small length of wire will introduce 
enough unwanted reactance at the higher fre¬ 
quencies to have an appreciable effect on the 
accuracy. In laying out the parts every effort 
should be made to avoid forming loops through 
which r.f. can flow and induce a voltage in any 
other part of the circuit. The crystal rectifier and 

the voltmeter circuit, especially, should be so 
placed that tire r.f. circuits cannot induce voltage 
in a loop inadvertently formed by the rectifier 
leads. 

In measuring an s.w.r. that is higher than 1, 
the bridge is in an unbalanced condition and 
current flows through the voltmeter. The higher 
the reading on the voltmeter the more serious 
the error introduced by such current flow. There¬ 
fore the voltmeter impedance must be very much 
higher than the impedance of any arm of the 
bridge. The voltmeter impedance will be in¬ 
creased by using resistance in series with the 
milliammeter; it is advisable to use the highest 
value of series resistance that will permit full-
scale readings at the r.f. power level used. In 
addition, the voltmeter should be linear. As 
discussed in connection with the wavemeter 
indicator described earlier, a resistance of 10,000 
ohms or more in series with the meter is desirable, 
to overcome the nonlinearity of the crystal 
rectifier. 

Balancing 

The equations to the right of the diagrams in 
Fig. 3-85 show the relationships between L, C 
and R in the bridge, for proper balance when a 
purely-resistive load of value Äl is connected to 
the terminals marked “Out” while power is 
being applied to the terminals marked “In.” 
When these equations are satisfied the voltmeter 
will read zero, indicating a standing-wave ratio 
of 1. 

Practical circuits corresponding to those in 
Fig. 3-85 are given in Figs. 3-86 and 3-87. To 
check either bridge for a desired value of line 
characteristic impedance it is necessary to have 
a noninductive resistor of the same resistance as 
the Zo of the line. The resistor is first connected 
to the “In” terminals and enough r.f. power 
applied at the “Out” terminals to cause a full-
scale reading on the voltmeter. Then the re¬ 
sistor is connected to the “Out” terminals and 

Fig. 3-86 — Practical circuit diagram of the RC bridge 
(“Micro-Match”) standing-wave indicator. 
Ci — 3-15-mxfd. midget variable. 
Ca, Ct — 220-ggfd. mica. 
Ca — 82-ggfd. mica. 
Ca— 0.0047-gfd. mica. 
Rl — 1.1-ohm resistor (nine 10-ohm 1-watt carbon 

resistors in parallel). 
Ra — 5000-ohm potentiometer. 
MA —0-1 d.c. milliammeter. 
RFC — 2.5-mh. r.f. choke. 
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the same power applied to the “In” terminals. 
Ci in either circuit is then adjusted to make the 
voltmeter reading as low as possible. If the bridge 
is carefully constructed as described above, the 
reading will be zero, providing the test resistor 
has negligible inductance and capacitance. If the 
reading is only one or two per cent of the full-scale 
reading the instrument can be considered satis¬ 
factory at that frequency, but if the reading is 
not fairly close to zero a different arrangement of 
parts should be tried, with the object of reducing 
the stray couplings mentioned above. 

Once operating satisfactorily with a nonreac-
tive resistor as a load, the bridge is ready for use 
on the line. Measurements are made in the same 
way as in calibrating; that is, the line is first 
connected to the “In” terminals with power 
applied to the “Out” terminals and the power 
level adjusted to give a full-scale reading; then 
the connections are reversed without changing 
the power. The s.w.r. will be approximately as 
given by the curve of Fig. 3-88 for either type of 
bridge. 

Calibration 
Fig. 3-88 assumes that the voltmeter resistance 

is high compared with the r.f. impedances, and 
that the voltmeter is linear. It is advisable to 
make an actual calibration in terms of s.w.r., 
where actual measurement of s.w.r. is necessary. 
This can be done as follows: First, balance the 
bridge for the line Zo by using a nonreactive 
resistor of the same value as described above. 
Then, without touching C\, use a new value of 
test resistance (nonreactive resistors must be 
used), adjust the power input for full-scale read¬ 
ing with power applied to the “Out” terminals 
and the resistor connected across the “In” 
terminals; then reverse the bridge and note the 
meter reading. The s.w.r. at that reading is equal 
to R2/R1, where Ri is the value of the first re¬ 

Fig. 3-87 — Practical circuit diagram of the Maxwell¬ 
bridge standing-wave indicator. The meter should have 
a full-scale range of 1 milliampere or less. 
Ci — 10-100-ggfd. Ceram icon variable. 
C2 — 470-ggfd. mica. 
Cs, C< — (Optional) 100-ggfd. mica. 
Ill — 500 ohms, nonreactive. 
R2, Ra— 10,000 ohms, J^-watt carbon. 
Li — Approx. 29 turns Ño. 18, diameter 0.6 inch, 2.5 

inches long. 
XTAL — 1N34 or equivalent. 

Fig. 3-88 — Standing-wave ratio as a function of volt¬ 
meter reading for the bridge circuits of Figs. 3-86 and 
3-87. This curve assumes that the voltmeter impedance 
docs not affect the operation of the bridge and that the 
voltmeter scale is linear. 

sistor (equal to the line Zo) and R¡ the value of 
the second. A calibration curve can be made by 
using several different resistance values in this 
fashion. 

It is sometimes found that substituting differ¬ 
ent resistors that should give the same s.w.r., but 
one higher and the other lower in value than the 
line Zo, gives different meter readings. For exam¬ 
ple, if the bridge is balanced to give zero reading 
with 70 ohms, either a 14-ohm or 350-ohm re¬ 
sistor should result in the same voltmeter reading. 
If they do not, the fault may be in the voltmeter 
(too low resistance and r.f. impedance) or in 
the bridge itself. It is more difficult to get ac¬ 
curate readings when the bridge “ratio” is high; 
that is, when the impedances of the arms in one 
side of the bridge are considerably different from 
the impedances in the other side. In the circuit 
of Fig. 3-86 the bridge ratio is high, since the 
resistance in the arm in series with the load is 
only about an ohm. In the circuit of Fig. 3-87 
the bridge ratio varies with the applied frequency 
and the line impedance for which it is balanced, 
but should not exceed about 10 to 1 under bal¬ 
anced conditions. 

An accurate calibration is not at all essential if 
the bridge is to be used simply as an aid to ad¬ 
justing a matching system. In such case the 
object is to get the s.w.r. as low as possible and 
not particularly to find its exact value. The s.w.r. 
will be lowest when the meter reading is lowest. 
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Errors in measurement increase with the value 
of s.w.r., and as shown by Fig. 3-88 the readings 
are quite “broad” at low values of s.w.r. For all 
practical purposes, a reading that does not ex¬ 
ceed 20 per cent of full-scale value indicates that 
the s.w.r. is low enough to cause no appreciable 
increase in line loss as compared with exact 
matching. 

The bridge shown in Fig. 3-86 can be adjusted 
for balance in the range of line impedances from 
70 ohms to 300 ohms, and the resistor is capable 
of carrying a current of a little less than 3 am¬ 
peres. The Maxwell bridge, with the constants 
given, will work over the range 50-500 ohms, and 
the amount of power that can be handled is 
limited by the power capacity of the resistor. 
The power dissipated in the resistor will be 
largest under conditions that make the voltage 
across the bridge reach high values. This will 
occur when the s.w.r. is high and there happens 
to be a voltage loop at the line input terminals. 
The voltage also will increase with the value of 
Zo, for a given input power. If Äi is a 1-watt 
resistor the power should not exceed a watt or two 
when Zo is near 500 ohms, but much more power 
can be safely handled when Zo is below 100 ohms. 

Resistance Bridge 

Fig. 3-89 is the circuit of a resistance-arm bridge 
that is particularly useful for coaxial lines. Since 
all arms are fixed in value, the bridge must be 
built for a particular line impedance (50 or 75 

Fig. 3-89 — Circuit diagram of resistance bridge for 
measuring s.w.r., as adapted for coaxial lines. This cir¬ 
cuit operates at very low power level and provision must 
be made for reducing the transmitter power to a low 
value when using it. The part of the circuit shown above 
the dotted line should be shielded from the remainder 
of the circuit. 
Ci, Cg — 470-ggfd. mica. 
Ill — 1-watt composition resistor, value equal to im-

pedance of line being measured. 
Ka — 10 ohms, 1 watt. 
Ila, K-i — 56-ohm 1-watt composition. Exact value not 

important but the two resistors must have the 
same value. 

Rs — 470 ohms. watt. 
Li — Good r.f. choke at operating frequency. Not re¬ 

quired if antenna system is closed type that 
offers d.c. return. At 28 Me., 40 turns of No. 36 
d.c.c. wound on a 1-watt 0.1-megohm resistor is 
satisfactory, or a regular 2.5-mh. choke may be 
used. 

MA—0-1 milliammeter. 

Fig. 3-90 — Calibration curve of the bridge-type s.w.r. 
indicator of Fig. 3-80. This curve will not apply if other 
circuit constants arc used. 

ohms in the usual case) and cannot be adjusted 
like the bridges previously described. The same 
precautions with respect to construction should 
be followed, although layout is somewhat less 
critical in this type of circuit so long as the 
shielding shown in the diagram is employed. 

The bridge will be in balance when a pure 
resistance equal to Äj is connected across the 
output terminals, and under these conditions 
there will be zero current through the milliam¬ 
meter. Hence, to fit the bridge to the charac¬ 
teristic impedance of the transmission line to be 
used the resistance of Ri must equal the line Zo. 
Just as in the case of the other bridges, reflected 
waves on the line will cause its input impedance 
to differ from Zo and the meter will show an 
indication. Fig. 3-90 is a calibration curve for a 
bridge having the constants shown in Fig. 3-89. 

This ty]>e of bridge does not require reversing 
the line and load connections to establish a 
reference voltage. It is only necessary to open¬ 
circuit the output terminals, adjust the voltage 
applied to the input terminals to give a full-scale 
reading on the milliammeter, and then connect 
the line to the output terminals. The s.w.r. is then 
indicated by the meter reading. Alternatively, 
the output terminals may be short-circuited 
instead of open-circuited when adjusting the in¬ 
put voltage to give the full-scale reading. 

In either case the voltage regulation of the 
source of r.f. voltage must be good enough so 
that the output voltage does not change when 
the load is connected: the purpose of Ry is to 
place a low-resistance load on the source so that 
changing the load connect ions will not change the 
voltage. The voltage regulation can be checked 
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by setting the meter to full scale with the output 
terminals open, and then shorting them. If there 
is a change in meter reading the regulation is not 
good enough, or the construction is such that 
stray capacitance or inductance is affecting the 
readings. Inspection of Fig. 3-89 will show that 
in the one case the meter is reading the voltage 
across Ä3 and in the other case is reading the 
voltage across Rt. Since both resistors have the 
same value the readings should be the same in 
both cases. 

Fig. 3-91 — The "twin-lamp” standing-wave indicator. 
It requires only a few inches of 300-ohm line and two 
low-current dial lights. The electrical circuit is given in 
the lower drawing. 

Because suitable nonreactive resistors are avail¬ 
able only in small power ratings, the power 
capacity of a bridge of this type is limited to a 
watt or so. The sensitivity is high because the 
bridge ratio is near 1 to 1. Measurements should 
be made with a very low power source of r.f.; fre¬ 
quently, the leakage from a buffer stage in the 
transmitter will supply enough power for a full-
scale reading. 

This type of bridge may be calibrated by using 
several values of nonreactive resistors for the load, 
as described above in connection with the other 
bridges. Reversal of connections is not necessary 
in this case, however. 

The "Twin-Lamp" 

Fig. 3-91 shows a very popular type of stand¬ 
ing-wave indicator for 300-ohm line. It is excep¬ 
tionally simple to build and costs almost nothing. 
It works on the principle of separating the out¬ 
going power from the reflected power on the line, 
and accomplishes this by a combination of induc¬ 
tive and capacitive coupling. When fastened to 
the transmission line the lamp nearest the trans¬ 
mitter will light when power is put into the line, 
but if the s.w.r. is close to 1 the lamp nearest the 
antenna will be dark. If the s.w.r. is high, both 
lamps will light to about the same brilliance. 

The construction of the “twin-lamp” is shown 
in the drawing. It is made from a short length of 
Twin-Lead of the same type used in the trans¬ 
mission line, with the ends of the wires soldered 
together to form a loop. The length may be any¬ 
thing from a few inches to a foot or two, more 
length being required when the transmitter 

power is low, or when the device is used at the 
lower frequencies. At the exact center one of the 
conductors should be cut and the ends separated 
enough to permit soldering to the lamp-base 
shells. The tips of the lamp bases are then 
soldered together and to one conductor of the 
transmission line as shown. The small drawing 
gives the circuit. 

The dial lights should be of the low-current 
type (60 ma.). To check the s.w.r., adjust the 
transmitter power until the lamp nearest the 
transmitter is burning at normal brightness. If 
the other lamp does not light, or lights only 
dindy, the s.w.r. will be below 2 to 1 in the aver¬ 
age case. The “twin-lamp” should be fastened 
to the line with Scotch Tape to make sure that it 
is held in the proper position. As a convenience, a 
“twin-lamp” can be assembled on a short length 
of 300-ohm line which then can be inserted in the 
regular line whenever the s.w.r. is to be checked. 

A coaxial version of the “twin-lamp” is shown 
in Fig. 3-92. In this case it is necessary to remove 
a section of the outer covering and shield braid, 
as shown at B in the drawing. The loop is a 12-
inch length of 75-ohm Twin-Lead with the ends 
soldered together and cut at the center in the 
same way as the 300-ohm lead described above. 
This pick-up loop is then fitted into a groove cut 
in the polyethylene insulation in the cable so 
that it is parallel to and close to the inner conduc¬ 
tor. A slot is cut in the braid as shown at C, 
and the braid is then slipped over the assembly, 
taking care that the leads from the loop do not 
touch it. The lamps are then soldered in place, 
with the common connection going to the shield 
braid, after which the vinyl covering can be put 
back and the whole assembly taped together. The 
section of cable should be fitted with connectors 
so it can be inserted in the regular line for making 
measurements. 

Although the “twin-lamp” is not adapted to 
actual measurement of s.w.r., it is a thoroughly 
practical device for showing the effect of changes 
in matching adjustments, and for obtaining a 
rough idea of whether the s.w.r. is high or low. 

• ERRORS IN STANDING-WAVE 
MEASUREMENTS 

It has been stated several times in this section 
that it is seldom necessary to measure the stand¬ 
ing-wave ratio to any degree of accuracy. For 
the practical purpose of determining the optimum 
adjustment of a matching system a purely quali¬ 
tative check on the s.w.r. is entirely sufficient. 
Exact measurement is necessary only when the 
s.w.r. enters into the calculation of antenna or 
matching-system constants. 

For example, a little thought will show that if 
the s.w.r., line length and line Zo are known 
accurately the impedance of the antenna system 
to which the line is connected can be calculated to 
an equal degree of accuracy. This is of interest 
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(E)

Fif. 3-92 — Steps in the construction of the “twin-lamp" for 
coaxial cable. The pick-up loop (A) is a length (approximately 
12 inches) of 75-ohm Twin-Lead with the ends soldered together 
and covered with insulating material. There is no connection 
between the lamp circuit and the line except at the common 
connection between the bulbs: this point mav be joined to 
the outer braid. 

when the properties of an antenna are being in¬ 
vestigated, but is not essential when the sole 
object is to get the system “tuned up’’ for best 
performance. Again, reasonably-accurate meas¬ 
urement of the s.w.r. is necessary if matching 
stubs are to be designed according to the charts 
given earlier in this chapter. But in most cases the 
antenna impedance will be known to a sufficiently 
close degree to make it possible to choose a match¬ 
ing system intelligently; then, after installation, 
a qualitative check will be enough to show 
whether any adjustment is required and, if so, 
what the effect of trial adjustments is 

When such standing waves are present 
the current loops (and nodes) do not oc¬ 
cur exactly opposite each other on the 
two line conductors. If mqusurement 
along each conductor separately shows 
this to be so, the s.w.r. as given by the 
instrument is meaningless. When the line 
is of open-wire construction it is possible 
to check each conductor separately, but 
with Twin-Lead it is difficult because the 
wires are so closely spaced. With this 
type of line the way to check for the 
presence of antenna currents is to take 
readings at equal small intervals along 
the line for a distance of at least a wave¬ 
length and plot the data graphically. If 
the resulting curve is irregular and does 
not show alternate loops and nodes at in¬ 
tervals corresponding to a quarter wave¬ 
length, taking the line velocity factor into 
account , there is an appreciable component 
of antenna current on the line. Before the 
actual s.w.r. can be checked this antenna 

current must be reduced to the point where it does 
not affect the measurements. 

Bridge Indicators 

In all bridge-type s.w.r. indicators there is in¬ 
herently some unbalance with respect to ground, 
since the line is not symmetrical with respect to 
the input terminals of the bridge. Considering the 
unbalances (including those in the coupling cir¬ 
cuit) to be lumped into equivalent capacitances, 
Fig. 3-93 shows that there are three such capaci¬ 
tances to be considered. Ci is the stray capaci¬ 
tance to ground from the upper side of the 

Antenna Currents 

It is possible for considerable error to occur in 
making s.w.r. measurements whether the stand¬ 
ing-wave indicator is accurately calibrated or 
not. The chief source of trouble is unbalance and 
the presence of antenna currents on the line. 
Wit h coaxial lines these effects are not so impor¬ 
tant. The line is normally unbalanced or “single-
ended” and thus one side can be grounded, 
thereby eliminating the effect of stray capaci¬ 
tances. Also, the antenna currents on coaxial 
lines flow on the outside of the shield and do not 
affect measurement of current or voltage inside 
the cable, so long as the measuring equipment 
itself also is shielded. 

On parallel-conductor lines conditions are not 
so favorable. Antenna currents flow in parallel on 
both wires, leading to the representative current 
distribution shown in Fig. 3-36. It can be appre¬ 
ciated that even if the line is perfectly matched 
and there are no standing waves in the trans¬ 
mission-line current, a standing-wave indicator 
of the voltage or current type will respond to the 
standing waves in the antenna-current com¬ 
ponent on the line. 

Fifi. 3-93 — Stray capacitances that affect the accuracy 
of bridge measurements of s.w.r. when there are antenna 
currents on the transmission line. % hen toe bridge 
operates at low power, condensers (Ct) connected across 
the input terminals as shown will help reduce the effects 
of unbalance. These may be mica condensers of about 
500 aafd. capacitance; the value is not critical but both 
condensers should be the same within ordinary toler¬ 
ances. 

bridge, C2 is the sum of the capacitances of the 
lower side of the bridge and the lower line wire, 
and <’3 is the stray capacitance to ground from 
the upper line wire. An antenna current on the 
line will cause equal voltages to appear at the line 
terminals, if the line itself is perfectly balanced. 
But these voltages do not appear equally at the 
voltmeter terminals unless (1) C3 and C2 are sub¬ 
stantially equal, so that the voltage is the same 
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at both terminals; (2) the voltmeter impedance 
is high compared with the impedances of the 
bridge arms; (3) Ci and Co are identical in value. 
If these conditions are not met some of the an¬ 
tenna current will flow through the voltmeter. 

Unbalance can be checked simply by inter¬ 
changing the line wires at the output terminals. 
If the system is well balanced the readings both 
ways will not differ by more than a few per cent 
of the full-scale reading of the voltmeter. How¬ 
ever, it is not unusual to find that the s.w.r. is 
indicated to be nearly 1 to 1 with the line con¬ 
nected one way and several times as high when 
the connections arc interchanged. When such a 
condition exists neither reading is dependable. 
The line must be detuned for antenna currents 
before attempting to make any measurements. 
It is helpful to make the over-all length (see Fig. 
3-37) equal to an odd multiple of a quarter wave¬ 
length (using 234// for a quarter wave) so that 
the voltage from antenna currents at the output 
terminals of the bridge will be minimum. Another 
expedient that is useful when the bridge operates 
at low power is to connect two condensers, C4 in 

Fig. 3-93, in series across the input terminals of 
the bridge and ground the common connection 
between them. This tends to equalize the paths 
to ground for parallel currents. It may be neces¬ 
sary to try several different grounds to find the 
one that gives the best balance. 

The preceding discussion has been in terms of 
parallel currents induced on the line by the field 
from the antenna. However, it applies equally 
well to parallel currents flowing into the line be¬ 
cause of capacitive coupling between the trans¬ 
mitter tank and the coupling tank. Also, the 
presence of harmonics of appreciable amplitude 
will affect the accuracy of measurement. If the 
harmonic currents are of the parallel type, which 
is frequently the case when there is capacitive 
coupling between the transmitter and coupling 
tanks, they will cause the meter readings to differ 
when the line conductors are interchanged. Har¬ 
monic currents of the transmission-line type will 
simply lead to an inaccurate s.w.r. measurement, 
since the system probably will not be as well 
matched for harmonics as it is for the funda¬ 
mental. 

Harmonic Reduction 
The increasing congestion in the radio-fre¬ 

quency spectrum makes it more necessary, as time 
goes on, to confine all the radiation from a trans¬ 
mitter to the frequency to which it is assigned. 
Radiation can take place at any frequency that 
is generated in the course of multiplication from 
the primary frequency control to the output 
amplifier. The strongest of these radiations 
usually are harmonics of the final frequency, and 
special attention must be given to reducing the 
intensity of radiated harmonics. This problem is 
particularly acute when, as in the case of tele¬ 
vision broadcasting, a near-by receiver is tuned 
to a channel in which the transmitter harmonic 
falls. 

Transmitter harmonics that cause interference 
within a radius of several hundred yards are not 
always radiated by the antenna system. When the 
transmitter and receiver are in close proximity 
stray radiation from the transmitter wiring itself 
may be the principal source of interference. It 
must be emphasized that in such cases attention 
must be paid to harmonic reduction in the trans¬ 
mitter itself. Otherwise, means taken to prevent 
harmonic currents from flowing in the antenna 
system cannot be expected to effect any material 
improvement. 

Antenna Systems 

Antenna systems differ in their ability to dis¬ 
criminate against transmitter harmonics. Multi¬ 
band antenna systems do not discriminate against 
harmonics at all, except insofar as the coupling 
system may be detuned for a particular harmonic. 
Systems that are designed primarily for opera¬ 

tion on one band, and incorporate a matching 
system for nonresonant transmission-line opera¬ 
tion, usually will discriminate against harmonics 
to a considerable degree. In general, such systems 
will have rather high discrimination against even 
harmonics, but sometimes are fairly well matched 
to the line at odd harmonics. 

The folded dipole is essentially nothing but a 
transmission line at all even harmonics of the 
frequency for which it is designed, and so will not 
radiate such harmonics if they appear at the an¬ 
tenna as true transmission-line currents. At odd 
harmonics the folded dipole represents a fairly 
good impedance match for the line and so will be 
a good radiator. 

Coupling to the Line at 
Harmonic Frequencies 

Harmonics can be coupled into a transmission 
line in the same way that the fundamental power 
is coupled in, so long as the harmonics are present 
in the transmitter tank circuit. The coupling circuit 
will suppress them to an extent depending on its 
over-all selectivity. For this reason alone it is 

From °-
Xmtr 

Trans. 
Line 

FiH. 3-94 — Double link coupling in the antenna tuner. 
\\ ith good separation between the coils the capacitive 
coupling between the link coil and transmission line is 
minimized. 
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Fig. 3-95 — The Faraday shield, 
for providing electric hut not 
magnetic shielding. The con¬ 
ductors should be small — 
about No. 18 wire — when the 
shield is used between coils of 
conventional diameter, and the 
spacing should be about equal 
to the wire diameter. The shield 
dimensions should be at least 
twice the diameter of the coils 
between which it is placed. It 
must be grounded. 

highly desirable to use a line coupling circuit that 
is resonant in itself and is inductively coupled to 
the transmitter tank circuit. The reason is simply 
that two tuned circuits of equal Q have much 
higher selectivity than one circuit alone. 

However, harmonics also can be coupled to the 
line through stray capacitances between coils and 
other parts of the final tank and antenna circuits. 
This capacitive coupling is smaller the greater 
the physical separation of the tuned-circuit coils. 
Greater separation can be used when the circuits 
operate at reasonably high Q — 10 to 20 — and 
so high-Q tuned circuits are useful both in reduc¬ 
ing stray coupling and in adding selectivity of the 
ordinary type. It is advisable to use link coupling 
between the final tank and the antenna coupling 
circuit; the link coils, having only a few turns, 
will have relatively small capacitance to the coils 
in the tuned circuits and can be placed at points 
where the tuned-circuit coils are practically at 
ground potential. This, plus the fact that the 
stray capacitances at each end of the link circuit 
are in series, results in a worthwhile reduction 
in capacitive coupling. 

An extension of the principle of using induc¬ 
tively-coupled circuits to reduce capacitive 
coupling is shown in Fig. 3-94. L\ and L¡ are the 
link and tank coils of an antenna coupler of the 
type described earlier in this chapter. Instead of 
tapping the transmission line on Ls, it is coupled 
to ¿3 by means of a separate coil, L^. The number 
of turns required at ¿2 varies with the frequency 
and the input impedance of the line, and is best 
determined experimentally. The three coils should 
be arranged so that L\ and Li, while both coupled 
to ¿3, are not physically close to each other. 
Capacitive coupling may be further reduced 

by using shielding between coils. The ordinary 
type of shielding will not serve, since it is a shield 
for both electric and magnetic fields. It is neces¬ 
sary to use a form of shield that will prevent elec¬ 
tric lines of force from extending from one coil to 
the other, but will at the same time have little 
or no effect on the magnetic field. Such a shield 
can be constructed as shown in Fig. 3-95. It con¬ 
sists of a group of parallel conductors connected 
together at one end but not at the other. For the 
electric field it is practically equivalent to a solid 
sheet of metal. 1 lowever, effective shielding of the 
magnetic field at radio frequencies depends on 

current flow in the shield, and with a shield of this 
type the only possible way for current to flow, 
when the shield is placed between two coupled 
coils, is across the conductor. The result is that 
the current is very small and the shield has little 
or no effect on the magnetic field. To shield a link 
coil that couples to the center of a tank coil two 
such shields must be used, one on each side of the 
link coil. They may be mounted on a swinging 
link assembly so that they move with the link coil. 

A scheme that is similar in principle, and that 
can be applied readily to single-turn coils such as 
are used for link coupling at the higher frequen¬ 
cies, is shown in Fig. 3-96. The link is made of 
small-diameter solid-dielectric coaxial line, with 
the inner conductor making a one-turn loop back 
to the outer conductor. The latter is cut back so 
that it does not form a complete loop, hence the 
magnetic field will cause relatively little current 
to flow in it. However, it serves as an effective 
shield for the elect ric field when the outside of the 
cable is grounded, and thereby reduces capacitive 
coupling between the tank coil and link. 

Parallel Currents 

When energy is transferred to the transmission 
line by stray capacitive coupling the currents in 
both line wires are in the same phase; that is, the 
line simply acts like two conductors in parallel. 
In such a case the earlier remarks about the abil¬ 
ity of different antenna systems to discriminate 

Fig. 3-96 — Shielded link coil made from coaxial cable. 
RG-59/U is satisfactory and can be formed inti» a torn 
of fairly small diameter. The outer conductor is opened 
at the point where the inner conductor returns so that 
current can flow inside the cable without having to flow 
hack over the turn. 

against harmonics simply do not apply. The 
system consisting of the line and antenna then 
acts as though the antenna terminals were joined 
together and fed by a single wire having the 
same length as the transmission line. 

Whether such a system is resonant near a 
harmonic frequency depends on the length L 
in Fig. 3-37. It also depends on the arrangement 
of the coupling circuit and whether or not that 
circuit is grounded. If the whole system can be 
detuned at a particular harmonic the current at 
that harmonic will be small. However, when the 
harmonic is in the v.h.f. range and the over-all 



136 CHAPTER 3 

length L is large (many wavelengths at the 
harmonic frequency) a small change in length 
will carry the system from one resonance point 
to the next. Fig. 2-9, Chapter Two, explains how 
this comes about. If a particular harmonic is caus¬ 
ing interference its intensity can be reduced, when 
the cause is capacitive coupling between the 
transmitter and line, by changing the line length 
a few inches at a time to determine the length at 
which the harmonic radiation is minimum. How¬ 
ever, a length that reduces one harmonic may 
increase the radiation at another. 

Linear Traps 

The properties of short-circuited transmission 
lines can be used to suppress harmonics on a 
regular transmission line, providing the harmonic 
currents are true transmission-line currents. 
When the harmonics travel as parallel currents 
line traps have no effect. 

It was explained earlier that the input im¬ 
pedance of a shorted quarter-wave line is re¬ 
sistive and is extremely high. Because of its high 
impedance, such a line can be connected across a 
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FiH. 3-97 — Shorted quarter-wave line sections as linear 
traps for harmonic suppression. A, trap dimensions for 
suppressing the second and all even harmonics. B, di¬ 
mensions for a third-harmonic trap. 

transmission line at any point along its length 
without affecting the line operation. However, at 
twice the frequency for which the quarter-wave 
line was designed it is a half wavelength long and, 
being shorted at its far end, “looks like” a short-
circuit at its input terminals. Consequently it 
will short circuit a second harmonic traveling 
along the line to which it is connected. It will 
similarly act as a short-circuit for any even 
harmonic, since at such frequencies it is a multi¬ 
ple of a half wave in length. 

A shorted quarter-wave line used as a trap for 
even harmonics is shown in Fig. 3-97A. While it 
can be placed at any point along the line, it will 
be most effective when connected at a point 
where the harmonic standing waves have a 
voltage loop or, as shown in the drawing, at a 
point 14 wavelength from the line coupling 
apparatus. At even harmonics this distance is 
a multiple of a half wavelength and so a short-
circuit is reflected at the line input terminals for 
the harmonic frequency. 

For trapping out odd harmonics the trap 
length must be equal to a multiple of a half 
wavelength at the harmonic frequency. At the 
third harmonic this length is equal to Je wave¬ 
length at the fundamental frequency. A shorted 
line section of this length has appreciable induc¬ 
tive reactance at the fundamental and so would 
affect the operation of the main transmission 
line. To overcome this the length of the trap is 
made J4 wave at the fundamental, as shown in 
Fig. 3-97B, with the line connected Yr, wave¬ 
length from the shorted end of the trap. The 
quarter-wave trap has a purely-resistive input 
impedance no matter where the line is tapped on 
it, and so puts only a resistive load on the line. 
If the trap has high Q (open-wire construction) 
the resistance will be sufficiently high to have 
no effect on the operation of the main trans¬ 
mission line. The open section of the trap is Y 
wave long at the third harmonic and so acts as 
an additional short across the line at the harmonic 
frequency. 

For other odd harmonics it is necessary to 
change the position of the line along the trap to 
make the distance to the shorted end equal to a 
multiple of Yi wavelength at the particular 
harmonic considered. In general, it is best to keep 
the line as near the open end of the trap as 
possible. 

The actual length of a linear trap should be 
adjusted while a check is made on the strength of 
the harmonic radiation. A movable shorting bar 
can be used for adjustment, the proper position 
being the one that reduces the harmonic strength 
as much as possible. 

Coaxial Cable 

When a coaxial transmission line is used there 
are two separate points to consider, harmonic 
currents flowing inside the line, and those on the 
outside of the outer conductor. There will be 
little or no harmonic current coupled to the 
outside of the outer conductor from the transmit¬ 
ter if the transmitter and coupling apparatus are 
shielded and the outer conductor of the line 
terminates in a grounded coupling where it enters 
the shield containing the antenna coupler. How¬ 
ever, if harmonic currents flow inside the line 
they can flow back down over the outer con¬ 
ductor from the point where the latter is attached 
to the antenna. 
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The line-balancing arrangements shown in 

Fig. 3-42 will act as a short-circuit for even 
harmonics and so will tend to prevent such har-
monic currents inside the line from reaching 
either the antenna or the outside of the outer 
conductor. However, the line balancer is effec¬ 
tively an open circuit for odd harmonics and so 
has no effect. A separate trap for a particular 
odd harmonic can be installed, using the same 
principles discussed above in connection with 
parallel-conductor lines. In computing the length 
of such a trap it is necessary to include the veloc¬ 
ity factor of the cable, if coax is used for the trap. 
The junction between the trap and line is most 
conveniently made by using a small metal box 
fitted with four male couplings, two for the line 
going in and out, and two for the two sections of 
the trap. 

Low-Pass Filters 

A low-pass filter of the type having a so-called 
“infinite rejection” frequency may be used to 
attenuate all harmonics higher than the filter 
cut-off frequency, with especially great attenua-

Shie/d 

Fig. 3-9U — Low-pass filter for suppressing harmonics, 
with maximum rejection at a selected harmonic. Design 
and adjustment data are given in the text. 

t ion of one particular harmonic. Simple filters of 
this type consist merely of a parallel-tuned trap, 
adjusted to the rejection frequency, connected in 
series with the transmission line, followed by a 
shunt condenser to make the characteristic 
impedance of the filter equal the line impedance 
at all frequencies below the cut-off frequency. 

It must be emphasized that filters, like linear 
traps, will not work if the harmonic radiation is 
caused by parallel currents on the line. They can 
only operate when the harmonics to be sup¬ 
pressed are true transmission-line currents. Also, 
filters must be designed for a specific characteris¬ 
tic impedance and so can be used satisfactorily 
only with properly-matched nonresonant lines. 
They are best adapted to use with coaxial lines, 
partly because of the range of LC constants 
required but chiefly because with the coaxial line 
only transmission-line currents flow inside the 
line. 

Probably the best method of using a low-pass 
filter is to use it in conjunction with an antenna 

coupler that is connected to the transmitter 
through a length of coaxial cable. This is indi¬ 
cated in Fig. 3-98. If the shielding is reasonably 
complete from the transmitter to the antenna 
coupler (including the shielding about both these 
units) there will be relatively little opportunity 
for harmonics generated in the transmitter to 
get on the outside of the shielding and thus by¬ 
pass the filter. Design formulas for filters of this 
type are as follows: 

For 50-ohm line: 

„ 2120 
C. = — 

For 75-ohm line: 

C - ’ — 
*“ / 

c _ 3180 
/ 

where/is the frequency (in megacycles) at which 
maximum rejection is desired, L\ is in micro-
henrys, and Ci and C2 are in micromicrofarads. 
The cut-off frequency is equal to 0.8/; the filter 
will pass all frequencies below the cut-off fre¬ 
quency with substantially no loss. 

In adjusting a filter used as shown in Fig. 3-98, 
it is advisable first to adjust the coupling ap¬ 
paratus so that the interconnecting or link line 
is terminated in a resistive load equal to its 
characteristic impedance. (See discussion earlier 
in this chapter.) This is best done by using a 
bridge-type s.w.r. indicator, leaving the filter 
out of the circuit. When the link line is properly 
matched, the filter may be inserted and, with 
the s.w.r. indicator connected between it and the 
transmitter, adjusted for minimum s.w.r. This 
is done by adjusting C2, leaving Ci at a setting 
estimated to be close to the design value. After 
matching, the s.w.r. indicator may be removed 
and Ci adjusted to attenuate the harmonic as 
much as possible, using a near-by receiver to 
check the setting. If the link line is properly 
matched at the antenna coupler on each band, 
the filter will require no readjustment when 
working on any band below the cut-off frequency 
of the filter. 



Multielement 
Directive Arrays 

CHAPTER 4 

The gain and directivity that can be secured by 
intentionally combining antenna elements into 
an array represent a worth-while improvement 
both in transmitting and receiving. Power gain 
in an antenna is the same as an equivalent in¬ 
crease in the transmitter power. But, unlike in¬ 
creasing the power of one’s own transmitter, it 
works equally well on signals received from the 
favored direction. In addition, the directivity re¬ 
duces the strength of signals coming from the 
directions not favored, and so helps discriminate 
against a great deal of interference. 
One common method of securing gain and 

directivity is to combine the radiation from a 
group of half-wave dipoles in such a way as to 
concentrate it in a desired direction. The way in 
which such combinations affect the directivity 
has been explained in Chapter Two. A few words 
of additional explanation may help make it 
clear how power gain is achieved. 

In Fig. 4-1, imagine that the four circles, 
A, li, C, D, represent four dipoles so far separated 
from each other that the coupling between them 
is negligible. The point P is supposed to be so 
far away from the dipoles that the distance from 
P to each one is exactly the same (obviously P 
would have to be much farther away than it is in 
this drawing). Under these conditions the fields 
from all the dipoles will add up at P, if all four 
are fed r.f. currents in the same phase. 

Let us say that a certain current, I, in dipole A 
will produce a certain value of field strength, E, 
at the distant point P. The same current in any 
of the other dipoles will produce the same field 
at P. Thus if only dipoles A and B are operating, 
each with a current /, the field at P will be 2E. 

Fig. 4-1 — Fields from separate antennas combine at a 
distant point, P, to produce a field strength that exceeds 
the field produced by the same power in a single antenna. 

With A, B, and C operating the field will be 3E, 
and with all four operating with the same I, the 
field will be 4E. Since the power received at P 
is proportional to the square of the field strength, 
the relative power received at P is 1,4, 9 and 16, 
depending on whether one, two, three or four 
dipoles are operating. 

(A) (B) (C) 

Fig. 4-2 — Parallel (A) and collinear (B) antenna ele¬ 
ments. The array shown at C combines both parallel and 
collinear elements. 

Now since all four dipoles are alike and there 
is no coupling between them, the same power 
must be put into each in order to cause the cur¬ 
rent / to flow. For two dipoles the relative power 
input is 2, for three dipoles it is 3, for four dipoles 
4, and so on. The gain in each case is the relative 
received (or output) power divided by the rela¬ 
tive input power. Thus we have: 

Dipoles 
A only 
A and B 
A, B 
and C 

A, B, C 
and D 

Relative 
Output 
Power 

1 
4 

9 

16 

Relative 
Input 
Power 

1 
2 

3 

4 

Power 
Gain 

1 
2 

3 

4 

Gain in 
Db. 
0 
3 

4.8 

6 

The power gain is directly proportional to the 
number of elements used. 

It is well to have clearly in mind the conditions 
under which this relationship is true: 

1) The fields from the separate antenna ele¬ 
ments must be in phase at the receiving point. 

2) The currents in all elements must be iden¬ 
tical. 

138 
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3) The elements must be separated in such a 

way that the current induced in one by another 
is negligible; i.e., the radiation resistance of each 
element must be the same as it would have been 
had the other elements not been there. 

Very few antenna arrays meet all these condi¬ 
tions exactly. However, as a rough approxima¬ 
tion it may be said that the power gain of a direc¬ 
tive array consisting of dipole elements in which 
optimum values of element spacing are used is 
proportional to the number of elements. It is not 
impossible, though, for an estimate based on this 
rule to be in error by a factor of 2 or more. 

Definitions 

The “element” in a multielement directive 
array is the half-wave dipole. The length is not 
always an exact electrical half wavelength, be¬ 
cause in some types of arrays it is desirable that 
the element show either inductive or capacitive 
reactance. However, the departure in length from 
a true half wave is ordinarily small (not more 
than 5%, in the usual case) and so has no appreci¬ 
able effect on the radiating properties of the ele¬ 
ment. 

Antenna elements in multielement arrays of 
the type considered in this chapter are always 
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Fig. 4-3 — Representative broadside arrays are shown 
at A and B, the first with collinear elements, the second 
with parallel elements. An end-fire array is shown at C. 
Practical arrays may combine both broadside and end¬ 
fire directivity* including both parallel «nd onllinaar 
kImhiwhIr, 

Fig. 4-4 — Typical bidirectional (A) and unidirectional 
(B) directive patterns. These drawings also illustrate 
the application of the terms ’’major” and ’’minor” to 
the pattern lobes. 

either parallel, as at A in Fig. 4-2, or collinear 
(end-to-end), Fig. 4-2B. Fig. 4-2C shows an array 
combining both parallel and collinear elements. 
The elements can be either horizontal or vertical, 
depending on whether horizontal or vertical po¬ 
larization is desired. There is seldom any reason 
for mixing polarization, so arrays are customarily 
constructed with all elements similarly polarized. 

A driven element is one supplied power from 
the transmitter, usually through a transmission 
line. A parasitic element is one that obtains power 
solely through coupling to another element in the 
array because of its proximity to such an element. 

A driven array is one in which all the elements 
are driven elements. A parasitic array is one in 
which one or more of the elements aie parasitic 
elements. At least one element in a parasitic 
array has to be a driven element, since it is neces¬ 
sary to introduce power into the array. 

A broadside array is one in which the principal 
direction of radiation is perpendicular to the axis 
of the array and to the plane containing the ele¬ 
ments. An end-fire array is one in which the prin¬ 
cipal direction of radiation coincides with the 
direction of the array axis. These definitions are il¬ 
lustrated by Fig. 4-3. 

A bidirectional array is one that radiates 
equally well in either direction along the line of 
maximum radiation. A bidirectional pattern is 
shown in Fig. 4-4 at A. A unidirectional array is 
one that has only one principal direction of radia¬ 
tion, as illustrated by the pattern at B in Fig. 
4-4. 

The major lobes of the directive pattern are 
those in which t he radiation is maximum. Lobes of 
lesser radiation intensity are called minor lobes. 
The beam width of a directive antenna is the 
width, in degrees, of the major lobe between the 
two directions at which the relative radiated 
power is equal to one-half its value at the peak 
of the lobe. At these “half-power points” the 
field intensity is equal to 0.707 timo. it. muxb 
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mum value, or down 3 db. from maximum. Fig. 
4-5 is an example of a lobe having a beam width 
of 30 degrees. 

The term “gain” as used in this chapter is the 
power gain over a half-wave dipole of the same 
orientation and height as the array under dis¬ 
cussion, and having the same power input. 

Fig. 4-5 — The width of a beam is the angular distance 
between the directions at which the received or trans¬ 
mitted power is one-half the maximum power. 

Front-to-back ratio means the ratio of the 
power radiated in the favored direction to the 
power radiated in the opposite direction. 

Phase 

The term “phase” has the same meaning when 
used in connection with the currents flowing in 
antenna elements as it does in ordinary cir¬ 
cuit work. For example, two currents are in phase 
when they reach their maximum values, flowing 
in the same direction, at the same instant. The 
direction of current flow depends on the way in 
which power is applied to the element. 

This is illustrated in Fig. 4-6. Assume that by 
some means an identical voltage is applied to each 
of the dipoles at the end marked A. .Assume also 
that the instantaneous polarity of the voltage is 
such that the current is flowing away from the 
point at which the voltage is applied. The arrows 
show the assumed current directions. Then the 
currents in elements 1 and 2 are completely in 
phase, since they are flowing in the same direc¬ 
tion in space and are caused by the same voltage. 
However, the current in element 8 is flowing in 
the opposite direction in space because the volt¬ 
age is applied to the opposite end of the element. 
The current in element 3 is therefore 180 degrees 
out of phase with the currents in elements 1 and 2. 

The phasing of driven elements depends on the 
direction of the clement, the phase of the applied 
voltage, and the point at which the voltage is ap¬ 
plied. In the systems used by amateurs the volt¬ 
ages applied to the elements are practically al¬ 
ways exactly in or exactly out of phase with each 
other. Also, the axes of the elements are always 
in the same direction, since parallel or collinear 
elements are invariably used. The currents in 
driven elements in such systems are therefore al¬ 
ways either exactly in or out of phase with the cur¬ 
rents in other elements. 

It is possible to use phase differences of less 
than 180 degrees in driven arrays — one im¬ 
portant case is where the voltage applied to one 
set of elements differs by 90 degrees from the 
voltage applied to another set — but such sys¬ 
tems have not met with much application in ama¬ 
teur work. The reason probably is that making 
provision for proper phasing is considerably more 
of a problem than in the case of simple 0- or 180-
degree phasing. 

In parasitic arrays the phase of the currents in 
the parasitic elements depends on the spacing and 
tuning, as described later. 

Ground Effects 

The effect of the ground is the same with a 
directive antenna as it is with a simple dipole 
antenna. The reflection factors discussed in Chap¬ 
ter Two may therefore be applied to the vertical 
pattern of an array, subject to the same modifica¬ 
tions mentioned in that chapter. In cases where 
the array elements are not all at the same height, 
the reflection factor for the mean height of the 
array must be used. The mean height is the aver¬ 
age of the heights measured from the ground to 
the centers of the lowest and highest elements. 

• MUTUAL IMPEDANCE 
Consider two half-wave dipoles that are fairly 

close to each other. When power is applied to one 
and current flows, a voltage will be induced in the 
second by the electromagnetic field and current 
will flow in it as well. The current in antenna No. 2 
will in turn induce a voltage in antenna No. 1, 
causing a current to flow in the latter. The total 
current in No. 1 is then the sum (taking phase 
into account) of the original current and the in¬ 
duced current. 

If the voltage applied to antenna No. 1 has not 
changed, the fact that the amplitude of the cur¬ 
rent flowing is different with antenna No. 2 pres¬ 
ent than it would have been had No. 2 not been 
there indicates that the presence of the second 
antenna has changed the impedance of the first. 
This coupling effect is called mutual impedance. 
The actual impedance of an antenna element is 
the sum of its self-impedance (the impedance 
with no other antennas present) and its mutual 
impedance with all other antennas in the vicinity. 

A 

Fifi. 4-6 — Illustrating phasing of currents in antenna 
elements. 
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Fi#. 4-7— Radiation resistance measured al the center 
of one clement as a function of the spacing between two 
parallel half-wave self-resonant antenna elements. 

The magnitude and nature of the mutual im¬ 
pedance depends on the amplitude of the current 
induced in the first antenna by the second, and on 
the phase relationship between the original and 
induced currents. The amplitude and phase of the 
induced current depend on the spacing between 
the antennas and whether or not the second an¬ 
tenna is tuned to resonance. 

Amplitude of Induced Current 

The induced current will be largest when the 
two antennas are close together and are parallel. 
Under these conditions the voltage induced in the 
second antenna by the first, and in the first by the 
second, has its greatest value and causes the 
largest current flow. The coupling decreases as 
the parallel antennas are moved farther apart. 

The coupling between collinear antennas is 
comparatively small, and so the mutual imped¬ 
ance between such antennas is likewise small. 
It is not negligible, however. 

Phase Relationships 

When the separation between the two antennas 
is an appreciable fraction of a wavelength a 
measurable period of time elapses before the field 
from antenna No. 1 reaches antenna No. 2, and 
there is a similar time lapse before the field set 
up by the current in No. 2 gets back to induce a 
current in No. 1. Hence the current induced in 
No. 1 by No. 2 will have a phase relationship 
with the original current in No. 1 that depends on 
the spacing between the two antennas. 

The induced current can range all the way 
from being completely in phase with the original 
current to being completely out of phase with it. 
In the first case the total current is larger than 
the original current and the antenna impedance is 
reduced. In the second, the total current is smaller 
and the impedance is increased. At intermediate 
phase relationships the impedance will be low¬ 
ered or raised depending on whether the induced 

current is mostly in or mostly out of phase with 
the original current. 

Except in the special cases when the induced 
current is exactly in or out of phase with the 
original current, the induced current causes 
the phase of the total current to shift with respect 
to the applied voltage. The mutual impedance, 
in other words, has both resistive and reactive 
components. Consequently, the presence of a 
second antenna nearby may cause the impedance 
of an antenna to be reactive — that is, the an¬ 
tenna will be detuned from resonance — even 
though its self-impedance is entirely resistive. 
The amount of detuning depends on the magni¬ 
tude and phase of the induced current. 

Tuning Conditions 

A third factor that affects the impedance of 
antenna No. 1 when No. 2 is present is the tuning 
of the latter. If No. 2 is not exactly resonant the 
current that flows in it as a result of the induced 
voltage will either lead or lag the phase it would 
have had if the antenna were resonant. This 
causes an additional phase advance or delay that 
affects the phase of the current induced back in 
No. 1. Such a phase lag has an effect similar to a 
change in the spacing between self-resonant an¬ 
tennas. However, a change in tuning is not ex¬ 
actly equivalent to a change in spacing because 
the two methods do not have the same effect 
on the amplitude of the induced current. 

Mutual Impedance and Gain 

The mutual impedance between antennas is 
important because it determines the amount of 
current that will flow for a given amount of power 
supplied. It must be remembered that it is the 
current that, determines the field strength from 
the antenna. Other things being equal, if the 
mutual impedance between two antennas is such 
that the currents are greater, for the same total 
power, than would be the case if the two antennas 
were not coupled, the power gain will be greater 
than in the case discussed at the beginning of this 
chapter. On the other hand, if the mutual im¬ 
pedance is such as to reduce the current the gain 
will be less than if the antennas were not coupled. 

The calculation of mutual impedance between 
antennas is a difficult problem, and data are avail¬ 
able only for a few special cases. Two simple, but 
important, ones are shown in Figs. 4-7 and 4-8. 
These graphs do not show the mutual impedance 
but instead show a more useful quantity, the 
radiation resistance measured at the center of an 
antenna as it is affected by the spacing between 
two antennas. 

As shown by the solid curve in Fig. 4-7, the 
radiation resstance at the center of either dipole, 
when the two are self-resonant, parallel, and 
operated in phase, decreases rapidly as the spac¬ 
ing between them is increased until the spacing 
is about 0.7 wavelength. The maximum gain is 
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Fig. 44t — Radiation resistance measured at the center 
of one element as a function of the spacing between the 
ends of two collinear self-resonant half-wave antenna 
elements operated in phase. 

secured from a pair of such elements when the 
spacing is in this region, because the current is 
larger for the same power and the fields from the 
two arrive in phase at a distant point placed on a 
line perpendicular to the line joining the two 
antennas (see Fig. 2-19, Chapter Two). 

The broken curve in this figure, representing 
two antennas operated 180 degrees out of phase 
(end-fire), cannot be interpreted quite so simply. 
1 he radiation resistance decreases with decreas-

CHAPTER 4 
ing spacing in this case. However, the fields from 
the two antennas add up in phase at a distant 
point in the favored direction only when the 
spacing is one-half wavelength (in the range of 
spacings considered). At smaller spacings the 
fields become increasingly out of phase, so the 
total field is less than the simple sum of the two. 
The latter factor decreases the gain at the same 
time that the reduction in radiation resistance is 
increasing it. As shown later in this chapter, the 
gain goes through a maximum when the spacing 
is in the region of wavelength. 

The curve for two collinear elements in phase, 
l ig. 4-8, shows that the radiation resistance de¬ 
creases and goes through a broad minimum in the 
region of 0.3- to 0.5-wavelength spacing between 
the adjacent ends of the antennas. Since the 
minimum is not significantly less than the radia¬ 
tion resistance of an isolated antenna, the gain 
will not exceed the gain calculated on the basis of 
uncoupled antennas. That is, the best that two 
collinear elements will give, even with the opti¬ 
mum spacing, is a power gain of about 2 (3 db.). 
When the separation between the ends is very 
small — the usual method of operation — the 
gain is reduced. 

Driven Arrays 
Driven arrays may be either broadside or 

end-fire, and may consist of collinear elements, 
parallel elements, or a combination of both. The 
number of elements that it is practicable to use 
depends on the frequency and the space available 
for the antenna. Fairly elaborate arrays, using as 
many as 16 or even 32 elements, can be installed 
in a rather small space when the operating fre¬ 
quency is in the v.h.f. range. At lower frequencies 
the construction of antennas with a large number 
of elements would be impracticable for most 
amateurs. 

It is characteristic of broadside arrays that the 
power gain is proportional to the length of the 
array but is substantially independent of the 
number of elements used, provided the optimum 
element spacing is not exceeded. This means, for 
example, that a 5-element array and a 6-element 
array will have the same gain, provided the ele¬ 
ments in both are spaced so that the over-all ar¬ 
ray length is the same. Although this principle is 
seldom used for the purpose of reducing the num¬ 
ber of elements, because of complications intro¬ 
duced in feeding power to each element in the 
proper phase, it does illustrate the fact that there 
is nothing to be gained by increasing the number 
of elements if the space occupied by the antenna 
is not increased proportionally. 

Generally speaking, the maximum gain in the 
smallest linear dimensions will result when the 
antenna combines both broadside and end-fire 
directivity and uses both parallel and collinear 

elements. In this way the antenna is spread over a 
greater volume of space, which has the same effect 
as extending its length to a much greater extent 
in one linear direction. 

Feeding Driven Arrays 

Not the least of the problems encountered in 
constructing multielement driven arrays is that 
of supplying the required amount of power to 
each element and making sure that the currents 
in the elements are in the proper phase. The 
directive patterns given in this chapter are based 
on the assumption that each element carries the 
same current and that the phasing is exact. 
If the element currents differ, or if the phasing is 
not proper, the actual directive patterns will not 
be quite like those shown. Small departures will 
not greatly affect the gain, but may increase the 
beam width and introduce minor lobes — or em¬ 
phasize those that exist already. 
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Fig. 4-10 —A two-element collinear array Ctwo half 
waves in phase”). The transmission line shown would 
operate as a tuned line. A matching section can he 
substituted and a nonresonant line used if desired. 

If the directive properties of beam antennas 
are to be fully realized, care must be used to pre¬ 
vent antenna currents from flowing on transmis¬ 
sion lines (see Chapter Three) used as intercon¬ 
nections between elements, as well as on the main 
transmission line. If radiation takes place from 
t hese lines, or if signals can be picked up on them, 
the directive effects may be masked by such stray 
radiation or pick-up. Although this may not 
greatly affect the gain either in transmission or 
reception, received signals coming from undesired 
directions will not be suppressed to the extent 
that is possible with a well-designed system. 

• COLLINEAR ARRAYS 
Collinear arrays are always operated with the 

elements in phase. (If alternate elements in such 
an array are out of phase the system simply be¬ 
comes a harmonic-type antenna.) A collinear 
array is a broadside radiator, the direction of 
maximum radiation being at right angles to the 
line of the antenna. 

Power Gain 

Because of the nature of the mutual impedance 
between collinear elements the radiation resist¬ 
ance is increased as shown in Fig. 4-8. For this 
reason the power gain does not increase in direct 
proportion to the number of elements. The 
gain with two elements as the spacing between 
them is varied is shown by Fig. 4-9. Although the 
gain is greatest when the end-to-end spacing is in 
the region of 0.3 to 0.5 wavelength, the use of 
spacings of this order is inconvenient construc¬ 
tionally and introduces problems in feeding the 
two elements. As a result, collinear elements are 
almost always operated with their ends quite close 
together — in wire antennas, usually with just 
a strain insulator between. 

With very small spacing between the ends of 
adjacent elements the theoretical power gain of 
collinear arrays is approximately as follows: 

2 collinear elements — 1.9 db. 
3 collinear elements — 3.2 db. 
4 collinear elements — 4.3 db. 

More than four elements are rarely used 

Directivity 

The directivity of a collinear array, in a plane 
containing the axis of the array, increases with its 
length. Small s condary lobes appear in the pat¬ 
tern when more than two elements are used, but 
the amplitudes of these lobes are low enough so 
that they are not important. In a plane at right 
angles to the array the directive diagram is a cir¬ 
cle, no matter what the number of elements. 
Collinear operation, therefore, affects only the 
directivity in the plane containing the antenna. 
At right angles to the wire the pattern is the same 
as that of the half-wave elements of which it is 
composed. 

When a collinear array is mounted with the 
elements vertical the antenna radiates equally 
well in all geographical directions. An array of 
such “stacked” collinear elements tends to con¬ 
fine the radiation to low vertical angles. For pur¬ 
poses of estimating the effect of ground reflec¬ 
tion the height is taken as the height of the center 
of the array. Applying the ground-reflection fac¬ 
tor for this height (using the reflection factors 
given in Chapter Two for half-wave antennas) to 
the directive pattern of the array will give the re¬ 
sultant vertical pattern, taking into account 
ground reflection. 

If a collinear array is mounted horizontally the 
directive pattern in the vertical plane at right 
angles to the array is the same as the vertical pat¬ 
tern of a simple half-wave antenna at the same 
height (Chapter Two). 

Two-Element Array 

The simplest and most popular collinear array 
is one using t wo elements, as shown in Fig. 4-10. 

Fig. 4-11 — Free-space directive diagram for a two* 
element collinear array. Field strength is shown on a 
relative basis. This is the horizontal pattern at low 
wave angles when the array is horizontal. 
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This system is commonly known as “two half 
waves in phase,” and the manner in which the 
desired current distribution is secured has been 
described in Chapter Three. The directive pattern 
in a plane containing the wire axis is shown in 
Fig. 4-11. 

The impedance at the feed point in the array 
shown in Fig. 4-10 usually lies in the range 1200-
1800 ohms. An open-wire transmission line can be 
used without matching, if desired; the standing¬ 
wave ratio should not exceed 2 or 3 to 1 with a 
600-ohm line and the losses will not be conse¬ 
quential. If the antenna is to be matched to the 
line a matching stub or section such as is de¬ 
scribed in Chapter Three is an appropriate 
matching device. 

Three- and Four-Element Arrays 

When more than two collinear elements are 
used it is necessary to connect “phasing” stubs 
between adjacent elements in order to bring the 
currents in all elements in phase. It will be re¬ 
called from Chapter Two that in a long wire the 
direction of current flow reverses in each half¬ 
wave section. Consequently, collinear elements 
cannot simply be connected end to end; there 
must be some means for making the current flow 
in the same direction in all elements. In Fig. 4-12A 
the direction of current flow is correct in the two 
left-hand elements because the transmission line 
is connected between them, The phasing stub 

Fig. 4-13 — Free-space directive diagram for a four-
clement collinear array. Field strength is shown on a 
relative basis. 

between the second and third elements makes the 
instantaneous current direction correct in the 
third element. This stub may be looked upon 
simply as the alternate half-wave section of a 
long-wire antenna folded back on itself to cancel 
its radiation. In Fig. 4-12A the part to the right of 
the transmission line has a total length of three 

half wavelengths, the center 
I-*| half wave being folded back 

to form a quarter-wave phase¬ 
reversing stub. No data are 
available on the impedance 
at the feed point in this ar¬ 
rangement, but various con¬ 
siderations indicate that it 
should not be over 1000 ohms. 

An alternative method of 
feeding three collinear ele¬ 
ments is shown in Fig. 4-12B. 
In this case power is applied 
at the center of the middle ele¬ 
ment and phase-reversing 
stubs are used between this 
element and both of the outer 
elements. The impedance at 
the feed point in this case is 
somewhat over 300 ohms and 
provides a close match to 
300-ohm line. The s.w.r. will 
be less than 2 to 1 when 600-
ohm line is used. Center feed 
of this type is somewhat pref¬ 
erable to the arrangement in 
Fig. 4-12A because the system 
as a whole is balanced. This 
assures more uniform power 
distribution among the ele¬ 
ments. In A, the right-hand 

tig. 4-12 — Three- and four-element collinear arrays. Alternative methods 
of feeding a three-element array are shown at A and B. These drawings also 
show the current distribution on the antenna elements and phasing stubs. A 
matched transmission line can be substituted for the tuned line by using a 
suitable matching section. 
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element is likely to receive somewhat less power 
than the other two because a portion of the fed 
power is radiated by the middle element before 
it can reach the one located at the extreme 
right. 

A four-element array is shown in Fig. 4-12C. 
The system is symmetrical when fed between the 
two center elements as shown. As in the three-
element case, no data are available on the im-
[>edance at the feed point. However, the s.w.r. 
with a 600-ohm line should be less than 2 to 1. 
Fig. 4-13 shows the directive pattern of a four-
element array. The sharpness of the three-ele¬ 
ment pattern is intermediate between Figs. 
4-11 and 4-13, with a small minor lobe at right 
angles to the array axis. 

Collinear arrays can be extended to more than 
four elements. However, the simple two-element 
collinear array is the type most used, for the 
reason that it lends itself well to multiband oper¬ 
ation. More than two collinear elements are sel¬ 
dom used because more gain can be obtained from 
other types of arrays. 

Adjustment 
In any of the collinear systems described the 

lengths of the radiating elements can be found 
from the formula 468// (Me.). The lengths of the 

Fig. 4-14 — The extended double Zepp. This system 
gives somewhat more gain than two half-wave collinear 
elements. 

phasing stubs can be found from the formulas 
given in Chapter Three for the type of line used. 
If the stub is open-wire line (500 to 600 ohms im¬ 
pedance) it is satisfactory to use a velocity factor 
of 0.975 in the formula for a quarter-wave line. 
On-the-ground adjustment is, in general, an un¬ 
necessary refinement. If desired, however, the fol¬ 
lowing procedure may be used when the system 
has more than two elements: 

Disconnect all stubs and all elements except 
those directly connected to the transmission line 
(in the case of feed such as is shown in Fig. 
4-12B leave only the center element connected 
to the line). Adjust the remaining elements to 
resonance, preferably using the standing-wave 
method described in Chapter Three. When the 
proper length is determined, cut all other ele¬ 
ments to the same length. Make the phasing 
stubs slightly long and use a shorting bar to ad¬ 
just their length. Connect the remaining elements 
to the stubs and adjust the stubs to resonance, as 
indicated by maximum current in the shorting 

Fig. 4-15 — Free-space directive diagram for the ex¬ 
tended double Zepp. This is also the horizontal direc¬ 
tional pattern when the elements are horizontal. 

bars or by the positions of the standing waves 
along the transmission line. When the whole sys¬ 
tem is resonant the position of the first current or 
voltage maximum along the transmission line 
should be the same as when the line is shorted or 
open, as described in Chapter Three. If more than 
three or four elements are used it is best to add 
elements two at a time (one at each end of the 
array), resonating the system each time before 
a new pair is added. 

The Extended Double Zepp 

An expedient that may be adopted to obtain 
the higher gain that goes with wider spacing in a 
simple system of two collinear elements is to 
make the elements somewhat longer than 
wavelength. As shown in Fig. 4-14, this increases 
the spacing between the two in-phase half-wave 
sections at the ends of the wires. The section in 
the center carries a current of opposite phase, but 
if this section is short the current will be small 
because it represents only the outer ends of a 
half-wave section. Because of the small current 
and short length the radiation from the center is 
small. The optimum length for each element is 
0.64 wavelength. At greater lengths the system 
tends to act as a long-wire antenna and the gain 
decreases. 

This system is known as the “extended double 
Zepp.” The gain over a half-wave dipole is ap¬ 
proximately 3 db., as compared with slightly less 
than 2 db. for two collinear dipoles. The direc¬ 
tional pattern in the plane containing the axis of 
the antenna is shown in Fig. 4-15. As in the case 
of all other collinear arrays, the free-space pat¬ 
tern in the plane at right angles to the antenna 
elements is the same as that of a half-wave an¬ 
tenna; i.e., is circular. 
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S BROADSIDE ARRAYS 
WITH PARALLEL ELEMENTS 

To obtain broadside directivity with parallel 
elements the currents in the elements must all be 
in phase. At a distant point lying on a line per¬ 
pendicular to the axis of the array and also per¬ 
pendicular to the plane containing the elements, 
the fields from all elements add up in phase. The 

Eilt. 4-16 —Power gain as a function of the spacing 
between two parallel elements operated in phase (broad¬ 
side). 

situation is similar to that pictured in Fig. 4-1 
in this chapter and in Fig. 2-19, Chapter Two. 

Broadside arrays of this type theoretically can 
have any number of elements. However, practical 
limitations of construction and available space 
usually limit the number of broadside parallel 
elements to two, in the amateur bands below 30 
Me., when horizontal polarization is used. More 
than four such elements seldom are used even at 
v.h.f. 

Power Gain 
The power gain of a parallel-element broadside 

array depends on the spacing between elements 
as well as on the number of elements. The way 
in which the gain of a two-element array varies 
with spacing is shown in Fig. 4-16. The greatest 
gain is obtained when the spacing is in the vicin¬ 
ity of 0.7 wavelength. 

The theoretical gains of broadside arrays hav¬ 
ing more than two elements are approximately as 
follows: 

No. of Db. Gain Db. Gain 
Parallel with %-Wave with %-\Vave 
Elements Spacing Spacing 
3 5 7 
4 6 8.5 
5 7 10 
6 8 11 

The elements must, of course, all lie in the same 
plane. 

Directivity 

The sharpness of the directive pattern depends 
on the spacing between elements and on the num¬ 
ber of elements. Larger element spacing will 
sharpen the main lobe, for a given number of ele¬ 

ments. The two-element array has no minor lobes 
when the spacing is La wavelength, but small 
minor lobes appear at greater spacings. When 
three or more elements are used the pattern al¬ 
ways has minor lobes. 

The vertical directive pattern of such an array 
when the elements are vertical is the same as that 
for a simple half-wave dipole at the same height. 
The patterns are given in Chapter Two. When the 
array elements are horizontal the vertical pat¬ 
tern is the product of the broadside pattern for 
the particular array used multiplied by the 
ground-reflection factors given in Chapter Two. 
For the purpose of applying the ground-reflection 
factor the height of the array is taken as the mean 
height above ground. The horizontal directive 
pattern of a horizontally-polarized parallel-ele¬ 
ment broadside array is the same as that of a 
simple dipole. 

Two-Element Arrays 

The elements of a broadside array must be con¬ 
nected by transmission lines that supply power in 
the proper phase to each element. Three methods 
of interconnection for a two-element array arc 
given in Fig. 4-17. In A, the main transmission 
line is connected to the “phasing line” at its cen¬ 
ter. The two halves of the phasing line, AB and 
AC, are simply in parallel, insofar as the main 

Fifi. 4-17 — Two-element broadside arrays, showing 
different methods of supplying power. 



MULTIELEMENT DIRECTIVE ARRAYS 147 

Fifi. 4-18 — Free-space directive diagram of a two-
element broadside array for an element spacing of 34 
wavelength. This drawing gives the low-angle horizontal 
pattern of a vertically-polarized array. 

transmission line is concerned, so the currents 
in the phasing line flow in opposite directions, 
with respect to the junction A. This brings the 
currents in the array elements in phase. The 
phasing line can be any convenient length in this 
case, so the spacing between the two elements 
can be any value desired. Although no data are 
available on impedances, a rough estimate indi¬ 
cates that in most practical cases the impedance 
will be well below 100 ohms at the point where 
the main transmission line joins the phasing line, 
assuming a half-wave phasing line having a 
Zo of about 600 ohms. If the phasing line is not 
exactly Tj wavelength long the impedance will 
be reactive as well as resistive. 

In B, the main transmission line is connected 
at the junction of the phasing line and one ele¬ 
ment. In this case it is necessary to transpose the 
phasing line somewhere along its length so that 
the element currents will be in the proper phase. 
This is shown by the arrows indicating relative 
direction of current flow. The impedance at the 
feed point will be resistive and of the order of a 
few thousand ohms when the elements and phas¬ 
ing line all have electrical lengths of wave¬ 
length. With this type of feed the spacing between 
the elements is determined by the electrical length 
of the phasing line; it must be an electrical half 
wave long to bring the element currents in proper 
phase. Open-wire lines are always used as phasing 
lines in this type of system because their elec¬ 
trical length is nearest to the length of an actual 
half wavelength in space. If the velocity factor of 
the phasing line is much less than 1 the antenna 
elements will perforce be considerably less than a 
half wavelength apart, and this will reduce the 
gain. 

Fifi. 4-19 — Vertical pattern broadside to a two-element 
in-phase array with horizontal elements. This pattern 
is for a mean height of % wavelength; i.e., lower ele¬ 
ment 34 wavelength high and upper element one wave¬ 
length high. At low wave angles, the horizontal pattern 
of such an array is the same as for a half-wave dipole. 

A third method of feeding is shown at C. This is 
the best of the three, insofar as symmetry is con¬ 
cerned. The spacing between the two elements 
can be any desired value. However, when the 
spacing is one-half wavelength the impedance at 
the point where the main transmission line is 
connected is resistive and can be calculated with 
the aid of Fig. 4-7. For example, Fig. 4-7 shows 
that the radiation resistance of each element is 
approximately 60 ohms at half-wave spacing. 
If the Zo of the phasing line is 600 ohms, the im¬ 
pedance reflected at the transmission-line ter¬ 
minals will be (600)2/60 = 6000 ohms, since with 
half-wave spacing the phasing line is *4 wave 
long from the element to the junction. As the re¬ 
flected resistances from both elements are in 
parallel, the resistive impedance seen by the 
transmission line is 6000/2 = 3000 ohms. 

The arrays shown in Fig. 4-17 may be installed 
either vertically or horizontally, depending on the 
type of polarization desired. The free-space direc¬ 
tive diagram given in Fig. 4-18 is also the hori¬ 
zontal pattern of the array at low wave angles 
when the elements are vertical. The vertical pat¬ 
tern for a horizontally-polarized two-element 
array for a mean height of % wavelength is given 
in Fig. 4-19. The pattern for other heights may be 
found by multiplying the pattern of Fig. 4-18 
by the ground-reflection factor for the actual 
mean height. 

Multielement Arrays 

Three- and 4-element arrays are shown in 
Fig. 4-20. In the 3-element array with half-wave 
spacing (A) the array is fed at the center. This 
is the most desirable point in that it tends to 
keep the power distribution between elements 
uniform. However, the transmission line could 
be connected at either B or C. 

When the spacing is greater than J4 wave¬ 
length the phasing lines must be one wavelength 
long and are not transposed between elements. 
This is shown at B in Fig. 4-20. With this arrange¬ 
ment any element spacing up to one wavelength 
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can be used, if the phasing lines can be folded as 
suggested in the drawing. 

The 4-element array at C is fed at the center 
of the system to make the power distribution be¬ 
tween elements as uniform as possible. However, 
the transmission line could be connected at either 
B, C, D or E. In such case the section of phasing 
line between B and D must be transposed in order 
to make the currents flow in the same direction in 
all elements. The 4-element array at C and the 
3-element array at B have approximately the 
same gain when the element spacing in the latter 
is % wavelength. 

An alternative feeding method is shown at D. 
This system can also be applied to the 3-element 
arrays, and will result in better symmetry in any 
case. It is only necessary to move the phasing 
line to the center of each element, making con¬ 
nection to both sides of the line instead of one 
only. 

The free-space pattern for a 4-element array 
with half-wave spacing is shown in Fig. 4-21. This 
is also approximately the pattern for a 3-element 
array with %-wave spacing. The major lobe of a 
3-element array with half-wave spacing is inter-

(A) 

(B) 

(C) 

(D) 

Fig. 4-20 — Methode of feeding three- and four-element 
broadside arrays with parallel elements. 

Fig. 4-21 -— Free-space directive diagram of a four-
element broadside array using parallel elements. This is 
also the horizontal directive pattern at low wave angles 
for a vertically-polarized array. 

mediate in sharpness between a 2-element and 
a 4-elemcnt array. 

Larger arrays can be designed and constructed 
by following the phasing principles shown in the 
drawings. 

No accurate figures are available for the im¬ 
pedances at the various feed points indicated in 
the drawings. It can be estimated to be in the 
vicinity of 1000 ohms when the feed point is at a 
junction between the phasing line and a half-wave 
element, becoming smaller as the number of ele¬ 
ments in the array is increased. When the feed 
point is midway between end-fed elements as in 
Fig. 4-20C, the impedance of a 4-element array as 
seen by the transmission line is in the vicinity of 
200-300 ohms, with open-wire phasing lines. The 
impedance at the feed point with the antenna 
shown at D should be about 1500 ohms. 

• END-FIRE ARRAYS 
The term “end-fire” covers a number of dif¬ 

ferent methods of operation, all having in com¬ 
mon the fact that the maximum radiation takes 
place along the array axis, and that the array 
consists of a number of parallel elements in one 
plane. End-fire arrays can be either bidirectional 
or unidirectional. In the bidirectional type com¬ 
monly used by amateurs there are only two ele¬ 
ments, and these are operated with currents 180 
degrees out of phase. Unidirectional end-fire 
driven arrays have not had much amateur use be¬ 
cause the element phasing is neither 0 nor 180 
degrees and tends to be complicated from an ad¬ 
justment standpoint. (Instead, unidirectional an¬ 
tennas as used by amateurs are practically all 
based on the use of parasitic elements as de¬ 
scribed later in this chapter.) 
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Two-Element Arrays 

In the two-element array with equal currents 
out of phase the gain varies with the spacing be¬ 
tween elements as shown in Fig. 4-22. The maxi¬ 
mum gain is in the neighborhood of H-wave 
spacing. Below 0.05-wave spacing the gain de¬ 
creases rapidly, since the system is approaching 
the spacings used for nonradiating transmission 
lines. 

The radiation resistance at the center of either 

Fig. 4-22 — Gain of an end-fire array consisting of two 
elements fed 180 degrees ont of phase, as a function of 
the spacing between elements. Maximum radiation is in 
the plane of the elements and at right angles to them at 
spacings up to 0.5 wavelength, but the direction changes 
at greater spacings. 

greatest gain, as shown by Fig. 4-7. The spacings 
most frequently used are % and J4 wavelength, 
at which the resistances are about 8 and 32 ohms, 
respectively. When the spacing is wavelength 
it is advisable to use good-sized conductors — 
preferably tubing — for the elements because 
with the radiation resistance so low the heat losses 
in the conductor can represent an appreciable 
portion of the power supplied to the antenna. 
Excessive conductor loss will mean that the 
theoretical gain cannot be realized. 

Three methods of feeding bidirectional end¬ 
fire elements are shown in Fig. 4-23. In A, one sec¬ 
tion of the phasing line is transposed to bring the 
element currents in proper phase. The method at 
B is suitable for close-spaced (i.e., J^-wave) 
arrays because each half of the connecting wire is 
only wave long and carries very little cur¬ 
rent. Hence there is very little radiation from the 
wires joining the ends of the elements to the 
transmission line even though the currents are in 
phase. The center-fed arrangement shown at C 
is especially useful when the antenna is to be op¬ 
erated on two bands — for example, 14 and 28 
Me. — the higher of which is the second har¬ 
monic of the lower. 

Because of the very low radiation resistance 
when the spacing, S in Fig. 4-23, is wavelength, 
the s.w.r. on the transmission line is very high. 
No figures are available for the end-fed cases, but 
it can be estimated to be 20 to 1 or higher. With 
center feed using a 600-ohm line the s.w.r. is over 
30 to 1. If the transmission line has any consid¬ 

erable distance to run, it is advisable to match it 
to the antenna by using a matching section of the 
type described in Chapter Three. Such a match¬ 
ing section should be of open-wire construction in 
view of the high s.w.r. The line itself, of course, 
can be any type capable of carrying the transmit¬ 
ter power. If the transmission line does not have 
to run more than a wavelength or two it may be of 
open-wire construction and operated as a tuned 
line. 

With ü-wave spacing the increased radiation 
resistance will lower the s.w.r. considerably. With 
center feed it will be about 10 to 1, and should 
not exceed that figure with end feed. 

In a close-spaced array fed through a tuned 
transmission line the element lengths are not 
critical; the only point to watch is to preserve the 
symmetry of the system as a whole. When a 
matching section is used, however, it is necessary 
to adjust the system accurately to the particular 
frequency to be used most. The low radiation 
resistance makes the antenna a sharply-tuned 
affair, and so relatively small departures from the 
design frequency will throw off the impedance 
match. 

Fig. 4-23 — Parallel-element end-fire array with varions 
methods of feed, showing current distribution. Matching 
sections for making the transmission line nonresonant, 
as described in Chapter Three, may be used in the first 
three cases. The distance S may be selected from Fig. 
4-22. 
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Fig. 4-24 — Free-space directive diagram of a two-
element end-fire array with 180-degree phasing, in the 
plane containing the two parallel elements. 

Another way of overcoming the high s.w.r. 
on the transmission line, and at the same time 
reducing the resistance loss in the antenna ele¬ 
ments, is to use a folded-dipole (see Chapter 
Three) arrangement as indicated at D in Fig. 
4-23. In this way the impedance at the element 
terminals is stepped up, and then there is a fur¬ 
ther impedance step-up in the section Q, which is 
a quarter-wave Q-type matching transformer. A 
number of combinations are listed below: 

s, 
wave¬ 
length 

A’o. of 
conductors 
in dipole 

Z» of Ji-
wave match¬ 
ing section 

Zo of main 
transmis¬ 
sion line 

Ji 
Ji 
% 
Ji 
Ji 
Ji 
Ji 

1 
2 
3 
4 
1 
2 
3 

75 
75 

300 
300 
75 

300 
600 

300 
75 

600 
300 
75 

300 
600 

In each case the s.w.r. on the transmission line 
will be well below 2 to 1. Twin-Lead will be satis¬ 
factory for the 75- and 300-ohm line. The velocity 
factor of the line must be taken into account in 
determining the physical length of the Ji-wave 
matching transformer. In all the arrangements 
listed above except those using plain dipoles as 
elements the frequency characteristic of the an¬ 
tenna will be broadened by the folded-dipole 
action. 

The free-space directive pattern in the plane 
containing the array is given in Fig. 4-24 and the 
corresponding pattern in the plane at right 
angles to the array plane is given in Fig. 4-25. 
Fig. 4-24 is also the horizontal directive pattern 
of the array at. low wave ungios when the ole» 

plane at right angles to the plane containing the ele-
ments. 

length; broken curve, height 1 wavelength. 

merits are horizontal, while Fig. 4-25 is the hori¬ 
zontal pattern at low wave angles when the ele¬ 
ments are vertical. The vertical pattern of a 
horizontally-polarized array is shown in Fig. 4-26. 

Unidirectional End-Fire Arrays 

Two parallel elements spaced Ji wavelength 
apart and fed equal currents 90 degrees out of 
phase will have a directional pattern, in the plane 
at right angles to the plane of the array, as repre¬ 
sented in Fig. 4-27. The maximum radiation is 
in the direction from the element in which the 
current leads to the element in which the cur¬ 
rent lags. In the opposite direction the fields from 
the two elements cancel. 

One way in which the 90-degree phase differ¬ 
ence can be obtained is shown in Fig. 4-28. Each 
element must be matched to its transmission line, 
the two lines being of the same type except that 
one is an electrical quarter wavelength longer 
than the other. The length L can be any con¬ 
venient value. Open quarter-wave matching sec¬ 
tions gm shown, but half-wavs shorted sections 
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Fig. 4-27 —Representative pattern for a two-element 
end-fire array with 90-degree phasing, in the plane 
perpendicular to the plane containing the elements. 

could be used instead. The two transmission lines 
are connected in parallel at the transmitter cou¬ 
pling circuit. 

When the currents in the elements are neither 
in phase nor 180 degrees out of phase the radia¬ 
tion resistances of the elements are not equal. 
This complicates the problem of feeding equal 
currents to the elements. If the currents are not 
equal one or more minor lobes will appear in the 
pattern and decrease the front-to-back ratio. 
The adjustment process is likely to be tedious and 
requires field-strength measurements in order to 
get the best performance. 

More than two elements can be used in a 
unidirectional end-fire array. The requirement 
for unidirectivity is that there must be a progres¬ 
sive phase shift in the element currents equal to 
the spacing, in electrical degrees, between the 
elements. Because of the difficulty of feeding the 
elements properly this type of multielement ar¬ 
ray has had no application in amateur work. 

Fig. 4-28 — Unidirectional two-element end-fire array 
and method of obtaining 90-degree phasing. 

• COMBINATION DRIVEN ARRAYS 
Broadside, end-fire and collinear elements can 

readily be combined to increase gain and directiv¬ 
ity, and this is in fact usually done when more 
than two elements are used in an array. Combi¬ 
nations of this type give more gain, in a given 
amount of space, than plain arrays of the types 
just described. 

The combinations that can be worked out are 
almost endless, but in this section we shall de¬ 
scribe only a few of the simpler types that are in 
common use. The drawings that follow all show 
the elements arranged for horizontal polarization, 
which is customary on the frequencies below 
30 Me. where these arrays find their greatest appli¬ 
cation. For vertical polarization the arrays should 
be rotated 90 degrees so that the elements are 
vertical — that is, “stood on end.” 
Other methods of interconnecting elements 

than those shown in the drawings may be used. 
However, the methods shown are recommended 
over others for two reasons: The antenna system 
is symmetrical with respect to the feed point, 
thus making the current distribution among ele¬ 
ments as uniform as possible; the lengths of phas¬ 
ing lines (and antenna elements as well) are not 
critical so long as the lengths of lines radiating 
from a junction are all the same. With other feed 
methods this may not be true, and it becomes nec¬ 
essary to use the methods described in Chapter 
Three to ensure that elements and phasing lines 
are exactly resonant at the design frequency, if 
maximum performance is to be secured from the 
antenna. This adjustment process can be rather 
difficult as well as tedious. If the feed arrange¬ 
ments shown in the drawings are followed the 
lengths of wire elements can be found from 
468// (Me.), the element spacings from 984// 
(Me.) multiplied by the fraction of wavelength 
desired, and the phasing lines can simply be cut 
to fit, keeping all lines the same length. 

Gain of Combination Arrays 
The accurate calculation of the power gain of 

a multielement array requires a knowledge of the 
mutual impedances between all elements. For ap¬ 
proximate purposes it is sufficient to assume that 
each set (collinear, broadside, end-fire) will have 
the gains as given earlier, and then simply add up 
the gains for the combination. This neglects the 
effects of cross-coupling between sets of elements. 
However, the array configurations are such that 
the mutual impedances from cross-coupling 
should be relatively small, particularly when the 
spacings are J4 wavelength or more, so that the 
estimated gain should be reasonably close to the 
actual gain. 

Four-Element End-Fire and Collinear Array 
The array shown in Fig. 4-29 combines collin¬ 

ear in-phase elements with parallel out-of-phase 
elements to give both broadside and end-fire 
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Fin. 4-29 — A four-element array combining collinear 
broadside elements and parallel end-fire elements. 

directivity. It is popularly known as a “two-
section W8JK” or “two-section flat-top beam.” 
The approximate gain calculated as described 
above is 6.2 db. with J^-wave spacing and 5.7 db. 
with J^-wave spacing. Directive patterns are 
given in Figs. 4-30 and 4-31. 

The impedance between elements at the point 

Fig. 4-30 ■— Free-space directive diagram of the antenna 
shown in Fig. 4-29, in the plane of the antenna elements. 
The pattern in the plane perpendicular to the element 
plane is the same as Fig. 4-25. 

tenna of Fig. 4-29 when mounted horizontally. Solid 
curve, height 4'2 wavelength; broken curve, height 1 
wavelength. Fig. 4-30 gives the horizontal pattern. 

where the phasing line is connected is of the order 
of several thousand ohms. The s.w.r. with an 
unmatched line consequently is quite high, and 
this system should be constructed with open¬ 
wire line (500 or 600 ohms) if the line is to be 
resonant. To use a matched line a closed stub Jig 
wavelength long can be connected at the trans¬ 
mission-line junction shown in Fig. 4-29, and the 
transmission line itself can then be tapped on this 
matching section at the point resulting in the 
lowest line s.w.r. This point can be determined 
by trial as described in Chapter Three. 
With $¿-wave spacing the s.w.r. on a 600-ohm 

line is estimated to be in the vicinity of 3 or 4 to 1. 
This type of antenna can be operated on two 

bands having a frequency ratio of 2 to 1, if a 
resonant transmission line is used. For example, 
if designed for 28 Me. with J^-wave spacing be¬ 
tween elements it can be operated on 14 Me. as a 
simple end-fire array (Fig. 4-23) having J^-wave 
spacing. 

Four-Ele me nt Broadside Array 

The four-element array shown in Fig. 4-32 is 
commonly known as the “lazy-H.” It consists of 
a set of two collinear elements and a set of two 
parallel elements, all operated in phase to give 
broadside directivity. The gain and directivity 
will depend on the spacing, as in the case of a 
simple parallel-element broadside array. The 
spacing may be chosen between the limits shown 
on the drawing, but spacings below H wave¬ 
length are not worth while because the gain is 
small. Approximate gains are as follows: 

%-wave spacing — 4.4 db. 
J^-wave spacing — 5.9 db. 
%-wave spacing — 6.7 db. 
%-wave spacing — 6.6 db. 

Half-wave spacing is generally used. Directive 
patterns for this spacing are given in Figs. 4-33 
and 4-34. 

With half-wave spacing between parallel ele¬ 
ments the impedance at the junction of the phas-

Fig. 4-32— Four-clement broadside array ("lazy-H”) 
using collinear and parallel elements. 
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Fig. 4-33 — Free-space directive diagrams of the four* 
element antenna shown in Fig. 4-32. The solid curve is 
the horizontal directive pattern at low wave angles 
when the antenna is mounted with the elements hori¬ 
zontal. The broken curve is the free-space vertical pat¬ 
tern of a horizontally-polarized array, broadside to the 
array. Actual pattern in the presence of ground may be 
fount! by multiplying this pattern by the ground-re-
flection factors given in Chapter Two. 

ing line and transmission line is resistive and is in 
the vicinity of 100 ohms. With larger or smaller 
spacings the impedance at this junction will be 
reactive as well as resistive. Matching stubs are 
recommended in cases where a nonresonant line is 
to be used. They may be calculated and adjusted 
as described in Chapter Three, after first deter¬ 
mining the position of the current loop or node 
(on the transmission line) nearest the junction 
and after measuring the standing-wave ratio. 

The system shown in Fig. 4-32 may be used on 
two bands having a 2-to-l frequency relationship. 
It should be designed for the higher of the two 
frequencies, using %-wave spacing between 
parallel elements, it will then operate on the 
lower frequency as a simple broad¬ 
side array with %-wave spacing. 

An alternative method of feed¬ 
ing is shown in the small diagram 
in Fig. 4-32. In this case the ele¬ 
ments and the phasing line must be 
adjusted exactly to an electrical 
half wavelength. The impedance at 
the feed point will be resistive and 
of the order of 2000 ohms. 

Four-Element Broadside 
and End-Fire Array 

The array shown in Fig. 4-35 
combines parallel elements in 
broadside and end-fire directivity. 
Approximate gains can be calcu¬ 
lated by adding the figures from 

Fin. 4-34 — Vertical pattern of the four-element broad-
eitle antenna of Fig. 4-32, when mounted with the 
elements horizontal and the lower set J^ wavelength 
above ground. "Stacked” arrays of this type give best 
results when the lowest elements are at least J^ wave 
high. I'he gain is reduced and the wave angle raised if 
the lowest elements are close to ground. 

Figs. 4-16 and 4-22 for the element spacings used. 
The smallest (physically) array — J^-wave spac¬ 
ing between broadside and J^-wave spacing be¬ 
tween end-fire elements — has a gain of about 
6.8 db. and the largest — and Ji-wave spac¬ 
ing, respectively — about 8.5 db. The optimum 
element spacings are Ji wave broadside and Ji 
wave end-fire, giving an over-all gain of about 
9.3 db. Directive patterns are given in Figs. 4-36 
and 4-37. 

The impedance at the feed point will not be 
purely resistive unless the element lengths are 
correct and the phasing lines are exactly a half 
wavelength long. (This requires somewhat less 
than half-wave spacing between broadside ele¬ 
ments.) In this case the impedance at the junc¬ 
tion is estimated to be over 10,000 ohms. With 
other element spacings the impedance at the 
junction will be reactive as well as resistive, but 
in any event the standing-wave ratio will be 
quite large. An open-wire line can be used as a 
resonant line, or a matching section may be used 
for nonresonant operation. 

Fig. 4-35 — Four-element array combining both broadside and end-fire 
elements. 
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Fin. 4-18 _Eight-element driven array combining collinear and parallel 
elements for broadside and end-fire directivity. 

Eight-Element Driven Array 

The array shown in Fig. 4-38 is a combination 
of collinear and parallel elements in broadside and 
end-fire directivity. The gain can 
be calculated as described pre¬ 
viously, using Figs. 4-9, 4-16 and 
4-22. Common practice is to use 
half-wave spacing for the parallel 
broadside elements and J^-wave 
spacing for the end-fire elements. 
This gives a gain of approxi¬ 
mately 10 db. Directive pat¬ 
terns for an array using these 
spacings are given in Figs. 4-39 
and 4-40. 

Although even approximate 
figures are not available, the 
s.w.r. with this arrangement will 
be high. Matching stubs are 
recommended for making the line nonresonant. 
Their position and length can be determined by 

Fig. 4-36 — Free-space pattern of the four-clement 
antenna shown in Fig. 4-35, in the plane perpendicular 
to the array axis. The pattern in the plane containing a 
set of end-fire elements is the same as Fig. 4-24. 

Fifi. 4-37 — Vertical pattern of the antenna shown in 
Fig. 4-35 at a mean height of ^4 wavelength (lowest 
elements 44 wave above ground) when the antenna is 
horizontally polarized. For optimum gain and low wave 
angle the mean height should be at least 44 wavelength. 

measuring the s.w.r. and locating the current 
loop or null nearest the junction of the transmis¬ 
sion line and phasing lines. The procedure is de¬ 
scribed in Chapter Three. 

This system can be used on two bands related 
in frequency by a 2-to-l ratio, providing it is de¬ 
signed for the higher of the two with %-wave 
spacing between the parallel broadside elements 
and X-wavc spacing between the end-fire ele¬ 
ments. On the lower frequency it will then op¬ 
erate as a four-element antenna of the type 
shown in Fig. 4-35, with %-wave broadside spac¬ 
ing and J^-wave end-fire spacing. For two-
band operation a resonant transmission line will 
have to be used. 

Fig. 4-39 — Free-spacc directive diagrams of the eight-
element array shown in Fig. 4-38. 1 he solid curve is the 
horizontal pattern of the antenna at low wave angles 
when the antenna is horizontally polarized. Broken 
curve, free-spacc vertical pattern of a horizontally-
polarized array, broadside to the array. 1 he vertical 
pattern in the presence of ground may be found by ap¬ 
plying the ground-reflection factors in Chapter 1 wo, 
for the actual mean height. 
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end-fire arrangement into a collinear-broadside 
array. 

The drawing at D shows what happens when 
the transmission line is connected at the center of 
a section of phasing line. Viewed from the main 
transmission line the two parts of the phasing line 
are simply in parallel, so the half wavelength is 
measured from the antenna element along the 
upper section of phasing line and thence along the 
transmission line. The distance from the lower 
elements is measured in the same way. Obviously 
the two sections of phasing line should be the 
same length. If they are not, the current distri¬ 
bution becomes quite complicated; the element 
currents are neither in phase nor 180 degrees out 
of phase, and the elements at opposite ends of the 
lines do not receive the same power. To change 
the element current phasing at I) into the phasing 
at A, simply transpose the wires in one section of 
the phasing line; this reverses the direction of cur¬ 
rent flow in the antenna elements connected to 
that section of phasing line. 

tenna may have entirely different 
characteristics than anticipated. 
The phasing may be cheeked 
either on the basis of current di¬ 
rection or polarity of voltages. 
There are two rules to remember: 

1) In every half-wave section 
of wire, starting from an open end, 
the current directions reverse. In 
terms of voltage, the polarity re¬ 
verses at each half-wave point, 
starting from an open end. 

2) The currents in transmission 
lines always must flow in opposite 
directions in adjacent wires. In 
terms of voltage, the polarities al¬ 
ways must be opposite. 

Examples of the use of current 
direction and voltage polarity are 
given at A and B, respectively, 
in Fig. 4-41. The half-wave points 
in the system are marked by the 
small circles. When current in one 
section flows toward a circle, the 
current in the next section must 
also flow’ tow’ard it, and vice 
versa. In the four-clement antenna shown at A, 
the current in the upper right-hand element can¬ 
not flow toward the transmission line, because 
then the current in the right-hand section of the 
phasing line would have to flow upward and thus 
would be flowing in the same direction as the 
current in the left-hand wire. The phasing line 
would simply act like two W'ires in parallel in 
such a case. 

The drawing at C shows the effect of transpos¬ 
ing the phasing line. This transposition reverses 
the direction of current flow in the lower pair of 
elements, as compared with A, and thus changes 
the array from a combination collinear and 

• OTHER DRIVEN SYSTEMS 

Two other types of driven antennas arc worthy 
of mention, although their use by amateurs has 
been rather limited. The Sterba array, shown at 
A in Fig. 4-42, is a broadside radiator consisting 
of both collinear and parallel elements, with 1 j-
wave spacing between the latter. Its distinctive 
feature is the method of closing the ends of the 
system. For direct current and low-frequency 
a.c. the system forms a closed loop, which is 
advantageous in that heating currents can be 
sent through the wires to melt the ice that forms 
in cold climates. There is comparatively little 

Fifi. 4-41 — Methods of checking the phase of currents in elements and 
phasing lines. 

Fif. 4-40 — Vertical pattern of the antenna of Fig. 4-38 
when mounted horizontally at a mean height of 4a 
wavelength. This is the minimum height that should 
be used for realizing good gain and a low wave angle. 

Checking Phasing 
In the antenna diagrams earlier in this chapter 

the relative direction of current flow’ in the vari¬ 
ous antenna elements and connecting lines was 
show’n by arrows. In laying out any antenna 
system it is necessary to know that the phasing 
lines are properly connected; otherwise the an-
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Fig. 4’42 — 'I he Sterba array (A) and two forms of the Bruce array (B and C). 

radiation from the vertical connecting wires at 
the ends because the currents are relatively small 
and are flowing in opposite directions with respect 
to the center (the voltage loop is marked with a 
dot in this drawing). 

The system obviously can be extended as far 
as desired. The approximate gain is the sum of 
the gains of one set of collinear elements and one 
set of broadside elements, counting the two X* 
wave sections at the ends as one element. The 
antenna shown, for example, is about equivalent 

to one set of four collinear ele¬ 
ments and one set of two paral¬ 
lel broadside elements, so the 
total gain is approximately 
4.3 + 4.0 = 8.3 db. Horizon¬ 
tal polarization is the only 
practicable type at the lower 
frequencies, and the lower set 
of elements should be at least 
J4 wavelength above ground 
for best results. 

When feeding at the point 
shown the impedance is of the 
order of 600 ohms. Alterna¬ 
tively, this point can be closed 
and the system fed between 
any two elements, as at X. In 
this case a point near the cen¬ 
ter should be chosen so that the 
power distribution between ele¬ 
ments will be as uniform as 
possible. The impedance at any 
such point will be 1000 ohms 
or less in systems with six or 
more elements. 

The Bruce array is shown at 
B in Fig. 4-42. It consists sim¬ 
ply of a single wire folded so 
that the vertical sections carry 
large currents in phase while 
the horizontal sections carry 
small currents flowing in op¬ 
posite directions with respect 
to the center (indicated by the 
dot). The radiation conse¬ 
quently is vertically polarized. 
The gain is proportional to the 
length of the array but is 

somewhat smaller, because of the short radiating 
elements, than is obtainable from a broadside 
array of half-wave parallel elements of the same 
over-all length. The array should be 2 or more 
wavelengths long to secure a worth-while gain. 
The system can be fed at any current loop; these 
occur at the centers of the vertical wires. 

Another form of the Bruce array is shown at C. 
Because the radiating elements have twice the 
height, the gain is increased. The system can be 
fed at the center of any of the connecting lines. 

Parasitic Arrays 
Multielement arrays containing parasitic ele¬ 

ments are called “parasitic” arrays even though 
at least one and sometimes more than one; of the 
elements is driven. A parasitic element obtains 
its power through electromagnetic coupling with 
a driven element, as contrasted with receiving it 
by direct connection to the power source. 

As explained earlier in this chapter in the sec¬ 
tion on mutual impedance, the amplitude and 

phase of the current induced in an antenna ele¬ 
ment depend on the spacing between it and the 
driven element to which it is coupled, and on its 
tuning. The fact that the relative phases of the 
currents in driven and parasitic elements can be 
adjusted is very advantageous. For example, the 
spacing and tuning can be adjusted to approxi¬ 
mate the conditions that exist when two driven 
elements wavelength apart are operated with 
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a phase difference of 90 degrees (which gives the 
unidirectional pattern as shown in Fig. 4-27). 
However, complete cancellation of radiation in 
the rear direction is not possible when a parasitic 
element is used. This is because it is usually not 
possible to make both amplitude and phase reach 
desired values simultaneously. Nevertheless, a 
properly-designed parasitic array can be adjusted 
to have a very large front-to-back ratio. 

The unidirectional characteristic and rela-
tively-simple electrical configuration of an array 
using parasitic elements make it especially useful 
for antenna systems that are to be rotated to aim 
the beam in any desired direction. Rotatable an¬ 
tennas of this type find wide application at 14 Me. 
and above. 

Reflectors and Directors 

Although there are one or two special cases 
where a parasitic array will have a bidirectional 
(but usually not symmetrical) pattern, in most 
applications the pattern tends to be unidirec¬ 
tional. A parasitic element is called a director 
when it makes the radiation maximum in the 
direction perpendicular to the driven element 
and along the line from the driven to the parasitic 
element, as shown at A in Fig. 4-43. When the 
maximum radiation is in the opposite direction, 
as at B, the parasitic element is called a reflector. 

Whether the parasitic element operates as a 
director or reflector is determined by the relative 
phases of the currents in the driven and parasitic 
elements. At the element spacings commonly 
used (X wavelength or less) the current in the 

Fill. 4-43 — Antenna systems using a single parasitic 
element. In A the parasitic element acts as a director, in 
It as a reflector. The arrows show' the direction in which 
maximum radiation takes place. 

ELEMENT SPACING-WAVELENGTH 

Fill. 4-44 — The maximum possible gain obtainable 
with a parasitic element over a half-wave antenna alone, 
assuming that the parasitic element tuning is adjusted 
for greatest gain at each spacing. 

parasitic element will be in the right phase to 
make the element act as a reflector when the 
tuning is adjusted to the low-frequency side of 
resonance. The parasitic element will act as a 
director when the tuning is adjusted to the high-
frequency side of resonance. The proper tuning is 
ordinarily accomplished by adjusting the lengths 
of the parasitic elements. However, the elements 
can be “loaded” at the center with lumped in¬ 
ductance or capacitance to achieve the same 
purpose. If the parasitic element is self-resonant 
the element spacing determines whether it will 
act as a reflector or director. 

• ONE PARASITIC ELEMENT 
The maximum gain obtainable with a single 

parasitic element, as a function of the spacing, is 
shown in Fig. 4-44. The two curves show the 
greatest gain to be expected when the element is 
tuned for optimum performance either as a direc¬ 
tor or reflector. The shift from director to reflec¬ 
tor, with the corresponding shift in direction as 
shown in Fig. 4-43, is accomplished simply by 
tuning the parasitic element — usually, in prac¬ 
tice, by changing its length. 

With the parasitic element tuned to act as a 
director, maximum gain is secured when the 
spacing is approximately 0.1 wavelength. The 
peak is rather sharp, and the gain drops off rap¬ 
idly at greater or smaller spacings. When the 
parasitic element is tuned to work as a reflector, 
the spacing which gives maximum gain is about 
0.15 wavelength, with a fairly broad peak. The 
director will give slightly more gain than the re¬ 
flector, but the difference is less than db. 

In only two cases are the gains shown in Fig. 
4-44 secured when the parasitic element is self-
resonant. These occur at 0.1- and 0.25-wave-
length spacing, with the parasitic element acting 
as director and reflector, respectively. For reflec¬ 
tor operation, it is necessary to tune the parasitic 
element to a lower frequency to secure maxi¬ 
mum gain at all spacings less than 0.25 wave-
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ELEMENT SPACING — WAVELENGTHS 

Fifi. 4-45— Radiation resistance at the center of the 
driven element as a function of element spacing, when 
the parasitic element is adjusted for the gains given in 
Fig. 4-44. 

length, while at greater spacings the reverse is 
true. The closer the spacing the greater the de¬ 
tuning required. On the other hand, the direc¬ 
tor must be detuned toward a higher frequency 
(that is, its length must be made less than the 
self-resonant length) at spacings greater than 0.1 
wavelength in order to secure maximum gain. 
The amount of detuning necessary becomes 
greater as the spacing is increased. At less than 
0.1-wavelength spacing the director must be 
tuned to a lower frequency to secure the maxi¬ 
mum gains indicated by the curve. 

Radiation Resistance 

The radiation resistance measured at the center 
of the driven element varies as shown in Fig. 4-45 
for the spacings and tuning conditions that give 
the gains indicated by the curves of Fig. 4-44. 
These values, especially in the vicinity of 0.1-
wavelength spacing, are quite low. 'rhe curves 
coincide at 0.1 wavelength, both showing a value 
of 14 ohms. 

The low radiation resistance at the spacings 
giving highest gain is important in three ways. 
First, the radiation efficiency goes down because, 
with a fixed loss resistance, more of the power 
supplied to the antenna is lost in heat and less is 
radiated, as the radiation resistance approaches 
the loss resistance in magnitude. Second, the 
selectivity of the antenna system becomes higher 
as the radiation resistance decreases. This means 
that optimum performance can be secured over 
only a narrow band of frequencies as compared 
with the frequency-performance characteristic of 
a higher-resistance antenna. Third, the number 

of suitable feeder systems becomes limited, and 
adjustment becomes more critical. 

The loss resistance can be decreased by using 
low-resistance conductors for the antenna ele¬ 
ments. This means, principally, large-diameter 
conductors, usually tubing of aluminum, copper, 
or copper-plated steel. Such conductors have 
mechanical advantages as well, in that it is 
relatively easy to provide adjustable sliding sec¬ 
tions for changing length, while the fact that they 
can be largely self-supporting makes them well 
adapted for rotatable antenna construction. With 
half-inch or larger tubing the loss resistance in 
any two-element antenna should be negligible. 

With low radiation resistance the standing 
waves of both current and voltage on the antenna 
reach considerably higher maximum values than 
is the case with the antenna alone. For this reason 
losses in insulators at the ends of the elements 
become more serious. The use of tubing rather 
than wire helps reduce the end voltage, and 
furthermore, the tubing does not require support 
at the ends, thus eliminating the insulators and 
one source of power loss. 

Self-Resonant Parasitic Elements 

The special case of the self-resonant parasitic 
element is of interest, since it gives a good idea of 
the performance as a whole of two-element sys¬ 
tems, even though the results can be modified by 
detuning the parasitic element. Fig. 4-46 shows 
gain and radiation resistance as a function of the 
element spacing for this case. Relative field 
strength in the direction A of the small drawing 
is indicated by Curve A; similarly for Curve B. 
The front-to-back ratio at any spacing is the dif¬ 
ference in the values at that spacing for Curves 
A and B. Whether the parasitic element is func¬ 
tioning principally as a director or reflector is 
determined by whether Curve A or Curve B is on 

ELEMENT SPACING-WAVELENGTH 
Fig. 4-46 — Gain in a two-element parasitic array as a 
function of element spacing when the parasitic element 
is self-resonant. 
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Fifi. 4-47 — "Horizontal" directive pattern of a horizon¬ 
tally-polarized two-element parasitic array at a height 
of wavelengths. This pattern is for a wave angle of 
12 degrees. The curves represent the following condi¬ 
tions. approximately: 

A — Parasitic element tuned for maximum gain as a 
director. 

B — Parasitic element self-resonant. 
C — Parasitic element tuned for maximum gain as a 

reflector. 
I) — Parasitic element tuned for maximum front-to-

back ratio as a reflector. 
The spacing between elements is 0.1 wavelength. 

The patterns should not be compared for gain, since 
they are plotted on a relative basis to an arbitrarily-
chosen maximum of 1.0. 

top; it can be seen that the principal function 
shifts at about 0.14-wavelength spacing. That is, 
at closer spacings the parasitic element is prin¬ 
cipally a director, while at greater spacings it is 
chiefly a reflector. At 0.14 wavelength the radia¬ 
tion is the same in both directions; in other words, 
the antenna is bidirectional with a gain of about 
4 db. 

The front-to-back ratios that can be secured 
with the parasitic element self-resonant are not 
very great except in the case of extremely close 
spacings. Spacings of the order of 0.05 wave¬ 
length are hardly practicable with outdoor con¬ 
struction since it would be difficult, if not im¬ 
possible, to make the elements sufficiently stable 
mechanically. Better practice is to use spacings 
of at least 0.1 wavelength and detune the para¬ 
sitic element for greatest attenuation in the 
backward direction. 

The radiation resistance increases rapidly for 
spacings greater than 0.15 wavelength, while the 
gain, with the parasitic element acting as a re¬ 
flector, decreases quite slowly. If frent-to-back 
ratio is not an important consideration, a spacing 
as great as 0.25 wavelength can be used without 
much reduction in gain, while the radiation re¬ 
sistance approaches that of a half-wave antenna 
alone. Spacings of this order are particularly 

suited to antennas using wire elements, such as 
multielement arrays consisting of combinations 
of collinear and broadside elements. 

Fi-ont-to-Back Ratio 

The tuning conditions that give maximum 
gain forward do not give maximum signal re¬ 
duction, or attenuation, to the rear. It is neces¬ 
sary to sacrifice some gain to get the highest 
front-to-back ratio. The reduction in backward 
response is brought about by adjustment of the 
tuning or length of the parasitic element. With 
a reflector, the length must be made slightly 
greater than that which gives maximum gain, at 
spacings up to 0.25 wavelength. The director 
must be shortened somewhat to achieve the same 
end, with spacings of 0.1 wavelengt h and more. 
The tuning condition, or element length, which 
gives maximum attenuation to the rear is consid¬ 
erably more critical than that for maximum gain, 
so that a good front-to-back ratio can be secured 
without sacrificing more than a small part of the 
gain. 

For the sake of good reception, general prac¬ 
tice is to adjust for maximum front-to-back ratio 
rather than for maximum gain. Larger front-to-
back ratios can be secured with the parasitic 
element operated as a director rather than as a 
reflector. With the optimum director spacing of 
0.1 wavelength, the front-to-back ratio with the 
director tuning adjusted for maximum gain is 
only 5.5 db. (the back radiation is equal to that 
from the antenna alone). By proper director 
tuning, however, the ratio can be increased to 17 
db. ; the gain in the desired direction is in this case 
4.5db.,or 1 db. less than the maximum obtainable. 

4-47. This pattern is in the vertical plane at right angles 
to the antenna elements. 
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Directional Patterns 

The directional patterns obtained with two-
element arrays will vary considerably with the 
tuning and spacing of the parasitic element. 
Typical patterns are shown in Figs. 4-47 and 
4-48, for four cases where the parasitic element 
tuning or length is approximately adjusted for 
optimum gain as a director, for self-resonance, 
for optimum gain as a reflector, and for optimum 
front-to-back ratio as a reflector. Over this range 
of adjustment the width of the main beam does 
not change significantly. These patterns are 
based on experimental measurements by J. L. 
Gillson, W3GAU. 

• TWO AND THREE 
PARASITIC ELEMENTS 

It is readily possible to use more than one 
parasitic element in conjunction with a single 
driven element. With more than one parasitic 
element the optimum gain and directivity result 
when one is used as a reflector and the second and 
third as directora. Even more elaborate arrange¬ 
ments are occasionally used, but principally at 
frequencies of the order of 144 Me. or higher. In 
the range 14 to 54 Me., where the simple par¬ 
asitic array finds its greatest use, the popular 
types are the “three-element beam” —a driven 
element with one reflector and one director — 
and the “four-element beam”—a driven ele¬ 
ment with one reflector and two directors. These 
are shown in Figs. 4-49 and 4-50. 

The power gains of three- and four-element 
parasitic arrays cannot be estimated — even to 
an approximation — as satisfactorily as in the 
case of driven elements. This is because the 
amplitudes and phases of the currents in the 
parasitic elements depend on the spacing and 
tuning, and because at the close spacings used 
there is considerable coupling between the par¬ 
asitic elements themselves as well as between the 
parasitic and driven elements. The number of 
variables is so large that calculation becomes 
impracticable. Information on such arrays is 

Fig. 4-49 — Antenna system using a driven element 
and two parasitic elements, one as a reflector and one 
as a director. 

TABLE 4-1 
Measured Gains of 3- and 

4-Element Arrays 

Parasit ir- Elem ent S pad ng Gain in Db. over Dipole 

Directors 
Reflector I II 

2nd 1st 

0.1 
0.2 
0.2 

0.1 
0.15 
0.2 
0.2 
0.1 
0.2 
0.2 

0.15 
0.15 
0.1 
0.1 
0.15 
0.15 
0.15 
0.2 

4.8 
8.0 
8.1 
8.4 
8.8 
9.3 
10.2 
10.4 

7.8 
7.8 
8.3 
8.7 
8.7 

9.6 

consequently based on experimental measure¬ 
ments in which one or more of the variables (the 
spacing, for example) is arbitrarily held constant. 
Such measurements are subject to several pos¬ 
sible inaccuracies. To mention a few, gain meas¬ 
urements depend on the accuracy of calibration 
of field-strength measuring equipment, accurate 
determination of the power input to the antenna, 
elimination of stray radiation from transmission 
lines, and so on. 

The results of a series of experimental measure¬ 
ments made by R. G. Rowe, W2FMF, with 
model antennas (antennas scaled down to operate 
at about 140 Me., to eliminate some of the varia¬ 
bles such as ground effects that are encountered 
at lower frequencies) are shown in Table 4-1. 
Measurements were made with two different 
types of field-intensity measuring equipment to 
check the results. As can be seen from the two 
gain columns, the results were in good agree¬ 
ment. In all cases shown in the table the element 
lengths were adjusted for maximum gain. In 
round figures, it can be said that a three-element 
array so adjusted has a gain of approximately 8 
db. and a four-element array a gain of approxi¬ 
mately 10 db. The gain depends somewhat upon 
the element spacing. 

The front-to-back ratio depends critically on 
the element tuning in a multielement beam. As 
in the case of the two-element array, the maxi¬ 
mum front-to-back ratio does not occur at the 
adjustment that gives greatest gain, but rela¬ 
tively little gain is sacrificed in adjusting for 
maximum front-to-back. 

When the antenna is to be operated over a 
range of frequencies the gain, directive pattern, 
and front-to-back ratio can be expected to change 
with frequency. If the frequency applied to an 
antenna designed for, say, 29.0 Me., is changed to 
29.5 Me., the physical lengths of the parasitic 
elements being fixed, the electrical lengths of the 
elements automatically become greater. If the 
frequency is increased sufficiently it is possible for 
an element to shift from acting as a director and 
become a reflector. If the frequency is lowered too 
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much below the design value, a reflector can 
change into a director. In the average case a 
director is made roughly 5% shorter than the 
resonant length while a director is about 5% 
longer than the resonant length. The antenna 
can therefore be operated over a frequency range 
of about plus or minus 5% before a reversal of 
parasitic element operation takes place. This 
range is great enough to include the entire width 
of any band on which parasitic arrays are likely 
to be used, provided the antenna is designed for 
the center of the band. The changes in front-to-
back ratio when working over such a range will be 
much more marked than the change in gain, 
since the adjustment for the former is considera¬ 
bly more critical. 

Radiation Resistance 

The radiation resistance at the center of the 
driven element in a parasitic array is always 
lower than the radiation resistance of a half-wave 
element alone. In multielement systems its value 
may be quite low with close-spaced elements. For 
example, the three-element array with the direc¬ 
tor 0.1 wavelength and the reflector 0.15 wave¬ 
length from the driven element will have a re¬ 
sistance in the vicinity of 8 to 10 ohms. With a 
four-element array at the same spacings and 
having a second director 0.1 wavelength from the 

Fig. 4-50 — A "four-element” antenna system, using 
two directors and one reflector in conjunction with a 
driven clement. 

first (all elements in the same plane) the re¬ 
sistance can drop as low as 4 to 6 ohms. The 
actual value in either case will depend on the 
parasitic element tuning. 

The low values of radiation resistance are 
accompanied by a high degree of selectivity in 
the antenna; that is, its impedance is constant 
over only a small frequency range. These changes 
in impedance make it troublesome to couple 
power from the transmitter to the line. Such 
difficulties can be reduced by using wider spacing 
— in particular, using spacings of the order of 
0.2 wavelength or more — and by adopting 
expedients such as the folded dipole (for the 

Fig. 4-51 —Measured radiation patterns of a horizon¬ 
tally-polarized 3-element array having the director 0.1 
wavelength and the reflector 0.15 wavelength from the 
driven element. Element tuning adjusted for maximum 
gain. These "horizontal” patterns are for the wave 
angles at which the lowest lohe (Fig. 4-52) has its maxi¬ 
mum. The wave angles are 28 degrees at a height of 
wavelength and 12 degrees at a height of 1 wavelength. 

driven clement) that flatten out the impedance¬ 
frequency characteristic as seen by the transmis¬ 
sion line. 

Directive Patterns 

There is, unfortunately, no existing analysis of 
three- and four-element parasitic arrays on which 
theoretical directive patterns can be based. The 
patterns of Figs. 4-51 to 4-54 inclusive are, like 
those of Figs. 4-47 and 4-48, based on experimen¬ 
tal measurements made by W3GAU with model 
antennas. They show that the beam is somewhat 
sharper, as is to be expected, when the parasitic-
element tuning is adjusted for maximum gain. 
Increasing the height of the antenna will of course 
lower the wave angle since the shape and ampli¬ 
tude of the vertical lobes are determined by the 
giound-reflection factors given in Chapter Two as 
well as by the free-space pattern of the antenna 
itself. 

Fig. 4-52 — Vertical patterns of the antenna of Fig. 
4-51 in the vertical plane at right angles to the direction 
of the antenna elements. 
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• FEEDING AND ADJUSTMENT 
The problems of matching and adjusting para¬ 

sitic arrays for maximum performance are the 
same in principle as with other antenna systems. 
However, the adjustment process cannot be 
carried out quite as readily because parasitic 
elements are not, in general, tuned to resonance. 
Relative field-strength measurements usually 
are required if the adjustment procedure is to 
lead to the optimum operating conditions. 

Methods of Feed 

The driven element in a parasitic array is a 
load for the transmission line in the same way 
that a driven element in any antenna system is 
such a load. It differs from the load presented by 
a simple dipole only in that the resistance is 
quite low, the impedance may be both reactive 
and resistive under the optimum operating con¬ 
ditions, and the reactance usually changes more 
rapidly with frequency. These things mean that 
a fairly large impedance step-up is required for 
matching practicable lines, that it may be neces¬ 
sary to tune out some reactance, and that the 
amount of mismatch will increase more rapidly 
than with a simple dipole when the applied 
frequency is varied from that at which the line is 
matched. 

Practically any of the matching systems de¬ 
tailed in Chapter Three are applicable. For exam¬ 
ple, an open quarter-wave matching section (Fig. 
3-59A) can be used if the transmission line is to 
be 300- to 600-ohm parallel-conductor line. The 
quarter-wave transformer (Q) method also can be 
used, as shown in Fig. 3-43, with 75-ohm Twin-

Fifi. 4-53 — Measured radiation patterns of a horizon¬ 
tally-polarized 3-element parasitic array having the 
director 0.1 wavelength from the driven element and the 
reflector 0.15 wavelength from the driven element. 
Element tuning adjusted for maximum front-to-hack 
ratio. Heights and wave angles are same as in Fig. 4-51. 

Fifi. 4-54 — Vertical patterns of the antenna of Fig. 
4-53 in the vertical plane at right angles to the direction 
of the antenna elements. 

Lead for the transformer. This particular value 
of Zo will match a driven element having a 
resistive impedance of 9 to 10 ohms to a 600-ohm 
open-wire line, and will result in only a 2-to-l 
mismatch if the driven-element impedance is as 
low as 4 or 5 ohms or as high as 18 to 20 ohms. 
The loss in a quarter-wave section of 75-ohm 
transmitting-type Twin-Lead, even though the 
s.w.r. in the matching transformer is rather high, 
will not be of any real consequence. Alternatively, 
the matching transformer may be made of 50- or 
75-ohm coaxial cable. However, in such case 
some method of line balancing (such as those 
shown in Fig. 3-42) should be used. The delta 
match (Fig. 3-46) also may be used. 

The choice of a matching system is affected 
by constructional considerations, since parasitic 
arrays are frequently built to be rotated in 
operation. The “T’’-match (Fig. 3-47) is a favor¬ 
ite with many amateurs because it fits in well, 
constructionally, when the driven element is 
made of tubing, and is relatively easy to adjust 
from a mechanical standpoint. Another matching 
system that is useful when the antenna is to be 
continuously rotatable is the inductive coupling 
shown in Fig. 3-61. 
The adjustment procedure with all these 

matching systems is described in detail in Chap¬ 
ter Three. 

It is possible to design a coupling system that 
will permit operating a parasitic array on two 
bands having a frequency ratio of 2 to 1. In this 
case the array operates as a combination para¬ 
sitic-collinear array on the higher of the two 
frequencies. Design methods are rather involved 
and will not be treated here. However, a specific 
antenna system for 14- and 28-Mc. operation is 
described in Chapter Twelve. 

Broadening the Response 

It has already been pointed out that the tuning 
conditions giving maximum gain with parasitic 
elements are not highly critical. However, the 
varying amounts of reactance coupled into the 
driven element, as well as the fact that the radia¬ 
tion resistance at the center of the driven element 
is very low, cause the impedance to change 
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rapidly when the applied frequency is varied 
above or below the design frequency. 

This impedance change can be made less rapid 
by using fairly wide spacing between elements, 
as already mentioned. It is also beneficial to use 
elements having a fairly large ratio of diameter to 
length because, as explained in Chapter Two, the 
impedance change with frequency is noticeably 
reduced when the antenna conductor has a large 
diameter. 

Another method of broadening the frequency-
response curve is to use the folded-dipole princi¬ 
ple in connecting the transmission line to the 
driven element. As described in Chapter Three, 
the folded dipole has the effect of reducing react¬ 
ance variations, as viewed by the transmission 
line, with changes in frequency. A simple two-
conductor folded dipole does not have a great¬ 
enough impedance step-up ratio for matching 
most types of transmission line, when the dipole 
is used as the driven element in a close-spaced 
array. However, it is readily possible to obtain a 

clement arrays. I he figures are based on using 
close-spaced elements — 0.1 wavelength for di¬ 
rectors and 0.15 wavelength for reflectors. The 
length of the driven element can be calculated 
from 4/5 /(Me.) decreased by twice the diameter 
of the cage. The cage diameter is not critical, a di¬ 
ameter of 8 inches being satisfactory both elec¬ 
trically and mechanically when a number* of wires 
are used. 

The design of a folded-dipole driven element 
using two conductors of unequal diameter can be 
based on the nomogram of Fig. 3-51. For example, 
an 8-ohm driven element to be fed by 75-ohni 
cable requires an impedance step-up of 75/8 = 
9.4. I* rom Fig. 3-51, and choosing a ratio of 3 
for Ri Ri, it is found that D/Ri is approximately 
8. If Ri is J/ inch and R^ is % inch, the center-to-
center spacing is 8 X hi = 2 inches. By using 
end clamps that permit adjusting the spacing 
between the two conductors it is possible to 
adjust the system for a close match after the 
antenna is built. 

hin. 1-55 — Multiconductor folded dipole for use as the driven element in a 
parasuic array. 1 he number of conductors required depends on the number 
of antenna elements and the line impedance, as shown in Table 4-II. 

desired impedance ratio by using a multicon¬ 
ductor dipole or by using a two-conductor folded 
dipole constructed of conductors of unequal 
diameters. 

In multiconductor folded dipoles using con¬ 
ductors of the same diameter the impedance 
ratio is equal to the square of the number of 
conductors, as explained in Chapter Three. Sup¬ 
pose the radiation resistance of the driven element 
is 5 ohms and that it is to be fed with 300-ohm 
line. Then the required impedance ratio is 
300/5 = 60. The whole number whose square is 
nearest to 60 is 8, so the dipole should have 8 con¬ 
ductors to make the input impedance of the 
driven element as close as possible to 300 ohms. 
Theoretically, all the conductors should have the 
same diameter, but experimental work by G. N. 
Carmichael, W 4GCA, indicates that the ratios 
arc realized to a good approximation when the 
conductor to which the transmission line is con¬ 
nected is made of tubing while the other conduc¬ 
tors are ot wire, at least in the physical arrange¬ 
ment used by W4GCA and shown in Fig. 4-55. 
Table 4-II shows the number of conductors to use 
with various line impedances in three-and four-

In using either of the folded-
dipole methods it has been 
found that designing the an¬ 
tenna for the center of the 
band permits working over the 
whole band without significant 
loss of gain at either end. 

Adjusting Parasitic Arrays 
There are two separate proc¬ 

esses in adjusting an array with 
parasitic elements. One is the 
determination of the optimum 
element lengths, depending on 
whether maximum gain or maxi¬ 

mum front-to-back ratio is desired. The other is 
matching the antenna to the transmission line. 
1 he second is usually dependent on the first, and 
the results observed on adjusting the element 
tuning may well be meaningless unless the line is 
«luidl.v well matched under all tuning conditions, 

rhe approximate element lengths for maximum 

TABLE 4-II 
Number of Conductors Required in a 

Folded-Dipole Driven Element in 
Parasitic Arrays 

Two 
Parasitic 
Elements 

Line Impedance 
in Ohms 

Conductors in 
Driren Element 

72 
150 
300 
500 
000 

3 
4 
6 
7 
8 

Three 
Parasitic 
Elements 

72 
150 
300 
500 
000 

4 
7 
8 
9 
10 
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gain are as follows: 

_ 475
Driven element: Length (ft.) — , 

455 
Director: Length (ft.) — , 

500 
Reflector: Length (ft.) — y 

These are average lengths determined experi¬ 
mentally for elements having a length/diameter 
ratio of 200 to 400, and with element spacings 
from 0.1 to 0.2 wavelength. 

Many amateurs have found that very satis¬ 
factory results are secured simply by cutting the 
elements to the lengths given by formula. It has 
been a rather common experience that, after a 
considerable amount of time has been spent in 
trying all possible adjustments, the dimensions 
finally determined to be optimum are very close 
to those given by the formulas and the actual 
difference in gain is negligible. It appears safe 
to say, therefore, that in the average case there 
is probably little to be realized, in the way of 
increased gain, by spending much time in adjust¬ 
ing element lengths. The front-to-back ratio can 
often be improved, however, since it is much 
more critical with respect to element tuning. In 
general, the reflector tuning is the more critical. 

If the array is put up by formula, the only 
adjustment that need be made is to match the 
driven element to the transmission line. The 
adjustment procedure for each type of matching 
arrangement is described in Chapter Three. If a 
folded-dipole driven element of the multicon¬ 
ductor type is used no adjustment is necessary, 
but it is advisable to check the s.w.r. on the 
transmission line. If it is more than 2 to 1 or so 
better results may be obtained by using one more 
or one less conductor in the driven element. If the 
impedance at the feed point is lower than the line 
Zo an additional conductor should be used, and 
vice versa. The method of determining whether 
the load resistance is higher or lower than the 
line Zo is outlined in Chapter Three (Fig. 3-62). 
With an unequal-conductor folded dipole the 
match may be brought about by changing the 
conductor spacing. 

If the help of a near-by amateur owning a re¬ 
ceiver with an S-meter can be enlisted, the S-
meter indications can be used to indicate the 
relative field strength. A few precautions must 
be taken if this method is to be reliable. The 
receiving antenna must have the same polariza¬ 
tion as the transmitting antenna under test (this 
is usually horizontal), and should be reasonably 
high above its surroundings. The receiving 
system should be checked for pick-up on the 
transmission line to make sure that the indica¬ 
tions given by the receiver are caused entirely 
by energy picked up by the receiving antenna 
itself. This can be checked by temporarily dis¬ 
connecting the line from the antenna (but leaving 
it in place) and observing the signal strength on 
the S-meter. If the reading is not several S points 
below the reading with the antenna connected the 
readings cannot be relied upon when adjusting 
the transmitting antenna for maximum gain. In 
checking the front-to-back ratio, the stray pick¬ 
up at the receiving installation must be well 
below the smallest signal received via the an¬ 
tenna, if the adjustments are to mean anything 
at all. 

folded dipole 

300-OHM 

TRANS 

LINE 

CRYSTAL 

DETECTOR 

TUNED TO OPERA TINO 

FREQUENCY 

Fig. 4-56 — Field-strength measurement set-up. The 
folded dipole should be at least as high as the antenna 
under test and should be three or more wavelengths 
away K should be a 300-ohm carbon resistor to provide 
a proper load for the line, so that a line of any desired 
length can be used. If the sensitivity is not high enough 
with this arrangement the alternative connections at 
the right will result in increased meter readings, ihe 
taps should be adjusted for maximum reading, keeping 
the transmission-line taps spaced equally on either side 
of the coil center-tap. The indicating meter, M, may be 
either a microammeter or 0—1 milliammeter, depending 
on the sensitivity required. 

Test Set-up 

The only practicable method of adjusting 
parasitic element lengths for best performance is 
to measure the field strength from the antenna as 
adjustments are made. Measurements on a rela¬ 
tive basis are entirely satisfactory for the purpose 
of determining the operating conditions that 
result in the maximum output or greatest front-
to-back ratio. For this purpose the measuring 
equipment does not need to be calibrated, the 
only requirement is that it indicate whether the 
signal is stronger or weaker. 

Another method of checking field strength is to 
use a field-strength indicator of the crystal¬ 
detector type. The preferable method of using 
such an indicator is to connect it to a dipole 
antenna mounted some distance away and at a 
height at least equal to that of the transmitting 
antenna. There should be no obstructions be¬ 
tween the two antennas, and both should have 
the same polarization. The receiving dipole need 
not be a half-wave long, although that length is 
desirable because it will increase the ratio of 
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energy picked up on the antenna to energy 
picked up by stray means. To prevent coupling 
effects the distance between the two antennas 
should be at least three wavelengths. At shorter 
distances the mutual impedance may be large 
enough to cause the receiving antenna to tend 
to become part of the transmitting system, which 
can lead to false results. A recommended type of 
indicating system is shown in Fig. 4-56. The 
transmission line should drop vertically down to 
the indicator, to avoid stray pick-up. This pick¬ 
up can be checked as described in the preceding 
paragraph. If the distance between the two 
antennas is such that greater sensitivity is needed 
a reflector may be placed K wavelength behind 
the receiving dipole. 

Adjustment Procedure 

It is advisable first to set the element lengths 
to those given by the formulas and then match 
the driven element to the transmission line, 
obtaining as low an s.w.r. as possible. In subse¬ 
quent adjustments a close watch should be kept 
on the s.w.r. and the transmitter power input 
should be maintained at exactly the same figure 
throughout. If the s.w.r. changes enough to 
affect the coupling at the transmitter when an 
adjustment is made, but not enough to raise the 
line loss significantly (see Fig. 3-21), readjust 
the coupling to bring the input back to the same 
value. If the line loss increases more than a half 
db. or so, rematch at the driven element. 

The experience of most amateurs in adjusting 
parasitic arrays indicates that there is not a great 
deal of preference in the order in which elements 
are tuned, but that there is slightly less inter¬ 
locking if the director is first adjusted to give 
maximum gain and the reflector is then adjusted 
to give either maximum gain or maximum front-
to-baek ratio, whichever is desired. After the 
second parasitic element has been adjusted, go 
back and check the tuning of the first to make 
sure that it has not been thrown out of adjust¬ 
ment by the mutual coupling. If there are three 
parasitic elements, the other two should be 
checked each time an appreciable change is 
made in one. The actual lengths should not be 
very far from those given by the formulas when 
the optimum settings are finally determined. As 
already pointed out, the reflector length may be 
somewhat greater when adjusted to give maxi¬ 
mum front-to-back ratio. 

Radiation from the transmission line must be 
eliminated, or at least reduced to a very low 
value compared with the radiation from the 
antenna itself, if errors are to be avoided. Condi¬ 
tions are usually favorable to low line radiation 
in horizontally-polarized rotatable parasitic 
arrays because the line is usually symmetrical 
with respect to the antenna ami is brought away 
perpendicular to it, at least for a half wavelength 
or so. Nevertheless the line radiation can be 

appreciable unless the line is detuned as described 
in Chapter Three. With coaxial line some method 
of line balancing at the antenna always should be 
incorporated. 

After arriving at the optimum adjustments at 
the frequency for which the antenna was de¬ 
signed, the performance should he checked over 
a frequency range either side of the design fre¬ 
quency to observe the sharpness of response. If 
the field strength falls off rapidly with frequency, 
it may be desirable to shorten the director a bit to 
increase the gain at frequencies above resonance 
and lengthen the reflector slightly to increase it 
at frequencies below resonance. Do not confuse 
the change in s.w.r. with the change in antenna 
gain. The antenna itself may give good gain over 
a considerable frequency range, but the s.w.r. 
may vary between wide limits in this range. To 
check the antenna behavior, keep the power 
input to the transmission line constant and 
rematch the driven element to the line, as sug¬ 
gested above, whenever the line losses increase 
appreciably. If such rematching is found neces¬ 
sary over the band of frequencies to be used, 
it is advisable to change to a matching system 
such as the folded dipole that is inherently capa¬ 
ble of operating over a wide frequency band. 

Adjustment by Reception 

As an alternative to applying power to the 
array and checking the field strength, it is possi¬ 
ble to adjust th«' array by measuring received 
signal strength. It is impracticable to do this on 
distant signals because of fading. The most 
reliable method is to erect a temporary antenna 
of the same type recommended for field-strength 
measurements (Fig. 4-56) and excite it from a 
low-power oscillator. The same precautions with 
respect to distance between the two antennas 
apply. 

In this method, as in the one where the trans¬ 
mitting antenna is excited, it is necessary to 
minimize line radiation and pick-up if the results 
are to be reliable. The same tests may be applied. 
However, it is less easy to keep the s.w.r. under 
control. In the receiving case the s.w.r. on the 
transmission line depends on the load presented 
by the receiver to the line. Under most conditions 
the s.w.r. will be reasonably constant over an 
amateur band, although its value may not be 
known. However, the energy transfer from the 
antenna to the line depends on the mismatch 
between the driven element and the line. There 
is no convenient way to check this in the receiving 
case. About all that can be done is to apply 
power to the array after a set of tuning conditions 
has been reached, and then rematch at the driven 
element if necessary. After rematching the 
measurement will have to be repeated. Thus 
double checking is necessary if the results are to 
be comparable with those obtained by the field¬ 
strength method. 
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S COMBINATION ARRAYS 

WITH PARASITIC ELEMENTS 

Parasitic elements may be combined with 
collinear or broadside driven elements to form 
multielement arrays giving higher gain and 
directivity than the simple parasitic arrays 
described. In such cases, one set of parasitic ele¬ 
ments is associated with each driven element. 

Arrays of this type are not used by amateurs 
to any extent at frequencies below 30 Me., proba¬ 
bly because of the constructional difficulties 
involved. Another factor that operates against 
too-high gain and directivity at the lower fre¬ 
quencies is the fact that amateur work is seldom 
concentrated in one direction. A sharp beam is 
most useful when the antenna can be rotated, 

CHAPTER 4 
and there are, of course, limitations on the size of 
rotating structure that can be built. The use of 
high-gain multielement arrays is consequently 
confined to the v.h.f. region where the shorter 
wavelengths make them entirely practicable, 
constructionally. 

There is no theoretical reason why elements 
cannot be combined in any desired way, so long 
as the principles discussed in this chapter are 
observed. However, there are always two con¬ 
siderations that influence the selection of an 
element arrangement: the distribution of power 
to the elements, and construction that is satis¬ 
factory from a mechanical standpoint. Arrays 
for the v.h.f. bands that have been found to meet 
these problems satisfactorily are described in 
Chapter Nine. 



CHAPTER 5 

Long-Wire Antennas 

The power gain and directive characteristics of 
the harmonic wires (which are “long” in terms 
of wavelength) described in Chapter Two make 
them useful for long-distance transmission and re¬ 
ception on the higher frequencies. In addition, 
long wires can be combined to form antennas of 
various shapes that will increase the gain and 
directivity over a single ware. The term “long 
wire” as used in this chapter means any such 
configuration, not just a straight-wire antenna. 

sibly is better than that of the more concentrated 
multielement array. Another factor is that long-
wire antennas have directive patterns that are 
sharp in both the horizontal and vertical planes, 
and tend to concentrate the radiation at the low 
vertical angles that are most useful at the higher 
frequencies. 

General Characteristics of Long-Wire 
Antennas 

Long Wires vs. Multielement Arrays 

In general, the gain achieved with long-wire 
antennas is not as great, when the space available 
for the antenna is limited, as can be secured from 
the multielement arrays in Chapter Four. To 
offset this the long-ware antenna has advantages 
of its owm. 

The construction of long-wire antennas is sim¬ 
ple both electrically and mechanically, and there 
are no especially critical dimensions or adjust¬ 
ments. The long-wire antenna will work well and 
give satisfactory gain and directivity over a 
2-to-l frequency range; in addition, it will accept 
power and radiate it well on any frequency for 
which its over-ali length is not less than about a 
half wavelength. Since a wire is not long at high 
frequencies unless its length is at least equal to a 
half w’avelength on 3.5 Me., any long-wire an¬ 
tenna can be used on all amateur bands that are 
useful for long-distance communication. 

As between tw’o directive 

Whether the long-wire antenna is a single wire 
running in one direction or is formed into a V, 
rhombic, or some other configuration, there are 
certain general principles that apply and some 
performance features that are common to all 
types. 

The first of these is that the pow’er gain of a 
long-wire antenna as compared with a half-wave 
dipole is not considerable until the antenna is 
really “long” — long, that is, when the lengths 
are measured in wavelengths rather than in a 
specific number of feet. The reason for this is that 
the fields radiated by elementary lengths of wire 
along the antenna do not combine, at a distance, 
in as simple a fashion as the fields from half-wave 
dipoles used as described in Chapter Four. There is 
no point in space, for example, where the distant 
fields from all points along the wire are exactly 
in phase (as they are, in the optimum direction, 
in the case of two or more collinear or broadside 
dipoles when fed with in-phase currents). Conse-

antennas having the same 
theoretical gain, one a multi¬ 
element array and the other 
a long-wire antenna, many 
amateurs have found that the 
long-wire antenna is actually 
more effective in communica¬ 
tion. This seems to be par¬ 
ticularly true in reception, and 
possibly is the result of the 
fact that, because of its greater 
effective area, the long-ware 
antenna is exposed to more of 
the energy in an incoming 
wave. That is, its pick-up 
efficiency (Chapter Two) pos-
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Fifi. 5-2 —■ Angles at which radiation from long wires is 
maximum (solid curves) and zero (broken curves). Ihe 
major lobe. No. 1, has the power gains given by F ig. 5-1. 
Secondary lobes have smaller amplitude, but the maxi¬ 
ma may exceed the radiation intensity from a half-wave 
dijiole. 

quently, the field strength at a distance always is 
less than would be obtained if the same length of 
wire were cut up into properly-phased sepa¬ 
rately-driven dipoles. As the wire is made longer 
the fields combine to form an increasingly intense 
main lobe, but this lobe does not develop rapidly 
until the wire is several wavelengths long. Ihe 
longer the antenna, the sharper the lobe becomes; 
and since it is really a cone of radiation about the 
wire in free space, it becomes sharper in all planes. 
Also, the greater the length the smaller the angle 
with the wire at which the maximum radiation 
occurs. 

Because many points along a long wire are 
carrying currents in different phase (usually with 
different current amplitude as well) the field 
pattern at a distance becomes more complex as 
the wire is made longer. This complexity is mani¬ 
fested in a series of minor lobes, the number of 
which increases with the wire length. The in¬ 
tensity of radiation from the minor lobes is fre¬ 
quently as great as, and sometimes greater than, 
the radiation from a half-wave dipole. The energy 
radiated in the minor lobes is not available to 
improve the gain in the major lobe, which is 
another reason why a long-wire antenna has to 
be long to give appreciable gain. 

Driven and parasitic arrays of the simple types 
described in Chapter Four do not have minor lobes 
of any great consequence. For that reason they 
frequently seem to have better directivity than 
long-wire antennas, because their response in 
directions other than that at which the antenna 
is aimed is well down. This will be so even if a 
multielement array and a long-wire antenna have 

the same actual gain in the favored direction. 
For amateur work, particularly with directive 
antennas that cannot be rotated, the minor lobes 
of a long-wire antenna have some advantages. In 
most directions the antenna will be as good as a 
half-wave dipole, and in addition will give high 
gain in the most favored direction; thus a long-
wire antenna (depending on the design) fre¬ 
quently is a good all-around radiator in addition 
to being a good directive antenna. 

In the discussion of directive patterns of long-
wire antennas in this chapter, it should be kept in 
mind that the radiation patterns of resonant long 
wires are based on the assumption that each half¬ 
wave section of wire carries a current of the same 
amplitude. As pointed out in Chapter Two, this 
is not exactly true, since energy is radiated as it 
travels along the wire. For this reason it is to be 
anticipated that, although the theoretical pattern 
is bidirectional and identical in both directions, 
actually the radiation (and reception) will be best 
in one direction. This effect becomes more marked 
as the antenna is made longer. 

Wave Angles 

The wave angle at which maximum radiation 
takes place from a long-wire antenna depends on 
the same factors that operate in the case of simple 
dipoles and multielement antennas. That is, the 
directive pattern in the presence of ground is 
found by multiplying the free-space vertical¬ 
plane pattern of the antenna by the ground¬ 
reflection factors for the particular antenna height 
used. These factors are discussed in Chapter 
Two. 

As mentioned a few paragraphs ago, the free-
space radiation pattern of a long-wire antenna has 
a major lobe that forms a cone around the wire. 
The angle at which maximum radiation takes 
place becomes smaller, with respect to the wire, as 
the wire length is increased. For this reason a 
long-wire antenna is primarily a low-angle radia¬ 
tor when installed horizontally above the ground. 
Its performance in this respect is improved by 
selecting a height that also tends to concentrate 
the radiation at low wave angles. 

Antenna systems formed from ordinary hori¬ 
zontal dipoles that are not stacked have, in most 
cases, a rather broad vertical pattern; the wave 
angle at which the radiation is maximum there¬ 
fore depends chiefly on the antenna height. 
However, with a long-wire antenna the wave 
angle at which the major lobe is maximum can 
never be as great as the angle at which the first 
null occurs (see Fig. 5-2) even if the height is 
very low. (The efficiency may be less at very 
small heights, partly because of increased losses 
in the ground and partly because the pattern is 
affected in such a way as to put a greater propor¬ 
tion of the total power into the minor lobes.) 
The result is that when radiation at wave 
angles below 15 or 20 degrees is under considera-
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tion a long-wire antenna is less sensitive to height 
than are the multielement arrays or a simple 
dipole. To assure good results, however, the an¬ 
tenna should have a height equivalent to at least 
a half wavelength at 14 Me. — that is, a mini¬ 
mum height of about 30 feet. Greater heights 
will give a worth-while improvement at wave 
angles below 10 degrees. 

With an antenna of fixed physical length and 
height, both length and height increase, in terms 
of wavelength, as the frequency is increased. The 
over-all effect is that both the antenna and the 
ground reflections tend to keep the system oper¬ 
ating at high effectiveness throughout the fre¬ 
quency range. At low frequencies the wave angle 
is raised, and high wave angles are useful at 7 and 
3.5 Me. At high frequencies the converse is true. 
Good all-around performance usually results on 
all bands when the antenna is designed to be 
optimum in the 14-Mc. band. 

Calculating Length 

In this chapter lengths are always discussed in 
terms of wavelength. There can obviously be 
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nothing very critical about wire lengths in an 
antenna system that will work over a frequency 
range including several amateur bands. The an¬ 
tenna characteristics change very slowly with 
length, except when the wires are short (i.e., 
around one wavelength) and there is no need to 
try to establish exact resonance at a particular 
frequency. 

The formula for harmonic wires given in Chap¬ 
ter Two is quite satisfactory for determining the 
lengths of any of the antenna systems to be de¬ 
scribed. For convenience, the formula is given 
here in the following form: 

Length (feet) 
981 ( V - 0.025) 

Freq. (Me.) 

where .V is the number of full waves on the an¬ 
tenna. In cases where exact resonance is desired 
for some reason (for obtaining a resistive load for 
a transmission line at a particular frequency, for 
example) it is best established by trimming the 
wire length until measurement of the resonant 
frequency show’s it to be correct. 

Long Single Wires 

The directional characteristics of wires that are 
multiples of a half wave in length have been dis¬ 
cussed in Chapter Two. For convenience, the 
power gain over a dipole in free space and the 
angle with the wire at which the radiation is max¬ 
imum are repeated in Fig. 5-1. The solid curve 
shows that the gain in decibels increases almost 
linearly with the length of the antenna. The gain 
does not become appreciable until the antenna is 
about four wavelengths long, where it is equiva¬ 
lent to doubling the transmitter power (3 db.). 
The actual gain over a half-wave dipole when the 
antenna is at a practical height above ground will 
depend on the way in which the radiation resist¬ 
ances of the long-wire antenna and the compari¬ 
son dipole are affected by the height. This point 
was discussed in connection with the half-wave 
dipole in Chapter Two. The exact way in which 
the radiation resistance of a long wire varies with 
height depends on its length. In general, the re¬ 
sistance does not fluctuate as much, in terms of 
percentage, as does the resistance of a half-wave 
antenna. This is particularly true at heights from 
one-half wavelength up. Consequently, at a par¬ 
ticular height the gain over a half-wave antenna 
at the same height will depend principally on how 
much the radiation resistance of the latter de¬ 
parts from the free-space value of 73 ohms on 
which the gain curve of Fig. 5-1 is based. The 
gain will be greatest at heights that make the 
dipole radiation resistance reach its highest 
values, approximately. 

The minor lobes in the directive pattern have a 

maximum intensity approximately equivalent to 
that from a half-wave dipole. The nulls bounding 
the lobes are fairly sharp and are frequently some¬ 
what obscured, in practice, by irregularities in the 
pattern. The locations of nulls and maxima for 
antennas up to eight wavelengths long are shown 
in Fig. 5-2. 

Orien ta tion 

The broken curve of Fig. 5-1 shows the angle 
with the wire at which the radiation intensity is 
maximum. As shown in Chapter Two, there are 
two main lobes to the directive patterns of long-
wire antennas; each makes the same angle with 
respect to the wire and each, considered in free 
space, is the solid formed by rotating the wire on 
its axis. 
When the antenna is mounted horizontally 

above the ground, the situation depicted in Fig. 
5-3 exists. Only one of the two lobes is considered 
in this drawing, and its lower half is cut off by 
the ground. The maximum intensity of radiation 
in the remaining half occurs through the broken-
line semicircle; that is, the angle (B) between the 
wire direction and the line marked “ wave direc¬ 
tion” is the angle given by Fig. 5-1 for the par¬ 
ticular antenna length used. 

In the practical case, there will be some wave 
angle (A) that is optimum for the frequency and 
the distance between the transmitter and re¬ 
ceiver. Then for that wave angle the wire direc¬ 
tion and the optimum geographical direction of 
transmission are related by the angle C. If the 
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wave angle is very low, B and C will be practi¬ 
cally equal. But as the wave angle becomes 
higher the angle C becomes smaller; in other 
words, the best direction of transmission and the 
direction of the wire more nearly coincide. They 
coincide exactly when C is zero; that is, when the 
wave angle is the same as the angle given by 
Fig. 5-1. 
The maximum radiation from the antenna can 

be aligned with a particular geographical direc¬ 
tion at a given wave angle by means of the fol¬ 
lowing formula: 

cos II 
cos C = --

cos A 

In most amateur work the chief requirement is 
that the wave angle should be as low as possible, 
particularly at 14 Me. and above. In such case it 
is usually satisfactory to make angle C the same 
as is given by Fig. 5-1. 

It should be borne in mind that only the maxi¬ 
mum point of the lobe is represented in Fig. 5-3. 
Radiation at higher or lower wave angles in any 
given direction will be proportional to the way 
in which the actual pattern shows the field 
strength to vary as compared with the maximum 
point of the lobe. 

Tilted Wires 

Fig. 5-3 shows that when the wave angle is 
equal to the angle which the maximum intensity 
of the lobe makes with the wire the best trans¬ 
mitting or receiving direction is that of the wire 
itself. If the wave angle is less than the lobe angle 
the best direction can be made to coincide with 
the direction of the wire by tilting the wire enough 
to make the lobe and wave angle coincide. This 
is shown in Fig. 5-4, for the case of a one-wave¬ 
length antenna tilted so that the maximum radia¬ 
tion from one lobe is horizontal to the left, and 
from the other is horizontal to the right (zero 
wave angle). The solid pattern can be visualized 
by imagining the plane diagram rotating about 
the antenna as an axis. 

Since the antenna is neither vertical nor hori¬ 
zontal in this case, the radiation is part horizon¬ 
tally polarized and part vertically polarized. 
Computing the effect of the ground becomes com¬ 
plicated, because the horizontal and vertical 
components must be handled separately. In gen¬ 
eral, the directive pattern at any given wave 
angle becomes unsymmetrical when the antenna 
is tilted. For small amounts of tilt (less than the 
amount that directs the lobe angle horizontally) 
and for low wave angles the effect is to shift the 
optimum direction closer to the line of the an¬ 
tenna. This is true in the direction in which the 
antenna slopes downward. In the opposite direc¬ 
tion the low-angle radiation is reduced. 

Feeding Long Wires 

It has been pointed out in Chapter Three (Fig. 
3-31) that a harmonic antenna can be fed only 
at the end or at a current loop. Since a current 
loop changes to a node when the antenna is oper¬ 
ated at any even multiple of the frequency for 
which it is designed, a long-wire antenna will 
operate as a true long wire on all bands only 
when it is fed at the end. 

A common method of feeding is to use a reso¬ 
nant open-wire line as shown at A in Fig. 5-5. 
This system will work on all bands down to the 

one, if any, at which the antenna is 
only a half wave long. Any conven¬ 
ient line length can be used if the 
transmitter is matched to the line 
input impedance by the methods de¬ 
scribed in Chapter Three. 

Two arrangements for using non-
resonant lines are given at B and C. 
The one at B is useful for one band 
only, since the matching section 
must be a quarter wave long, ap¬ 
proximately, unless a different 
matching section is used for each 
band. In C, the Q-section im¬ 
pedance should be adjusted to 
match the antenna to the line as de¬ 
scribed in Chapter Three, using the 
values of radiation resistance given 

»Hee Direction 

Antenna. 

Fig. 5-3 — Showing how the cone 
of radiation from a long wire re¬ 
sults in maximum radiation at 
different wave angles when the 
angle (C) between the wire and 
the distant point assumes dif¬ 
ferent values. 

To distant 
point 

(atony y round) 
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in Fig. 2-23. This method is best suited to work¬ 
ing with a 600-ohm transmission line. Although 
it will work as designed only on one band, the 
antenna can be used on other bands by treating 
the line and matching transformer as a resonant 
line. In such case, as mentioned earlier, the an¬ 
tenna will not radiate as a true long wire on even 
multiples of the frequency for which the match¬ 
ing system is designed. 

The end-fed arrangement, although the most 
convenient when tuned feeders are used, suffers 
the disadvantage that there is likely to be a con¬ 
siderable antenna current on the line, as described 
in Chapter Three. In addition, the antenna react¬ 
ance changes rapidly with frequency for the rea¬ 
sons outlined in Chapter Two (Figs. 2-9 and 
2-10). Consequently, when the wire is several 
wavelengths long a relatively small change in fre¬ 
quency — a fraction of the width of a band — 
may require major changes in the adjustment of 
the transmitter-to-line coupling apparatus. Also, 
the line becomes unbalanced at all frequencies be¬ 
tween those at which the antenna is exactly reso¬ 
nant. This leads to a considerable amount of radi¬ 
ation from the line. The unbalance can be over-

soon Non resonant line 

4 Transformer 
4 

Any current loop 

1-

Fig. 5-5 — Methods of feeding long single-wire antennas, 

come by using two wires in one of the arrange¬ 
ments described in succeeding sections. 

Combinations of Resonant Long Wires 
The directivity and gain of long wires may be 

increased by using two wires so placed in relation 
to each other as to make the fields from both 
combine to produce the greatest-possible field 
strength at a distant point. The principle is simi¬ 
lar to that used in forming the multielement ar¬ 
rays described in Chapter Four. However, the 
maximum radiation from a long wire occurs at an 
angle of less than 90 degrees with respect to the 
wire, so different physical relationships have to 
be used. 

Parallel Wires 

One possible method of using two (or more) 
long wires is to place them in parallel, with a 

x 
X v

spacing of wavelength or so, and feed the two 
in phase. In the direction of the wires the fields 
will add up in phase. However, since the wave 
angle is greatest in the direction of the wire, as 
shown by Fig. 5-3, this method will result in 
rather high-angle radiation unless the wires are 
several wavelengths long. The wave angle can be 
lowered, for a given antenna length, by tilting the 
wires as described earlier. With a parallel ar¬ 
rangement of this sort the gain should be about 
3 db. over a single wire of the same length, at 
spacings in the vicinity of wavelength. 

• ECHELON ANTENNA 
A better arrangement, and one that illustrates 

the principle of combining 
parallel long wires to obtain 
desired directive effects, is 
shown m Fig. 5-6. In this case 
the wires are still parallel but 
are also staggered; that is, the 
wires form two sides of a 
parallelogram but not of a 
rectangle. A and B are corre¬ 
sponding points on each of the 
wires. All the lines shown in 
Fig. 5-6 are in the same plane, 
that containing the antenna 
wires. The angle a between 
Y Y and the upper wire is 
made equal to the angle at 
which the radiation from a 

Fig. 5-6— The echelon antenna, using two parallel long wires. The effect of 
the stagger distance, s, and spacing, d, on the directit e pattern are discussed 
in the text. 
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Fif. 5-7 — Chart for determining stagger distance and 
spacing of an echelon antenna as a function of wire 
length. 

wire of that length is maximum, as given by 
Fig. 5-1. The angle between the wire and XX is 
the same, when XX lies in the direction of maxi¬ 
mum radiation from the other pair of lobes in 
the plane directive diagram. F'F' is parallel to 
YY, and X'X' is parallel to XX, since it is as¬ 
sumed that any point considered along YY will 
be so far distant that the waves from A and B 
follow parallel paths; similarly for any point 
along XX. 

If the stagger between the wires is such that 
the line joining A and B is perpendicular to YY, 
waves radiated from A and B will travel exactly 
the same distance to reach any distant point 
along YY. This will be true of any pair of cor¬ 
responding points along the antennas. If the two 
wires are fed in phase and carry the same cur¬ 
rents, the fields at the distant point will add in 
phase. However, if the two wires arc fed equal 
currents out of phase, the fields at a distant point 
along Y Y will cancel. 

Now if the distance between the wires is such 
that the distance AC (BC being perpendicular 
to XX) is equal to one-half wavelength, there will 
be a difference of exactly one-half wavelength in 
the distance traveled by waves from A and B to 
reach a distant point along XX. Again this will 
be true of any pair of corresponding points along 
the wires. If the two wires are fed equal currents 
out of phase, the additional 180-degree phase 
delay because of the spacing makes the waves 
arrive in phase at the distant point. However, if 
the wires are fed equal currents in phase the delay 
caused by the spacing makes the waves cancel 
along the line XX. 

Thus by using long wires in this “echelon” 
arrangement the radiation can be increased in one 
direction, say XX, and simultaneously canceled 
in the other, YY. By changing the phasing, YY 

will be the favored direction and cancellation will 
take place along XX. The preferred method is to 
feed the two wires out of phase, since this permits 
the transmission line to be balanced as shown in 
Fig. 5-6, and the mutual impedance between the 
wires is such as to increase the gain. In such case 
the maximum direction is XX and the lobes that 
would lie along YY, in the case of a single wire, 
will be eliminated. However, in a practical in¬ 
stallation these directions can be interchanged, 
if desired, simply by changing the phasing of the 
elements. The principles discussed in Chapter 
Four in connection with element phasing apply 
here equally well. 

The amount of stagger can be calculated from 

S (feet) 
492 sin « 

/ (Me.) sin 2“ 

and the distance between wires is given by 

d (feet) = 
492 cos a 

J (.Me.) sin 2« 

where « = angle of maximum radiation from a 
single wire. Fig. 5-7 gives the information in 
graphical form, with the lengths expressed in 
fractions of a wavelength. 

Using wires in echelon has one disad van tage: 
the fact that the spacing and stagger distances 
are critical with respect to both wavelength and 
the length of the wires confines the operation to 
the frequency band for which the antenna is de¬ 
signed. This is probably one reason why it has not 
had much amateur use, despite the fact that it 
offers a choice of two bidirectional beams. The 
broad frequency characteristic that constitutes 
one of the principal advantages of the single long 
wire is retained in the other configurations de¬ 
scribed below. 

• THE V ANTENNA 

Instead of using two long wires parallel to each 
other they may be placed in the form of a hori¬ 
zontal V, with the angle at the apex of the V 
twice the angle given by Fig. 5-1 for the particu¬ 
lar length of wire used. The currents in the two 
wires should be out of phase. Under these condi¬ 
tions the plane directive patterns of the indi¬ 
vidual wires combine as is indicated in Fig. 5-8. 
Along a line in the plane of the antenna and bi¬ 
secting the V the fields from the individual wires 
reinforce each other at a distant point. The other 
pair of lobes in the plane pattern is more or less 
eliminated, so that the pattern becomes essen¬ 
tially bidirectional. 

The directional pattern of an antenna of this 
type is sharper in both the horizontal and vertical 
planes than the patterns of the individual wires 
composing it. Maximum radiation in both planes 
is along the line bisecting the V. There are minor 
lobes in both the horizontal and vertical patterns 
but if the legs are long in terms of wavelength the 
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amplitude of the minor lobes is 
small. When the antenna is 
mounted horizontally above the 
ground (the usual method) the 
wave angle at which the radia¬ 
tion from the major lobe is 
maximum is determined by the 
height, but cannot exceed the 
angle values shown in Fig. 5-1 
for the leg length used. Only 
the minor lobes give high-angle 
radiation. 

The gain and directivity of a 
V depend on the length of the 
“legs.” Fig. 5-9 shows the gain 
an<l gives the maximum apex 
angle to use with legs up to 10 
wavelengths long. The gains 

Fig, 5.9 — Apex angle of V antenna as a function of the leg length in wave¬ 
lengths. Curves of estimated gain also are shown. See text for discussion of 
these curves. 

shown in this figure are approxi¬ 
mate only; the solid curve is simply the gain of a 
single wire plus 3 db. for the effect of the second 
wire. The actual gain will be modified by the 
mutual impedance between the sides of the V, 
and data are available for only two cases, for leg 
lengths of 1 and 8 wavelengths. Although the 
broken gain curve in Fig. 5-9 merely joins the 
theoretical gains for these two cases, it is probably 
closer to the actual gain than the solid curve. 

When the leg length is small there is some ad¬ 
vantage in reducing the apex angle of the V be¬ 
cause this changes the mutual impedance in such 
a way as to increase the gain of the antenna. The 
approximate change realized is given by the 
broken section in the curve marked “angle.” For 
example, the optimum apex angle in the case of a 
one-wavelength (each leg) V antenna is 90 degrees. 

Lobe Alignment 

It is possible to align the lobes from the indi¬ 
vidual wires with a particular wave angle by the 
method described in connection with Fig. 5-3. At 
very low wave angles the change in the apex angle 
is extremely small; for example, if the desired 
wave angle is 5 degrees the apex angles given in 

Fig. 5-9 will not be reduced more than a degree or 
so, even at the longest leg lengths which might be 
used. 

When the legs are long, alignment does not 
necessarily mean that the greatest signal strength 
will be secured at the wave angle for which the 
apex angle is chosen. It must be remembered that 
the polarization of the radiated field is the same 
as that of a plane containing the wire. As illus¬ 
trated by the diagram of Fig. 5-3, at any wave 
angle other than zero the plane containing the 
wire and passing through the desired wave angle 
is not horizontal. In the limiting case where the 
wave angle and the angle of maximum radiation 
from the wire are the same the plane is vertical, 
and the radiation at that wave angle is vertically 
polarized. At in-between angles the polarization 
consists of both horizontal and vertical com¬ 
ponents. 

When two wires are used in a V these planes 
have opposite slopes. In the plane bisecting the 
V, this makes the horizontally-polarized com¬ 
ponents of the two fields add together numeri¬ 
cally, but the vertically-polarized components 
are out of phase and cancel completely. As the 

wave angle is increased 

Fig. 541 — Two long wires and their respective patterns arc shown at the left. If these 
two wires are combined to form a V whose apex angle is twice that of the major lobes 
of the wires, and the wires are excited out of phase, the radiation along the bisector of 
the V adds and the radiation in the other directions tends to cancel. 

the horizontally-
polarized components 
become smaller, so the 
intensity of horizon-
t ally-polarized radia¬ 
tion decreases. On the 
other hand, the verti¬ 
cally-polarized com¬ 
ponents become more 
intense but always 
cancel each other. The 
over-all result is that 
although alignment 
for a given wave angle 
will increase the useful 
radiation at that an-
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gle, the wave angle at which maximum radiation 
occurs (in the direction of the line bisecting the 
V) is always below the wave angle for which the 
wires are aligned. As shown by Fig. 5-10, the 
difference between the apex angles required for 
optimum alignment of the lobes at wave angles 
of zero and 15 degrees is rather small, even when 
the legs are many wavelengths long. 

For long-distance transmission and reception 
the lowest possible wave angle usually is the best. 
Consequently, it is good practice to choose an 
apex angle between the limits represented by the 
two curves in Fig. 5-10. The actual wave angle at 
which the radiation is maximum will depend on 
the shape of the vertical pattern and the height 
of the antenna above ground. 

Multiband Design 

When a V antenna is used over a range of fre¬ 
quencies — such as 14 to 28 Me. — the charac¬ 
teristics will not be greatly altered if the legs are 
sufficiently long at the lowest frequency. The 
apex angle, at zero wave angle, for a 5-wavelength 
V (each leg approximately 350 feet long at 14 
Me.) is 44 degrees. At 21 Me., where the legs are 
7.5 wavelengths long, the optimum angle is 36 
degrees, and at 28 Me. where the leg length is 10 
wavelengths it is 32 degrees. Such an antenna will 
operate well on all three frequencies if the apex 
angle is about 35 degrees. From Fig. 5-10, a 35-
degree apex angle with a 5-wavelength V will 
align the lobes at a wave angle of something over 
15 degrees, but this is not too high when it is kept 
in mind that the maximum radiation actually will 
be at a lower angle. At 28 Me. the apex angle is a 
little large, but the chief effect will be a small re¬ 
duction in gain and a slight broadening of the 
horizontal pattern, together with a tendency to 
reduce the wave angle at which the radiation is 

Fig. 5-11 —The obtuse-angle V antenna. Angle A is 
equal to 180 degrees minus the angle given in Fig. 5-9. 

maximum. The same antenna can be used at 7 
Me. and 3.5 Me., and on these bands the fact 
that the wave angle is raised is of less conse¬ 
quence, since high wave angles are useful. The 
gain will be small, however, because the legs are 
not long at these frequencies. 

Other V Combinations 

The gain can be increased about 3 db. by stack¬ 
ing two Vs one above the other, a half wavelength 
apart, and feeding them so that the legs on one 
side are in phase with each other and out of phase 
with the legs on the other side. This will result in 
a lowered angle of radiation. The bot tom V should 
be at least a quarter wavelength above the 
ground and preferably a half wavelength. 

Two V antennas can be broadsided to form a 
“W,” giving an additional 3-db. gain. However, 
two transmission lines are required and this, plus 
the fact that five poles are needed to support the 
system, renders it normally impractical for the 
amateur. It is used by many commercial short¬ 
wave stations. 

The V antenna can be made unidirectional by 
using another V placed an odd multiple of a 
quarter wavelength in back of the first and ex¬ 

citing the two with a phase 
difference of 90 degrees. 
The system will be unidi¬ 
rectional in the direction of 
the antenna with the lag¬ 
gingcurrent. However, the 
V reflector is not normally 
employed by amateurs at 
low frequencies because 
it restricts the use to 
one band and requires a 
fairly elaborate support¬ 
ing structure. Stacked Vs 
with driven reflectors 
could, however, be built 
for the 200- to 500-Mc. re¬ 
gion without much diffi¬ 
culty. The over-all gain 
for such an antenna (two 
stacked Vs, each with a 
V reflector) is about 6 db. 
greater than the gains 
given by the curves. 

Fig. 5-10 — Apex angle of V antenna for alignment of main lobe at different wave 
angles, as a function of leg length in wavelengths. 
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Feeding the V 

The V antenna is most conveniently fed by 
tuned feeders, since they permit multiband opera¬ 
tion. Although the length of the wires in a V beam 
is not at all critical, it is important that both 
wires be of the same electrical length. Balanced 
feeder currents (in a tuned line) give sufficient 
indication of balanced lengths in the antenna 
proper. 

If it is desired to use a nonresonant line, prob¬ 
ably the most appropriate matching system is 
that using a stub or quarter-wave matching sec¬ 
tion. The adjustment is as described in Chapter 
Three. 

• OBTUSE-ANGLE Vs 

In the type of V just described the angle be¬ 
tween the wires always is 90 degrees or less when 
the wires are more than 1 wavelength long. 
Another type of V can be formed by folding one 
wire as shown in Fig. 5-11 to align the lobes of 
maximum radiation. The angle A in this case is 
equal to 180 degrees less twice the angle given 
by Fig. 5-1 for a single wire having a length equal 
to that of one leg. For example, if each leg of the 
obtuse-angle V of Fig. 5-11 is 3 wavelengths (total 
length 6 wavelengths) the angle given by Fig. 
5-1 is 29 degrees. The angle A in Fig. 5-11 will 
then be 180 — 58 = 122 degrees. 

The obtuse-angle V is seldom used in the form 
shown in Fig. 5-11 because twice the over-all 
length is required and the gain is less than with 
an acute-angle V having the same leg length. 
This is because of the way the mutual impedance 
between legs compares in the two cases. However, 
the obtuse-angle V has the advantage that a 
change in frequency causes the major lobe from 
one leg to shift in one direction while the lobe 
from the other leg shifts the opposite way. This 
tends to make the optimum direction stay the 
same over a considerable frequency range. The 
pattern broadens and the gain is reduced when 
the antenna is operated at frequencies far re¬ 
moved from that for which it is designed. 

• THE RESONANT RHOMBIC 
ANTENNA 

The diamond-shaped or rhombic antenna 
shown in Fig. 5-12 can be looked upon as two 
acute-angle Vs placed end-to-end or as two ob¬ 
tuse-angle Vs placed side-by-side. This arrange¬ 
ment has two advantages over the simple V that 
have caused it to be favored by amateurs. For the 
same total wire length it gives somewhat greater 
gain than the V ; a rhombic 4 wavelengths on a 
leg will have more gain than a V 8 wavelengths 
on a leg, for example. And, because of the com¬ 
pensating effect mentioned in connection with the 
obtuse-angle V, the directional pattern is less 
affected by frequency when the antenna is used 

over a wide frequency range. The disadvantage of 
the rhombic as compared with the V is that one 
additional support is required. 

The same factors that govern the design of the 
V antenna apply in the case of the resonant 
rhombic. The angle A in the drawing is the same 
as that for a V (Fig. 5-9) having a leg length 
equal to L. If it is desired to align the lobes from 
individual wires with the wave angle, the curves 
of Fig. 5-10 may be used, again using the length 
of one leg in taking the data from the curves. The 
diamond-shaped antenna also can be operated as 
a nonresonant antenna, as described later in this 
chapter, and much of the discussion in that sec¬ 
tion applies to the resonant rhombic as well. 
The direction of maximum radiation with a 

resonant rhombic is given by the arrows in Fig. 
5-12; i.e., the antenna is bidirectional. There are 
minor lobes in other directions, their number and 
intensity depending on the leg length. When used 
at frequencies below the v.h.f. region the rhombic 
antenna is always mounted with the plane con¬ 
taining the wires horizontal. The polarization in 
this plane, and also in the [>erpendicular plane 
that bisects the rhombic, is horizontal. At 144 
Me. and above, the dimensions are such that the 
antenna can be mounted with the plane contain¬ 

ing the wires vertical if vertical polarization is 
desired. 

When the rhombic antenna is to be used on 
several amateur bands it is advisable to choose 
the apex angle, A, on the basis of the leg length 
in wavelengths at 14 Me. This point is covered 
in more detail in connection both with the V and 
with the nonresonant rhombic. Although the gain 
on higher frequency bands will not be quite as 
favorable as if the antenna had been designed for 
the higher frequencies, the system will radiate 
well at the low angles that are necessary at such 
frequencies. At frequencies below the design fre¬ 
quency the greater apex angle of the rhombic (as 
compared with a V of the same total length) is 
more favorable to good radiation than in the case 
of the V. 

The resonant rhombic antenna can be fed in 
the same way as the V. Resonant feeders are 
necessary if the antenna is to be used in several 
amateur bands. 
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Nonresonant Long-Wire Antennas 
All the antenna systems previously considered 

have been based on resonant operation; that is, 
with standing waves of current and voltage along 
the wire. Although most antenna designs are 
based on using resonant wires, resonance is by no 
means a necessary condition for the wire to 
radiate and intercept electromagnetic waves. 

In Fig. 5-13, let us suppose that the ware is 
parallel with the ground (horizontal) and is 
terminated by a load Z equal to its characteristic 
impedance, Zo- The load Z can represent a re¬ 
ceiver matched to the line. The resistor R is also 
equal to the Zo of the wire. A wave coming from 
the direction X will strike the wire first at its far 
end and sweep across the wire at an angle until 
it reaches the end at which Z is connected. In 
doing so it will induce voltages in the antenna and 
currents will flow as a result. The current flowing 
toward Z is the useful output of the antenna, 
while the current flowing toward R will be ab¬ 
sorbed in R. The same thing is true of a wTave 
coming from the direction X'. 

The greatest possible power will be delivered 
to the load Z when the individual currents in¬ 
duced as the wave sweeps across the «’ire all 
combine properly on reaching the load. The cur¬ 
rents will reach Z in optimum phase when the 
time required for a current to flow from the far 
end of the antenna to Z is exactly one-half cycle 
longer than the time taken by the wave to sweep 
over the antenna. Since a half cycle is equivalent 
to a half wavelength in space, the length of the 
antenna must be one-half wavelength greater 
than the distance traversed by the wave from 
the instant it strikes the far end of the antenna 
to the instant that it reaches the near end. This 
is shown by the small drawing, where AC repre¬ 
sents the antenna, BC is a line perpendicular to 
the wave direction, and AB is the distance trav¬ 
eled by the wave in sweeping past AC. AB must 
be one-half wavelength shorter than AC. Simi¬ 
larly, AB' must be the same length as AB for 
a w'ave arriving from X'. 

A wave arriving at the antenna from the op¬ 
posite direction Y (or Y'), will similarly result 
in the largest possible current at the far end. 
However, the far end is terminated in R, which 
is equal to Zo, so all the power delivered to R by 
a wave arriving from Y will be absorbed in R. 
The current traveling to Z will produce a signal 
in Z in proportion to its amplitude. If the antenna 
length is such that all the individual currents 
arrive at Z in such phase as to add up to zero, 
there will be no current through Z. At other 
lengths the resultant current may reach appre¬ 
ciable values. The lengths that give zero ampli¬ 
tude are those which are odd multiples of J4 
wavelength, beginning at % wavelength. The 
response from the Y direction is greatest when 
the antenna is any even multiple of Fa wave¬ 

length long; the higher the multiple, the smaller 
the response. 

Directional Characteristics 

The explanation above considered the phase 
but not the relative amplitudes of the individual 
currents reaching the load. When the appro¬ 
priate correction is made, the angle with the 
wire at which radiation or response is maximum 
is given by the curve of Fig. 5-14. The response 
drops off gradually on either side of the maximum 
point, resulting in lobes in the directive pattern 
much like those for harmonic antennas, except 
that the system is substantially unidirectional. 
Typical patterns are shown in Fig. 5-15. When 
the antenna length is 3/2 wavelength or greater 
there are also angles at which secondary maxima 
occur; these secondary maxima (minor lobes) 
have their peaks approximately at angles for 
which the length AB, Fig. 5-13, is less than AC 
by any odd multiple of one-half wavelength. 
When AB is shorter than AC by an even multiple 
of a half wavelength the induced currents cancel 
each other completely at Z, and in such cases 
there is a null for waves arriving in the direction 
perpendicular to BC. 

The antenna of Fig. 5-13 responds to horizon¬ 
tally-polarized signals when mounted horizon¬ 
tally. If the wire lies in a plane that is vertical 
with respect to the earth it responds to vertically-
polarized signals. By reciprocity, the character¬ 
istics for transmitting are the same as for re¬ 
ceiving. For average conductor diameters and 
heights above ground, the Zo of the antenna is 
of the order of 500 to 600 ohms. 

It is apparent that an antenna operating in 
this way has much the same characteristics as a 
transmission line. When it is properly terminated 
at both ends there are traveling waves, but no 
standing waves, on the wire. Consequently the 
current is substantially the same all along the 
wire. Actually, it decreases in the direction in 
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Fig. 5-14 — Angle with respect to wire axis at which 
the radiation from a nonresonant long-wire antenna is 
maximum. 

which the current is flowing because of energy 
loss by radiation as well as by ohmic loss in the 
wire and the ground. The antenna can be looked 
upon as a transmission line terminated in its 
characteristic impedance, but having such wide 
spacing between conductors (the second con¬ 
ductor in this case is the image of the antenna in 
the ground) that radiation losses are by no means 
inconsequential. 

A wire terminated in its characteristic im¬ 
pedance will work on any frequency, but its 
directional characteristics change with frequency 
as shown by Fig. 5-14. To give any appreciable 
gain over a dipole the wire must be at least a few 
wavelengths long. The angle at which maximum 
response is secured can be in any plane that con¬ 
tains the wire axis, so in free space the major lobe 
will be a cone. In the presence of ground, the dis¬ 
cussion given in connection with Fig. 5-3 applies, 
with the modification that the angles of best 
radiation or response are those given in Fig. 5-14 
rather than by Fig. 5-1. As comparison of the 
two curves will show, the difference in optimum 
angle between resonant and nonresonant wires is 
quite small. 

• THE INVERTED 
V ANTENNA 

Two nonresonant long wires may be combined 
in much the same fashion as the resonant wires 
discussed earlier in this chapter. One example is 
the “inverted V” or “half rhombic” antenna 
shown in Fig. 5-16. For example, suppose that 
each of the sides, or legs, of the V has a length 
such that the major lobe of each wire makes an 
angle of 36 degrees with the wire. Then the “tilt 
angle,” 0 (half the total angle included between 
the wires), may be adjusted so that the major 

lobes of radiation from the two wires will add in 
the desired direction. The tilt angle then becomes 
the complement of the angle which the main lobe 
makes with each wire. This is shown in Fig. 5-16, 
for horizontal transmission to the right in the 
figure. In directions other than to the right in the 
plane containing the antenna the radiation from 
the individual wires will tend to cancel more or 
less completely. 

For signals coming from the optimum direction 
the polarization is vertical when the plane con¬ 
taining the wires is vertical. 

The advantage of combining wires as shown in 
Fig. 5-16 is the same as previously mentioned for 
the obtuse-angle V. That is, as the frequency is 
changed the optimum direction for one leg shifts 
in the opposite direction to that for the other leg. 
This tends to maintain the same direction of 
maximum response (or transmission) over a wide 
frequency range, although it is accompanied by a 
broadening of the pattern. 

The form of tilted wire antenna shown in Fig. 
5-16 is simple in construction, since only one pole 
is required. However, for all but quite high fre¬ 
quencies — 28 Me. and higher — the pole height 
needed to provide the proper tilt angle for a leg 
length great enough to provide appreciable gain is 
beyond the facilities available to most amateurs. 

Fig. 5-15 — Typical radiation patterns (cross section of 
solid figure) for terminated long wires. (A) length two 
wavelengths; (B) four wavelengths; both for an idealized 
case in which there is no decrease of current along the 
wire. In practice, the pattern is somewhat distorted by 
wire attenuation. 
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Also, it is difficult to secure a satisfactory termi¬ 
nation because of variation in ground resistance 
with weather conditions. This might be overcome 
by the use of a large ground screen under the 
antenna and extending a half wavelength or so 
beyond the wire in all directions, but the installa¬ 
tion of such a screen probably would be imprac¬ 
ticable in most locations. A form of transmission¬ 
line termination also may be used, with the far 
end of the antenna connected through the termi¬ 
nating resistor to the center of a half-wave wire 
running parallel to the ground and perpendicular 
to the line of the antenna. The impedance at the 
center of such a wire will be low, and currents 
induced by the incoming waves from the desired 
direction will balance out. However, such a termi¬ 
nation is good only for the frequency for which 
the wire is cut, so that a wide frequency range 
is not possible. These difficulties are overcome 
by the use of the diamond-shaped, or rhombic, 
antenna. 

• THE NONRESONANT RHOMBIC 
ANTENNA 

1 he nonresonant rhombic antenna, shown 
schematically in Fig. 5-17, consists of two tilted-
wire antennas of the type shown in Fig. 5-16 
placed side by side. The terminating resistor is 
connected between the far ends of the two sides, 
and is made approximately equal to the charac¬ 
teristic impedance of the antenna as a unit. The 
rhombic may be constructed either horizontally 
or vertically, but practically always is horizontal 
at frequencies below 54 Me., since the pole height 
required is considerably less. Also, horizontal 
polarization is equally, if not more, satisfactory 
at these frequencies. 

Hg. 5-16 The tilted-wire antenna, showing the direc¬ 
tions of the main lohes for each wire for legs two wave¬ 
lengths long, when the tilt angle £ is adjusted for align, 
ment of the lobes. 

The basic principle of combining lobes of maxi¬ 
mum radiation from the four individual wires 
constituting the rhombus or diamond is the same 
in either the nonresonant type shown in Fig. 5-17 
or the resonant type described earlier in this 
chapter. The included angles should differ slightly 
because of the differences between resonant and 
nonresonant wires, but comparison of Figs. 5-1 
and 5-14 show that the differences are almost 
negligible. 

Tilt Angle 

It Is a matter of custom, in dealing with the 
nonresonant or “terminated” rhombic, to talk 
about the “ tilt angle ” in Fig. 5-17) rather than 
the angle of maximum radiation with respect to 
an individual wire. The tilt angle is simply 90 
degrees minus the angle of maximum radiation. 
In the case of a rhombic antenna designed for 
zero wave angle the tilt angle is 90 degrees minus 
the values given in Fig. 5-14. 

Fig. 5-18 shows the tilt angle as a function of 
the antenna leg length. The curve marked “0°" 
is for a wave angle of zero degrees; that is, maxi¬ 

mum radiation in the plane of the antenna. The 
other curves show the proper tilt angles to use 
when aligning the major lobe with a desired wave 
angle. For a wave angle of 5 degrees the difference 
in tilt angle is less than one degree for the range 
of lengths shown. Just as in the case of the reso¬ 
nant V and resonant rhombic, alignment of the 
wave angle and lobes always results in still higher 
radiation at a lower wave angle, and for the same 
reason, but also results in the highest possible 
radiation at the desired wave angle. 
The broken curve marked “Optimum Length” 

shows the leg length at which maximum gain is 
secured at a chosen wave angle. Increasing the 
leg length beyond the optimum will result in 
lessened gain, and for that reason the curves do 
not extend beyond the optimum length. Note 
that the optimum length becomes greater as the 
desired wave angle is smaller. Leg lengths over 6 
wavelengths are not recommended because the 
directive pattern becomes so sharp that the 
antenna performance is highly variable with 
small changes in the angle, both horizontal and 
vertical, at which an incoming wave reaches the 
antenna. Since these angles vary to some extent 
in ionospheric propagation, it does not pay to 
attempt to use too great a degree of directivity. 

Multiband Design 

When a rhombic antenna is to be used over a 
considerable frequency range it is worth paying 
some attention to the effect of the tilt angle on 
the gain and directive pattern at various fre¬ 
quencies. For example, suppose the antenna is to 
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Fig. 5-18 — Rhombic-antenna design chart. For any given leg length, the curves show the proper tilt angle to give 
maximum radiation at the selected wave angle. The broken curve marked "Optimum Length" shows the leg length 
that gives the maximum possible output at the selected wave angle. The optimum length as given by the curves 
should be multiplied by 0.74 to obtain the leg length for which the wave angle and main lobe arc aligned. 

be used at frequencies up to and including the 
28-Mc. band, and that the leg length is to be 6 
wavelengths on the latter frequency. For zero 
wave angle the optimum tilt angle is 68 degrees, 
and the calculated free-space directive pattern 
in the vertical plane bisecting the antenna is 
shown in the right-hand drawing of Fig. 5-19. 
At 14 Me. this same antenna has a leg length of 
three wavelengths, which calls for a tilt angle of 
58.5 degrees for maximum radiation at zero wave 
angle. The calculated patterns for tilt angles of 
58.5 and 68 degrees are shown in the left-hand 
drawing in Fig. 5-19, and it is seen that if the 
optimum tilt for 28-Mc. operation is used the 
gain will be reduced and the wave angle raised at 
14 Me. However, it will do no harm to use the 
tilt angle that gives maximum output at 15 
degrees on 14 Me., and as given bj’ Fig. 5-18 this 
tilt angle is 61.5 degrees. The pattern with this 
tilt angle is shown in Fig. 5-19 for both the 14-

and 28-Mc. cases. The effect at 28 Me. is to 
decrease the gain by more than 6 db. and to split 
the radiation in the vertical plane into two lobes, 
one of which is at a wave angle too high to be 
useful at this frequency. 

Now from Fig. 5-20 the free-space gain of a 
rhombic 6 wavelengths on a leg is about 13 db. 
and the gain of one 3 wavelengths on a leg is 10 
db. If the tilt angle is made optimum for 28 Me. 
the gain will be reduced roughly 3 db. on 14 Me., 
consequently the gain is about 7 db. On the other 
hand, if the 15-degree tilt angle is chosen for 14-
Mc. operation the gain at 28 Me. will be about 9 
db. The angle should be chosen on the basis of 
the frequency at which the best possible per¬ 
formance is desired. In most cases 14 Me. should 
be the favored frequency, since the gain is in¬ 
herently less the lower the frequency because 
the legs are shorter in terms of w'avelength. 

The patterns of Fig. 5-19 are in the vertical 
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so. In a sense, it can be considered that the power 
dissipated in the terminating resistor is simply 
power that would have been radiated in the other 
direction had the resistor not been there, so the 
fact that some of the power (about one-third) is 
used up in heating the resistor does not mean an 
actual loss in the desired direction. 

The characteristic impedance of an ordinary 
rhombic antenna, looking into the input end, is 
of the order of 700 to 800 ohms when properly 
terminated in a resistance at the far end. The 
terminating resistance required to bring about 
the matching condition usually is slightly higher 
than the input impedance because of the loss of 
energy through radiation by the time the far end 
is reached. The correct value usually will be found 
to be of the order of 800 ohms, and should be 
determined experimentally if the flattest pos¬ 
sible antenna is desired. However, for average 
work a noninductive resistance of 800 ohms can 
be used with the assurance that the operation will 
not be far from optimum. 

The terminating resistor must be practically 
a pure resistance at the operating frequencies; 
that is, its inductance and capacitance should be 
negligible. Ordinary wire-wound resistors are not 
suitable because they have far too much induc¬ 
tance and distributed capacitance. Small carbon 
resistors have satisfactory electrical characteris¬ 
tics but will not dissipate more than a few watts 
and so cannot be used, except when the trans¬ 
mitter power does not exceed 10 or 20 watts or 
when the antenna is to be used for reception only. 
The special resistors designed either for use as 
“dummy” antennas or for terminating rhombic 
antennas should be used in other cases. To allow 
a factor of safety, the total rated power dissipa¬ 
tion of the resistor or resistors should be equal to 
half the power output of the transmitter. 

Fig. 5-20 — Theoretical gain of a nonresonant rhombic 
antenna over a half-wave dipole in free space. This curve 
includes an allowance of 3 db. for loss in the terminating 
resistor. 

Fig. 5-19 — Showing the effect of tilt angle on the 
free-space vertical pattern of a nonresonant rhombic 
antenna having a leg length of 3 wavelengths at one 
frequency and 6 wavelengths at twice the frequency. 
These patterns apply only in the direction of the antenna 
axis. 

plane through the center of the antenna only. In 
vertical planes making an angle with the antenna 
axis the patterns may differ considerably. The 
effect of a tilt angle that is smaller than the 
optimum is to broaden the horizontal pattern, 
so at 28 Me. the antenna in the example 
would be less directive in the horizontal plane 
than would be the case if it were designed for 
optimum performance at that frequency. It must 
also be pointed out that the patterns given in 
Fig. 5-19 are free-space patterns and must be 
multiplied by the ground-reflection factors for 
the actual antenna height used, if the actual 
vertical pattern is to be determined. 

Power Gain 

The theoretical power gain of a nonresonant 
rhombic antenna over a dipole, both in free space, 
is given by the curve of Fig. 5-20. This curve is 
for zero wave angle and includes an allowance of 
3 db. for power dissipated in the terminating 
resistor. The actual gain of an antenna mounted 
horizontally above the ground, as compared with 
a dipole at the same height, can be expected to 
vary a bit either way from the figures given by 
the curve. The power lost in the terminating re¬ 
sistor is probably less than 3 db. in the average 
case, since more than half of the power input is 
radiated before the end of the antenna is reached. 
However, there is also more power loss in the 
wire and in the ground under the antenna than 
in the case of a simple dipole, so the 3 db. loss 
figure is probably a representative estimate. 

Te rmin a tion 

Although there is no marked difference in the 
gain obtainable with resonant and nonresonant 
rhombics of comparable design, the nonresonant 
antenna has the advantage that over a wide fre¬ 
quency range it presents an essentially resistive 
and constant load to the transmitter coupling 
apparatus. In addition, nonresonant operation 
makes the antenna substantially unidirectional, 
while the “ un terminated ” or resonant rhombic is 
always bidirectional, although not symmetrically 
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To lower capacity effects it is desirable to use 

several units, say three, in series even when one 
alone will safely dissipate the power. The two 
outer units should be identical and each should 
have one-fourth to one-third the total resistance, 
with the center unit making up the difference. 
The units should be installed in a weatherproof 
housing at the end of the antenna to protect them 
and to permit mounting without mechanical 
strain. The connecting leads should be short so 
that little extraneous inductance is introduced. 

Alternatively, the terminating resistance may 
be placed at the end of an 800-ohm line connected 
to the end of the antenna. This will permit placing 
the resistors and their housing at a point con¬ 
venient for adjustment rather than at the top of 
the pole. The line length is not critical, since it 
operates without standing waves and hence is 
nonresonant. 

Multiwire Rhombics 

The input impedance of a rhombic antenna 
constructed as in Fig. 5-17 is not quite constant 
as the frequency is varied. This is because the 
varying separation between the wires causes the 
characteristic impedance of the antenna to vary 
along its lengt h. The variation in Zo can be mini¬ 
mized by a conductor arrangement that increases 
the capacitance per unit length in proportion to 
the separation between the wires. 

The method of accomplishing this is shown in 
Fig. 5-21. Three conductors are used, joined to¬ 
gether at the ends but with increasing separation 

Fig. 5-21 — Three-wire rhombic antenna. Use of multi¬ 
ple wires improves the impedance characteristic of a 
nonresonant rhombic. 

as the junction between legs is approached. As 
used in commercial installations having legs sev¬ 
eral wavelengths long, the spacing between wires 
at the center is 3 to 4 feet. Since all three wires 
should have the same length, the top and bottom 
wires will be slightly farther from the support 
than the middle wire. Using three wires in this 
way reduces the Zo of the antenna to approxi¬ 
mately 600 ohms, thus providing a better match 
for a practicable open-wire line, in addition to 
smoothing out the impedance variations over the 
frequency range. 
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A similar effect, although not quite so good, is 

obtained by using two wires instead of three. It 
has been found that, with the 3-wire system, the 
gain of the antenna is slightly greater (of the 
order of 1 db.) than when only a single conductor 
is used. 

Front-to-Back Ratio 

It is theoretically possible to obtain an infinite 
front-to-back ratio with a terminated rhombic 
antenna, and in practice very large values can 
actually be secured. However, when the antenna 
is terminated in its characteristic impedance the 
infinite front-to-back ratio can be secured only 
at frequencies for which the leg length is an odd 
multiple of a quarter wavelength, as described 
in the section on nonresonant long wires. The 
front-to-back ratio is smallest at frequencies for 
which the leg length is a multiple of a half wave¬ 
length. 

When the leg length is not an odd multiple of a 
quarter wave at the frequency under considera¬ 
tion, the front-to-back ratio can be made very 
high by slightly decreasing the value of terminat¬ 
ing resistance. This permits a small reflection 
from the far end of the antenna which cancels out, 
at the input end, the residual response. With large 
antennas the front-to-back ratio may be made 
very large over the whole frequency range by 
experimental adjustment of the terminating re¬ 
sistance. Modification of the terminating resist¬ 
ance also permits “steering” the back null over a 
small horizontal range so that signals coming 
from a particular spot not exactly to the rear of 
the antenna may be minimized. 

Ground Effects 

Reflections from the ground play exactly the 
same part in determining the vertical directive 
pattern of a horizontal rhombic antenna that 
they play with other horizontal antennas. Conse¬ 
quently, if a low wave angle is desired it is neces¬ 
sary to make the height great enough to bring the 
reflection factor into the higher range of values 
given by the charts in Chapter Two. At 14 Me. 
heights of % to 1 wavelength are desirable. The 
antenna will work at heights as low as wave¬ 
length, of course, but with reduced radiation at 
the lower angles, particularly below 10 degrees. 
In this respect it is under no greater or lesser 
handicap than any other antenna system that is 
close to the ground. 

Alignment of Lobes, Wave Angle, and 
Ground Reflections 

When maximum antenna response is desired at 
a particular wave angle (or maximum radiation 
is desired at that angle) the major lobe of the 
antenna cannot only be aligned with the wave 
angle as previously described but also with a 
maximum in the ground-reflection factor. When 
this is done it is no longer possible to consider the 
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antenna height independently of other aspects of 
rhombic design. The wave angle, leg length, and 
height become mutually dependent. 

This method of design is of particular value 
when the antenna is built to be used over fixed 
transmission distances for which the optimum 
wave angle is known. It has had wide application 
in commercial work with nonresonant rhombic 
antennas, but seems less desirable for amateur 
use where, for the long-distance work for which 
rhombic antennas are built, the lowest wave 
angle that can be achieved is the most desirable. 
Alignment of all three factors is limited in applica¬ 
tion because it leads to impracticable heights and 
leg lengths for small wave angles. Consequently, 
when a fairly broad range of low wave angles is 
the objective it is more satisfactory to design for 
a low wave angle and simply make the antenna 
as high as possible. 

Fig. 5-22 shows the lowest height at which 
ground reflections make the radiation maximum 
at a desired wave angle. It can be used in con¬ 
junction with Fig. 5-18 for complete alignment of 
the antenna. For example, if the desired wave 
angle is 20 degrees, Fig. 5-22 shows that the 
height must be 0.75 wavelength. From Fig. 5-18, 
the optimum leg length is 4.2 wavelengths and 
the tilt angle is just under 70 degrees. A rhombic 
antenna so designed will have the maximum pos¬ 
sible output that can be obtained at a wave angle 
of 20 degrees; no other set of dimensions will be 
as good. However, it will have still greater output 
at some angle lower than 20 degrees, for the rea¬ 
sons given earlier. When it is desired to make the 
maximum output of the antenna occur at the 
20-degree wave angie, it may be accomplished 
by using the same height and tilt angle, but with 
the leg length reduced by 26 per cent. Thus for 
such alignment the leg length should be 4.2 X 
0.74 = 3.1 wavelengths. However, the output at 
the 20-degree wave angle will be smaller than 
with 4.2-wavelength legs, despite the fact that the 
smaller antenna has its maximum radiation at 
20 degrees. The reduction in gain is about 1.5 db. 

Methods of Feed 

If the broad frequency characteristic of the 
rhombic antenna is to be fully utilized the feeder 
system used with it must be similarly broad. This 
practically dictates the use of a transmission line 

maximum radiation at a desired wave angle. This curve 
applies to any type of horizontal antenna. 

of the same characteristic impedance as that 
shown at the antenna input terminals, or approxi¬ 
mately 700 to 800 ohms. Data for the construc¬ 
tion of such lines will be found in Chapter Three. 
It will be found, however, that the spacing re¬ 
quired is rather awkward, and also that rather 
small wire must be used. Both these considera¬ 
tions are disadvantageous mechanically, and the 
radiation from the line also tends to be high at 28 
Me. because of the wide spacing. 

While the usual matching stub can be used to 
provide an impedance transformation to more 
satisfactory line impedances, this limits the oper¬ 
ation of the antenna to a comparatively narrow 
range of frequencies centering about that for 
which the stub is adjusted. On the whole, the best 
plan is to connect a 600-ohm line directly to the 
antenna and accept the small mismatch which 
results. The operation of the antenna will not be 
adversely affected, and since the standing-wave 
ratio is quite low (1.33 to 1) the additional loss 
over the perfectly-matched condition will be un-
appreciable even for rather long lines. The chief 
disadvantage is that at some frequencies a slight 
readjustment of the coupling to the transmitter 
may be necessary to maintain constant input. 



CHAPTER 6 

Multiband Antennas 

For operation between 3.5 and 30 Me., the 
majority of amateurs find it impractical to use a 
separate antenna for each band. This is no real 
hardship, because the only real advantages to 
having separate antennas for each band are that 
they allow “flat” feedlines to be used and also 
advantage can be taken of certain directional 

Fig. 6-1 — Any length of wire can be used for an an¬ 
tenna by feeding it with a *-section coupler. The values 
of Ci, Cz and Li must be found by experiment but, in 
general, 150-ggfd. variables can be used for Ci and Cz, 
The ground connection can be made back to the trans¬ 
mitter chassis or directly to a water pipe. 

characteristics the antennas may have. This 
chapter will describe single antenna systems that 
can be used for all amateur bands between 3.5 
and 30 Me., while Chapters Seven and Eight will 
deal with more specialized antennas that are 
normally used for only one or two bands. 

• ANTENNAS WITHOUT FEEDLINES 
The simplest (and probably least effective) 

multiband antenna is a random length of No. 12 
or No. 14 wire. Power can be fed to the wire 
through a “zr-section” coupler on practically any 
frequency, by connecting it as shown in Fig. 6-1. 
If the wire is made either 67 or 135 feet long, the 
wire can be fed through the coupler, or with a 
tuned circuit as in Fig. 6-2. 

If a 28- or 50-Mc. rotary beam has been in¬ 

Fig. 6-3 — The end-fed antenna using tuned feeders 
will require a series- or parallel-tuned coupling circuit, 
depending upon the feeder length and the band (see 
Table 6-Ï). LiCi should tune to the operating fre¬ 
quency. For the parallel-tuned circuit, the capacity Ci 
should be at least 100 ggfd. for 3.5 Me., 50 for 7 Me. 
and 25 for 14 Me. In the series-tuned circuit, the values 
of 2Ci will be considerably lower (roughly one-half to 
one-fourth), and consequently Li will be larger. A single 
series-tuning condenser can be used, of a value equal 
to half of2G. 

Fig. 6-2 — If the length of the wire is made 135 feet, the 
antenna can be fed with a parallel-tuned circuit on all 
amateur bands. L\Ci should resonate to the band in use, 
and can be a duplicate of the final-amplifier tank in¬ 
ductance and capacity. A ground may or may not be 
necessary. 

If the wire is 67 feet long, a series-tuned circuit is re¬ 
quired for 3.5-Mc. operation. LiCi should resonate in 
the 80-meter band, and a good ground (or quarter wave¬ 
length of wire) should be used. Parallel tuning can be 
used on 7 Me. and higher. 

stalled, in many cases it will be possible to use 
the beam’s feedline as an antenna on the lower 
frequencies. Connecting the two wires of the feed¬ 
line together at the station end will give a random¬ 
length wire that can be conveniently coupled to 
the transmitter as in Figs. 6-1 and 6-2. The ro¬ 
tary system at the far end will serve only to 
“end-load” the wire and will not have much 
other effect. 

One disadvantage of all such directly-fed sys¬ 
tems is that part of the antenna is practically 
within the station, and there is a good chance 
that trouble with r.f. feed-back will be encoun¬ 
tered. The r.f. within the station can often be 
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Fig. 6-4 — The center-fed all-band antenna requires 
parallel or series tuning of the coupling circuit, de¬ 
pending upon the system dimensions and the frequency 
band (see Table 6-II). LlCj should resonate in the 
range of the operating frequency. For greatest ease of 
coupling, a low ratio of Li to Ci should be used with 
parallel tuning, and a high ratio with series tuning. 

satisfactory to return to the transmitter chassis 
for the ground, or directly to a convenient water 
pipe. If neither of these works well (or is not 
available), a length of No. 12 or No. 14 wire 
(approximately A wavelength long) can often 
be used to good advantage. This wire is connected 
at the point in the circuit that is shown grounded, 
and it can be run out and down the side of the 
house, or supported a few feet above the ground 
if the station is on the first floor or in the base¬ 
ment. It should not be connected to actual ground 
at any point. 

• END-FED ANTENNAS 
When a straight-wire antenna is fed at one end 

by a two-wire feedline, the length of the antenna 
portion becomes fairly critical if radiation from 
the feedline is to be held to a minimum. How-

minimized by choosing a 
length of wire so that a 
current loop occurs at or near 
the transmitter. This means 
using a wire length of a 
quarter wavelength, or an odd 
multiple of a quarter wave¬ 
length. Obviously this can be 
done for only one band, in the 
case of even harmonically-re¬ 
lated bands, since the wire 
length that gives a current 
loop at the transmitter will 
give a voltage loop at two (or 
four) times that frequency. 
When operating with a 

straight-wire antenna, as in 
Figs. 6-1 and 6-2, it is wise to 
try different types of grounds 
on the various bands, to see 
which will give the best re¬ 
sults. In many cases it will be 

SERIES LOW-C PARALLEL 

Fig. 0-5 — Wiring diagram of an antenna coupler for timed lines. For 3.5- to 
30-Mc. operation, Ci and C2 are 75-ggfd. condensers with plate spacing equal 
to that used in the final-amplifier tank condenser. Ji through ,/e arc banana-
plug jacks mounted on the condensers or on stand-off insulators. The coil L 
is a transmitting-type coil similar in power rating to that used in the output 
amplifier. By using jumpers between the jacks, the three types of circuits 
shown can be obtained. The feedline connects to A-A or B-B. 

Some experimenting with the number of turns in /. may be reejuired. In gcn> 
eral, higher inductance will be used in the series circuit than in the parallel cir¬ 
cuits, and sometimes the final-amplifier coil from the next lower-frequency 
band can be used. When the coil is tapped in parallel operation, the approxi¬ 
mate position of the taps can be found from Table 6-11, if one of those particu¬ 
lar antenna-and-fcedline systems is being used. 

To maintain balance to ground, the settings of Ci and C2 should be held the 
same. Insulated extension shafts on the condensers should be used to eliminate 
hand-capacity effects while tuning. 

TABLE 6-1 
End-Fed Antennas Using Tuned Lines 

The antenna lengths are approximate and can be 
trimmed to the favorite operating frequency by the 
method given in the text. 

Antenna 
Length 
(feet) 

Feeder 
Length 
(feet) 

Band 
(Me.) 

Type of Coupling Circuit 

Open-Wire 
Line 

300-0hm 
Twin-Lead 

135 45 

3.5 
7 
14 
21 
28 

Series 
Series 
Series 
Series 
Parallel 

Series 
Parallel 
Parallel 
Series 
Series 

67 45 

7 
14 
21 
28 

Series 
Series 
Series 
Parallel 

Parallel 
Parallel 
Series 
Series 

ever, there is often no great harm in some radia¬ 
tion from the feedline, and one of the most popu¬ 
lar antenna systems for multiband operation is 
the “end-fed” or “Zepp-fed” antenna shown in 
Fig. 6-3. (The “Zepp-fed” designation derives 
from an early use of the antenna on dirigible 
balloons.) The antenna length (length of “flat 
top”) is made a half wavelength at the lowest 
operating frequency. The feeder length can be 
anything that is convenient, but feeder lengths 
that are multiples of a quarter wavelength gen¬ 
erally give trouble with parallel currents and 
radiation from the feeder portion of the system. 
The feeder length given in Table 6-1 is free of this 
trouble. The feedline is generally an open-wire 
line of No. 14 solid spaced 4 or 6 inches with 
ceramic or plastic spacers, but 300-ohm Twin-
Lead can be used in low-power installations up to 
a few hundred watts without trouble. 

If one has room for only a 67-foot flat top and 
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yet wants to operate in the 3.5-Mc. band, the 
feedline can be tied together at the transmitter 

TABLE 6-II 
Center-Fed Antennas Using Tuned Lines 

Antenna 
Length 
(feet) 

Feeder 
length 
(feel) 

Band 
{Me.) 

Type of Coupling Circuit 

Open-W ire 
Line 

SOO-Ohm 
Twin-Lead 

135 42 

3.5 

7 

14 

21 

28 

_ 

Parallel 
(large coil) 

Parallel 
(tap across 
14 

Parallel 
(tap across 
% coil) 
Parallel 
(tap across 
% coil) 
Series 
(very low 
C) 

Parallel 
(tap across 
14 coil) 
Parallel 
(tap across 
14 coil) 

Series 

Series 

Series at ends 
of band, par¬ 
allel (tap 
across 14 coil) 
at center 

135 77A' 

3.5 

21 

28 

Parallel 

Parallel 
(tap across 

coil) 
Parallel 
(tap across 
14 coil) 
Parallel 
(tap across 
y coil) 
Parallel 
(tap across 
14 coil) 

Parallel 
(tap across 
14 coil) 
Parallel 
(tap across 
y coil) 
Parallel 
(tap across 
14 coil) 
Parallel 
(tap across 
14 coil) 
Parallel 
(tapacross 
14 coil)_ 

67 42« 

3.5 
7 

14 

21 

28 

Series 
Parallel 

Parallel 
(tap across 
12 coil) 
Parallel 
(tapacross 
14 coil) 
Parallel 
(tap across 
'4 coil) 

Series 
Parallel 
(tap across 
M coil) 
Series 

Parallel 
(tap across 
*4 coil) 
Parallel 
(tap across 
14 coil) _ 

67 65)4 

3.5 

7 
14 

21 

28 

Parallel 
(coil larger 
than nor¬ 
mal) 
Series 
Parallel 
(tap across 
% coil) 
Series 

Parallel 
(tap across 
)4 coil) 

Parallel 
(coil larger 
than normal) 

Series 
Parallel 
(tap across 
14 coil) 
Parallel 
(tap across 
14 coil) 
Series 

end and the entire system treated as a random¬ 
length wire fed directly, as in Fig. 6-1. 

While it is generally sufficient to cut the an¬ 
tenna to length by tape measurement, a closer 
check can be obtained by inserting an r.f. am¬ 
meter in the feedline at x and y in Fig. 6-3. If two 
similar metera are not available, one meter can 
be moved from one feeder to the other, closing 
the circuit in the unmetered feeder with a short 
jumper wire. When the antenna (flat-top) length 
is correct, the meter readings in either feeder will 
be the same, provided there are no parallel cur¬ 
rents on the feedline. The best insurance against 
parallel currents is to use a feeder length that is 
not a multiple of a quarter wavelength, e.g., the 
45-foot length recommended in Table 6-1. The 
flat top can be made long at first and trimmed at 
the far end until a balanced condition is obtained 
at the favorite operating frequency. It will be 
found that the currents will balance over only a 
narrow range of frequencies, because of the 
changes in current distribution with frequency. 
Also, the balance points will not be exactly har¬ 
monically related but will move to frequencies 
slightly higher than exact multiples when checked 
at higher-frequency bands. 

• CENTER-FED ANTENNAS 
Probably the most satisfactory all-band an¬ 

tennas are those using tuned feedlines to the 
center of the antenna, as in Fig. 6-4. Because each 
half of the flat top is the same length, the feedline 
currents will be balanced at all frequencies un¬ 
less, of course, unbalance is introduced by one 
half of the antenna being closer to ground (or 
a grounded object) than the other. For best re¬ 
sults and to maintain feed-current balance, the 
feedline should run away at right angles to the 
antenna. In cases where this is completely im¬ 
practical, the angle should be made as close to 
90“ as possible. The length of the flat top is not 
critical (provided both halves are the same 
length), nor is the length of the feedline, but some 
combinations will give less trouble with parallel 
line currents than will others. Recommended 
combinations are given in Table 6-II. 

The feedline can be the same as that used for 
end-fed antennas. The 300-ohm Twin-Lead can 
be used for powers up to a few hundred watts, 
and open-wire line is good for any amateur power. 
The coupling circuits in Table 6-II will, in gen¬ 
eral, be duplicates of the LC combination used 
in the final amplifier, for the parallel-tuned cases. 
The series-tuned coupling circuits generally re¬ 
quire a larger inductance and a smaller capacity. 
By using two condensers in the series-tuned cir¬ 
cuit, a lower minimum capacity can be obtained 
(useful at 21 and 28 Me.) and the circuit balance 
is retained. However, it is often quite satisfactory 
to use only one series tuning condenser, provided 
it can tune the range and withstand the developed 
voltage. 
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When the flat-top length is made less than 

a half wavelength at the lowest operating 
frequency, there will be a slight reduction in 
effectiveness at this frequency, but it is not too 
important until the length is made a quarter 
wavelength. In other words, there is no need to 
relinquish 3.5-Mc. operation simply because one 
doesn’t have enough room to string up an antenna 
135 feet long. 

* V» AND RHOMBICS 
Although “V” beams and rhombic antennas 

are generally designed for 14 or 28 Me., they are 
made up of so much wire that they can be used 
down to 3.5 Me. by proper coupling to the trans¬ 
mitter. The directional effects will not be very 
noticeable on 3.5 Me., but it may be found that 
the antenna is not as effective over short distances 
(100 miles) as a simpler type of antenna. This is 

CHAPTER 6 
because the antenna system may tend to confine 
the radiation to lower angles. However, for 
greater distances the long-wire Vs and rhombics 
will prove quite satisfactory at 3.5 Me. 

• VERTICAL ANTENNAS 
A vertical antenna is generally a poor all-band 

antenna because there is an increase in high-angle 
radiation at the higher frequencies, and this is the 
exact opposite of the desired characteristic. It will 
work, of course, and under some conditions it will 
result in good signals at a distance, but its per¬ 
formance will be inferior at 14, 21 and 28 Me. to 
almost any other type of antenna. However, a 
66-foot vertical antenna fed in the center with a 
tuned line is a good antenna for 3.5, 7 and 14 Me., 
and a 33-foot vertical fed similarly in the center is 
reasonably satisfactory for 7-, 14-, 21- and 28-Mc. 
work. 



CHAPTER 7 

Antennas for 
3.5 and 7 Me. 
Obviously any of the antenna systems dis¬ 

cussed under “Multiband Antennas” (Chapter 
Six) will work on 3.5 and 7 Me. This chapter will 
discuss these and other antennas that are best 
suited for low-frequency work. 

• TUNED-LINE END- OR CENTER-FED 
ANTENNAS 

The end-fed and center-fed antennas shown in 
Figs. 6-3 and 6-4 are quite widely used for 3.5-
and 7-Mc. operation. The center-fed system has 

a slight edge, because it is inherently balanced 
on both bands and there is less chance for feeder 
radiation and r.f. feed-back troubles, but either 
system will give a good account of itself. On these 
frequencies the height of the antenna is not too 
important, and anything over 35 feet will work 
well for average operation. The advantage of 
height will show up when trying to work DX. 

• HALF-WAVELENGTH ANTENNAS 
An untuned or “flat” feedline is a logical 

choice on any band, because the 
losses are low, but it generally 
limits the use of the antenna to 
one band. However, the half¬ 
wave antenna fed with untuned 
line is one of the most popular 
systems on the 3.5- and 7-Mc. 
bands. If the antenna is a single¬ 
wire affair, its impedance is in 
the vicinity of 70 ohms. The 
most logical way to feed the 
antenna is with 72-ohm Twin-
Lead or coaxial line. The heavy-
duty Twin-Lead and the coaxial 
line present support problems, 
but these can be overcome by 
using a small auxiliary pole 
to take the weight of the line. 
The line should come away 
from the antenna at right an¬ 
gles, and it can be of any length. 

A “folded dipole” shows an 
impedance of 300 ohms, and so 
it can be fed directly with any 
length of 300-ohm Twin-Lead. 
The feedline should come away 
from the antenna at as close to 
a right angle as possible. The 
folded dipole can be made of 
ordinary wire spaced by light¬ 
weight wooden or plast ic spacers, 
4 or 6 inches long, or a piece of 
300-ohm Twin-Lead can be used 
for the folded dipole. However, 
if Twin-Lead is used for the di¬ 
pole, the ends should be shorted 
through condensers of 500 ppfd. 
(3.5 Me.) or 250 ppfd. (7 Me.) 

300-ohm 
Twin-Lead-
anjj length 

wires, spaced 4 
to 6 inches 

Fig. 7‘1 — Half-wavelength antennas for single-hand operation. The multi-
wire types shown in B, C and I) have a slight advantage in that they 
w ill offer a better match over a w ider range of frequencies, but otherw ise the 
performances are identical. 1 he feedlines can be any length in excess of a 
quarter wavelength, hut they should run away from the antenna at a right 
angle for as great a distance as possible. In the coupling circuits shown, LC 
should resonate to the operating frequency. In the series-tuned circuit of 
A, B and C high L and low C are recommended, and in D the inductance and 
capacity should be similar to the output-amplifier tank, with the feeders 
tapped across about % the coil. 
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FREQUENCY (KC) 

Fin. 7-2 — The above charts can be used to determine 
the length of a half-wave antenna of w ire. 

if best feedline matching is to be obtained. Small 
500-volt mica receiver-type condensers will be 
satisfactory. 

A folded dipole can be fed with a 600-ohm 
open-wire line with only a 2-to-l standing-wave 
ratio, but a nearly perfect match can be obtained 
with 600-ohm open line and a three-wire dipole. 

The three types of half-wavelength antennas 
just discussed are shown in Fig. 7-1. One ad¬ 
vantage of the two- and three-wire antennas over 
the single wire is that they offer a better match 
over a band. This is particularly important if full 
coverage of the 3.5-Mc. band is contemplated. 

While there are many other methods of match¬ 
ing lines to half-wavelength antennas, the three 
mentioned are the most practical ones. It is pos¬ 
sible, for example, to use a quarter-wavelength 
transformer of 150-ohm Twin-Lead to match a 

Fifi, 7-3 — Vertical antennas are effective for 3.5- or 
7-Mc. work. The quarter-wavelength antenna shown 
at A is fed directly with 50-ohin coaxial line, and 
the resulting standing-wave ratio is about 1.5 to 1. 
If a grounded antenna is used as at B, the antenna 
can be shunt-fed with either 50- or 75-ohm coaxial line. 
The tap for best match will have to be found by ex¬ 
periment — the line running up the side of the antenna 
should be spaced from 6 to 12 inches from the antenna. 
The length (height) of the antenna can be computed 
from the formida, or it can be obtained from Fig. 7-2 
by using just one-half the length indicated in the chart. 
For example, at 3.9 Me., the length is 12O'/2 = 60'. 

single-wire half-wavelength antenna to 300-ohm 
feedline. But if 300-ohm feedline is to be used, a 
folded dipole offers an excellent match without 
the necessity for a matching section. 
The formula shown above each antenna in 

Fig. 7-1 can be used to compute the length at any 
frequency, or the length can be obtained directly 
from the charts in Fig. 7-2. 

As mentioned before, the height of an antenna 
is not too important at these frequencies, but it 
should be at least 35 feet for good results. The 
advantages of greater height will become in¬ 
creasingly apparent when working DX. 

Fig. 7-4 — A ground-plane antenna is effective for DX 
work on 7 Me. Its base can be any height above ground. 
Feeding the antenna directly with 50-ohm coaxial cable 
will result in a low standing-wave ratio. The length of 
the vertical radiator can be computed from the for¬ 
mula, or it can be obtained from Fig. 7-2 by using just 
one-half the length indicated in the chart. The radial 
wires are 2.5% longer. For example, at 7.1 Me., the 
radiator is 65' ll"/2 = 33'; the radials are 1.025 X 
33 = 33' 10”. 
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3 wires spared'2'-IS" 

Two-wire Uñé 

1^ Driven. 

Parasitic 
Open -

Coupled to / 
Transmitter 

(A) 

Coupled 
V. *— to 

Tuned J Transmitter 

(B) 

The wires should be spaced from about 12 to 15 
inches either side of the driven center conductor, 
and wood spacers boiled in paraffin aré quite 
adequate for the job. The ground should be a 
good one made directly to a water pipe near the 
base of the antenna, or a counterpoise or ground¬ 
radial system can lie used. It is not important 
that the three-wire dipole be exactly vertical — 
part of the far end can run horizontally or nearly 
so, or the entire antenna can slope as much as 
45°. , . , 

If the length of the three-wire dipole is made 
55 feet, the antenna will work fairly well on both 
3.9 and 14 Me. 

0 PHASED ARRAYS 
When a directional antenna is required for 80-

metcr work — for special schedules ovei a long¬ 
distance path — the most practical system is a 
combination of vertical quarter-wavelength an-
tonnas fed in the correct phase, such as some of 
the broadcast stations use to obtain special 

• VERTICAL ANTENNAS 
Vertical antennas find some favor on 3.5 and 

7 Me., and if one has a suitable location he can 
get good results with a vertical antenna on these 
frequencies. There is a good chance that BCI 
troubles will be a little more severe with a vertical 
antenna, but good results in DX work can be ob¬ 
tained, liccause of the low-angle radiation from 
the vertical. . 

For 3.5-Mc. work, the vertical can be a quarter 
wavelength long (if one can get the height), or it 
can be something less than this and “top-loaded 
The bottom of the antenna has only to clear the 
ground by inches. Probably the best construction 

Fie. 7-6— Directional antennas for 7 Me. To realize 
any advantage from these antennas, they should be at 
least 40 feet high. The system at A is bidirectional, ami 
that at B is unidirectional in a direction depending 
upon the tuning condition of the parasitic element. 
The length of the elements in either antenna should be 
exactly the same, but any length from 60 to 150 feet can 
be used. If the length of the antenna at A is made 
from 60 to 80 feet, it will be bidirectional along the 
same line on both 7 and 14 Me. The system at B can 
be made to work on 7 ami 14 Me m the same way by 
keeping the length down to from 60 to 80 feet, but the 
tuning of the parasitic element will be different on the 
two bands. 

Fie 7-5 — A three-wire quarter-wave dipole for 3.5 or 
7 Me. offers a good match for 300-ohm line. 1 he antenna 
docs not have to run exactly vertical, but a fairly good 
ground is important. The length is calculated from 
234 4- freq. (Me.), but, because the antenna is broad, 
this figure is not critical. 

of a quarter-wavelength vertical involves run¬ 
ning copper or aluminum tubing alongside a 
wooden mast, if a metal tower is not available. 
If a grounded tower is used, the antenna can be 
“shunt-fed,” its shown in B of Fig. 7-3. A good 
ground system is helpful in feeding a quarter¬ 
wavelength vertical antenna, and the ground can 
be either a convenient water-pipe system, or 
several radial wires extending out. from the base 
of the antenna for about a quarter wavelength. 

The size of a “ground-plane” antenna makes it 
a little impractical for 3.5-Mc. work, but one can 
be used at 7 Me. to good advantage, particularly 
on DX work. This type of antenna can be placed 
higher above ground than an ordinary vertical 
without decreasing the low-angle radiation. The 
vertical member can be a length of self-support¬ 
ing tubing at the top of a short mast, and the 
radials can be lengths of wire used also to sup¬ 
port the mast. The radials do not have to be 
exactly horizontal, as shown in Fig. 7-4. 

Another vertical or semivertical antenna that 
will work well on one band (either 3.5 or 7 Me.) 
is shown in Fig. 7-5. A quarter-wavelength t hree-
wire dipole of this type offers a good match for 
300-ohm line over a fairly wide frequency range. 

H-toot separation eo-footseparation 

radiation patterns. Since it is generally not very 
practical for an amateur to set up such an 

"¿trànsmiïter elaborate system, one usually has to forego 
the luxury of directive antennas at 80 meters. 
Arrays using horizontal elements are not ef¬ 

fective at these frequencies unless they can be 
made over 100 feet high, a condition that makes 
such systems impractical for amateur work. How¬ 
ever, in the event that such heights can be ob¬ 
tained, phased arrays of horizontal elements will 
give added signal strength at a distance. 

Phased arrays with horizontal elements can be 
used to advantage at 7 Me., though, if they can 
be placed at least 60 feet above ground. Any 
of the usual combinations will be effective. If a 
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bidirectional characteristic is desired, the W8JK 
type of array, shown at A in Fig. 7-6, is a good 
one. If a unidirectional characteristic is required, 
two elements can be mounted about 20 feet apart 
and provision included for tuning one of the ele¬ 
ments as either a director or reflector, as shown 
in Fig. 7-6B. Such a system will not show much 
directivity on near-by signals, but a worth-while 
increase will be noted at distances of several 
thousand miles. The parasitic element is tuned 
at the end of its feedline with a series- or parallel-
tuned circuit (whichever would normally be re¬ 
quired to couple power into the line), and the 
proper tuning condition can he found by using the 
system for receiving and listening to distant sta¬ 
tions along the line of maximum radiation of the 
antenna. The tuning of the feedline to the para¬ 
sitic element will peak up the signal — that set¬ 
ting of the tuning condenser is noted, and then a 
signal in the opposite direction is peaked. 

frequency. The antenna at B uses the same 
principle, but a disk of thin aluminum is used 
instead of the can. The coil L\ is wound on a 
wooden form, and the active radiator of No. 10 
wire is wound around the supporting pole a few 
times just to make Ai a little smaller. The wire in 
Ai and the wire on the pole can be covered with 
Glyptal or other protective lacquer after the ad¬ 
justments have been completed. The height 
should be whatever is safe for the car and the 
driving habits of the operator. 
The size of Aj can be found by removing 

a few turns at a time, while maintaining constant 
input (loading) to the transmitter and observing 
the signal strength at a distance of a few miles, on 
the S-meter of a receiver. Make your adjustments 
at the low-frequency end of the band, to insure 
leaving enough coil for the rest of the band, and 
remove one turn at a time as the observed strength 
begins to level off. An alternative procedure is to 

X 2 -foot minimum 
diameter 

3-inch diameter 
minimum 

No ¡0 wire on 
wooden pole 

Fig. 7-7 — Two types of construction for "top-loaded" antennas for mobile 
work. At A a large cracker can is used as the loading capacity and a protec¬ 
tive shield for the loading inductance. Ar, the antenna at I! uses a large 
disk of aluminum for the capacity. Adjustment procedure w ill be found in 
the text. 

• ANTENNAS FOR MOBILE WORK 

The reason for the poor operation of “whip” 
antennas at low frequencies is the difficulty of 
putting any heavy current into the portion of the 
antenna “in the clear” behind and above the car. 
This can be overcome by “top loading” the an¬ 
tenna or by using a large loop antenna. 

The antenna of Fig. 7-7A uses a large circular 
pretzel or cracker can for the top-loading capacity 
and to protect the loading coil, Aj. The larger the 
can the smaller will be the coil, but the coil will 
be large under any circumstances, generally end¬ 
ing up with more inductance than would nor¬ 
mally be used in a transmitter tank at the same 

disconnect the antenna from con¬ 
denser C and connect C across Aj. 
With very loose coupling, reson¬ 
ate LiC to the test frequency and 
note the setting of C. Reconnect 
the antenna to condenser C in the 
proper manner, and prune turns 
from Ai until the system loads the 
t ransmitter best at the setting of 
C obtained in the first test. 

With either the antenna at A or 
B, Li should be a large coil (high 
inductance) of good construction 
and high Q. This means using 
heavy wire or small copper tubing, 
and winding the coil with a diame¬ 
ter of at least 2I¿ or 3 inches. 
C should be a 100-ppfd. variable 
for 80-meter work, and a 50-ppfd. 
variable will suffice for 40 meters. 
The coil Li should tune to the 
band with condenser C across it 
and set at about 75 to 90 per 
cent of maximum. 

If the coil Ai in Fig. 7-7B is 
tapped, and coil Li is made plug¬ 

in, the antenna can be used on two bands. 
Another type of antenna that can be used for 

mobile work is the “whip” antenna mounted at 
the top of the rear fender and bent forward and 
connected to the body of the car above one of the 
windows. It requires an excellent low-resistance 
connection to the car at this point, and the loop 
should extend as high above the car body as 
possible. It is fed in the same way as the pre¬ 
vious antennas, through a series-tuned circuit. 

It is important that the ground connection to 
the car be a good one. This requires scraping the 
paint from the car body and fastening a good lead 
with lock washers and well-tightened bolts. The 
connection can be made inside the trunk rack. 



CHAPTER 8 

Antennas for 

14, 21 and 28 Me. 

The antenna systems discussed in Chapters Six 
and Seven can, of course, be used on 14, 21 and 
28 Me. with good results. The half-wavelength 
antenna of 3.5 Me., fed with tuned feeders, be¬ 
comes a multiwavelength antenna at these higher 
frequencies, and the directional characteristics 
become a little more apparent. The half-wave¬ 
length antennas fed with flat lines (Chapter 
Seven) can be scaled down for the higher fre¬ 
quencies, and they will give a good account of 
themselves. Suitable lengths are given in Fig. 8-1, 
and Fig. 3-38 should be referred to if feeder res¬ 
onances are to be avoided. The vertical antennas 
(and the ground-plane in particular) can be used 
at these frequencies and will give good low-angle 
radiation, but when used for receiving the man¬ 
made noise pick-up is likely to be greater than 
with a horizontal antenna. The directional pat¬ 
tern of a half-wavelength antenna becomes ap¬ 
parent at these frequencies, and it is not at all 
unwise to provide two half-wavelength antennas 
for these bands, at right angles to each other, 
with a suitable switching arrangement to permit 
using one antenna or the other, depending upon 
the direction of the desired signal. Better still is 
to use a single half-wavelength antenna that can 
be rotated at least 135°. In either the case of the 
switchable antennas or the rotatable half-wave, 
it is highly desirable to use a carefully-balanced 
feedline, to insure against unwanted pick-up of 
signals on the feedline and consequent loss of 
directional effects. 

On the other hand, if one wishes to avoid the 
directional effects at these frequencies, the an¬ 
tenna shown in Fig. 8-2 can be used. Both wires 
are horizontal and at right angles to each other. 
Since it is a balanced antenna, it will work on the 
three bands. If designed for 14 Me. (each leg 33 
feet long), it will be practically nondirectional 
on 14, 21 and 28 Me., and it will show only slight 
directional effects on 7 Me., along the bisector of 
the 90-degree angle. 

When using a long-wire antenna at the higher 
frequencies (one of the antennas described in 
Chapter Six), it will pay to lay out its direction 

to take advantage of the major lobes that de¬ 
velop at the higher frequencies (see Chapter 
Two), if this is at all possible. Further, if the 
antenna is not to run horizontal, it should be 
kept in mind that the major useful radiation from 
a long sloping wire is in the general direction of 
the slope although, of course, there will be useful 
radiation at other angles as well. 

• DIRECTIONAL 
ANTENNAS 

Because a wavelength is smaller physically at 
these frequencies than at the lower ones, rela¬ 
tively larger antennas (in terms of wavelengths) 
can be built, to take advantage of the gain and 
directive effects of the more complicated types 
of antennas. A 7-Mc. half-wavelength antenna, 
fed with tuned line, becomes “two half waves in 
phase” at 14 Me., with a gain of 1.8 db. over a 
14-Mc. half-wavelength antenna. However, by 
making the antenna only a little longer it becomes 
an “extended double Zepp” and has a gain of 
3 db. The proper length of an extended double 
Zepp can be obtained from Fig. 8-3, and its 
physical construction is the same as for the 
center-fed antenna of Fig. 6-4. On the design 
frequency and at half this frequency, the maxi¬ 
mum radiation is at right angles to the wire. 
At higher frequencies, the pattern tends toward 
the “X” shapes obtained from 1- and 2-wave-
length antennas. 

As one goes to the higher-frequency bands, it 
becomes increasingly important to confine the 
radiation to low angles above ground, for maxi¬ 
mum signal strength on both transmitting and 
receiving. Since the vertical pattern of a simple 
antenna depends upon its height above ground, 
it would be wise to choose a height that confines 
the radiation to the lower angles. This is difficult 
to do, however, because the exact height above 
electrical ground is hard to determine. The solu¬ 
tion is to use an antenna system that is less de¬ 
pendent upon ground height. While there is no 
antenna that is entirely free of this effect, con-
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siderable improvement can be obtained. The 
ground-plane antenna will have the same pattern 
as a half-wavelength vertical with its center at 
the same height as the base of the ground plane. 
Simple end-fire or broadside arrays using hori¬ 
zontal elements will increase the low-angle radia¬ 
tion. They are also fairly easy types of antennas 
to build. The end-fire (W8JK beam) is generally 
easier to install because it doesn’t require as much 
height to be effective, but its Q is higher and the 
system is somewhat harder to feed. The feed 
problem can be reduced by using multiwire ele¬ 
ments. Practical types of simple end-fire and 
broadside arrays are shown in Figs. 8-4 and 8-5. 
The antenna of Fig. 8-4A shows the general 

form and constructional details of the popular 
*W8JK” beam. Although it is generally strung 
between two supports in a horizontal position, it 
can be hung vertically from a single support. It is 
useful for the amateur with little room because 
it can be used on the three bands, if tuned feeders 
are connected to points x and y. The dimensions 
are not critical (see caption with the sketch), 
but the lengths running away from points x and y 
should all be equal. The folded-dipole version in 
Fig. 8-4 B is a one-band affair, but has the ad¬ 
vantage that the feed point (x and y) offers a 

more normal impedance value and the standing-
wave ratio will be lower than in the first case. 
Open-wire line is recommended for use with 
either system. The longer-length elements will 
give several db. gain more than the shortest 
recommended lengths. 

The antennas shown in Fig. 8-5 are “broad¬ 
side” arrays. The system illustrated in A is the 
popular “lazy H,” and it is an antenna that is 
good for DX work on the three bands. For best 
results on 14 through 28 Me. the bottom wire 
should be 30 or 35 feet above ground, but the 
system is useful when the lower wire is only 15 
or 20 feet high. Open-wire line should be used 
between the transmitter and points x and y. The 
larger dimensions will give several db. more gain 

Fig. 8-2 — A sim¬ 
ple nondirectional 
antenna for high-
frequency work. It 
will work satisfac¬ 
torily from half 
the design fre¬ 
quency to any¬ 
thing higher. Both 
wires should be 
horizontal. De¬ 
signed for 11.2 
Me., the length of 
each leg is 33 feet. 
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Fig. 8-3 — Charts for determining the over-all length of 
the flat-top portion of an extended douhle-Zepp an¬ 
tenna. The construction is the same as shown in Fig. 6-4. 

than the minimum, but any intermediate lengths 
can be used, if care is taken to make the system 
symmetrical about the feed point. The “bi¬ 
square” array shown in Fig. 8-5B is a version 
of the “lazy H” that requires only one support 
instead of two, and its dimensions are such that 
it finds most application on 21 and 28 Me. Open¬ 
wire line can be used between the transmitter 
and points x and y. 

Directivity not only increases the strength of 
the transmitted and received signals, but the re¬ 
duction of response in undesired directions is help¬ 
ful under QRM conditions. The beams and an¬ 
tennas described so far are at best bidirectional. 

(B) 

Fig. 8-4 —Two simple end-fire arrays 
for H. 21 and 28 Me. These arrays are 
called ”\\ 8.1 K” antennas, and are gen¬ 
erally used horizontally, thus requiring 
two supports, hut they can be hung 
vertically and rotated if desired. That 
shown at A will be useful on the three 
bands if the length is made 33 to 40 
feet, with a spacing of 8^ feet. 

The antenna shown at B is good for 
only one band, but it is easier to feed. 
Element lengths can be found from 
Fir. 8-1. 

Either type of antenna is fed at 
points x and y with an open-wire line 
— the standing-wave ratio will be 
lower with B. 
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and an improvement in signal strength and oj>-
erating convenience can be obtained by making 
them unidirectional. One of the simplest forms 
of unidirectional beams is shown in Fig. 8-6. 
Two folded dipoles spaced a quarter wavelength 
are fed by equal lengths of 300-ohm line. An extra 
length of line, electrically a quarter wavelength 
long, is switched in to one line or the other. This 
causes the phase difference between the two di¬ 
poles to be 90°, and the system becomes uni¬ 
directional along a line through the two antennas. 
Reversing the switch reverses the direction of 
maximum gain. A gain of about 5 db. and a 
front-to-back ratio of about 20 db. can be ob¬ 
tained with this simple system. It is desirable to 
place it at least a half wavelength above ground. 

The bisquare antenna can be used in a some¬ 
what similar fashion by using another section and 
tuning it either as a director or a reflector, as 
shown in Fig. 8-7. The driven element is fed at x 

Fig. 8-5 — Two popular types of broadside arrays. The 
"lazy H” shown at A will work on 14, 21 and 28 Me. 
if the length is made 33 to 40 feet, with a spacing of 16 
to 24 feet. I'he larger dimensions give slightly more gain 
on all bands. 'I'he bottom wire should be at least 15 feet 
above ground for three-band operation, but better re¬ 
sults will be obtained if the bottom wire is 30 or 35 feet 
above ground. 

'I'he "bisquare’* antenna shown at B is a useful 
antenna for the 28-Mc. band. It has the advantage that 
only one support is required. 'I'he bottom of the antenna 
should be at least 3 feet above the ground, and prefer¬ 
ably about 10 or 12 feet above electrical ground. 'I'he 
bisquare will show some end-fire directivity at half 
frequency, with vertical polarization. The total length 
of wire on one side is 45 feet 3 inches at 21.2 Me., and 
33 feet at 29 Me. 

Either antenna should be fed at points x and y 
with a tuned line. 

Fig. 8-6 — A simple reversible fixed beam for 14, 21 or 
28 Me. Two folded dipoles (see Fig. 7-1 for construc¬ 
tional details) are mounted a quarter wavelength apart 
and are fed with 300-ohm line. 'I'he directivity is made 
reversible by the d.p.d.t. switch (or relay) as shown. 
Element lengths can be obtained from Fig. 8-1. I'he 
spacing is 17 feet 3 inches at 14.2 Me., 11 feet 7 inches 
at 21.2 Me., and 8 feet 5 inches at 29 Me. The phasing 
section is 13 feet 9 inches at 14.2 Me., 9 feet 3 inches at 
21.2 Me., and 6 feet 9 inches at 29 Me. 

and y by a tuned line, and the switch S is opened 
when the parasitic element is used as a director. 
Under these conditions, Ci is tuned for maximum 
signal coming from the left-hand side (Fig. 8-7). 
For signals coming in the opposite direction 
(parasitic element used as a reflector), the switch 
is closed and C2 peaked for the best signal coming 
from the right-hand side. Once the two condensers 

Fifi. 8-7 — This unidirectional beam uses two bi¬ 
square elements, one driven and one tuned as either a 
reflector or director. The switch S is opened when the 
parasitic element is used as a director, and Ci is tuned 
for maximum gain of the antenna in the left-hand direc¬ 
tion. When the switch is closed, C2 is tuned for maxi¬ 
mum gain in the right-hand direction. 
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UK- 8-H —A bidirectional beam, made by combining 
the end-fire array of Fig. 8-4 with the broadside array 
of Fig. 8-5A. If the length is made from 33 to 40 feet, 
spacing a 8 feet, and spacing b 16 to 24 feet, the beam 
will operate well on Ik 21 and 28 Me. For any one band, 
the length can be from 0.5 to 1.2 wavelength, spacing a 
% wavelength, and spacing b 0.5 to 0.75 wavelength. 

have been adjusted, the switch can be controlled 
remotely from the operating position if desired. 
By comlÿning the end-fire and broadside ar¬ 

rays, multiband combinations can be obtained 
that have improved gain and low-angle radiation 
compared with the element arrays. One of the 
best combinations is shown in Fig. 8-8. By using 
tuned feeders, this bidirectional beam will work 

Fig. 8-9 — The "quad” antenna system consists of two 
square loops of wire, one acting as a reflector for the 
two-wire driven element. The spacing I) is 0.15 wave¬ 
length: 3)^ feet for 21.2 Mc., 2)4 feet for 29 Me. The 
length of one side, L, is a quarter wavelength: 11 feet 
4 inches for 21.2 Me., 8 feet 3 inches for 29 Me. Any 
suitable wooden framework can be used for support 
the insulation between the two wires of the driven ele¬ 
ment is not very important, but the side corners of the 
loops should be well insulated from ground. The tuning 
stub may be several feet long at these frequencies, and 
can be two parallel lengths of bare wire spaced 3 to 6 
inches. 

well ou 11, 21 and 28 Me. Its construction is 
simply that of two W8JK beams (Fig. 8-4A), 
supported one above the other. For best results, 
t he bottom section should be at least 30 or 35 feet 
above ground, but the system will work well with 
the bottom element only 15 or 20 feet high. For 
single-band operation, the beam can be fed with 
a flat, line through a matching transformer at x 
and y, and the height of the bottom section should 
be a half wavelength. All similar sections of the 
system (i.e., the wires running from points x and 
y, the four active antenna wires, etc.) should be 
of equal length, but the numerical value of length 
is unimportant. The larger dimensions will give 
several db. greater gain than the minimum 
lengths. 

• THE "QUAD" ANTENNA 
The “quad” antenna shown in Fig. 8-9 is a 

square loop antenna that is compact enough to 
be practical for the 21- and 28-Mc. bands. Used 
wit h a reflector, it has a gain of about 7 db. over 
a dipole, provided the centers of the loops are 
at least % wavelength (24 feet at 28 Me., 33 feet 
at 21 Me.) above ground. 

The antenna and reflector are made of No. 12 
or No. 14 wire on a suitable supporting frame of 
light wood. If tile dimensions given in the illus¬ 
tration are followed, the only adjustment that is 
necessary after installation is to find the correct 
position of the shorting bar on the stub that tunes 
the reflector. This can be done in the usual way 
by exciting the antenna (constant input) and 
measuring the field strength at a distance of ten 
wavelengt hs or so away, at the same height as the 
antenna. The driven element can be made of a 
single loop of wire instead of the two wires shown 
in Fig. 8-9, but the impedance offered to the feed¬ 
line will be lower and the standing-wave ratio 
higher. Doubling the wire in the reflector adds 
not hing to the performance and is likely to make 
the system more frequency-sensitive. 

The quad can be rotated 45° and fed at the 
center of the bottom side, if desired. In this case, 
the reflector should also be rotated by the same 
amount, and the tuning stub connected in the 
center of the bottom side. 

Using the driven element without the parasitic 
reflector shows so little gain over an ordinary 
dipole that its use is not recommended. 

VEES AND RHOMBICS 

On 14, 21 and 28 Me., the long-wire beams (vees 
and rhombics) are quite effective, and a properly-
designed rhombic will give a gain that is not 
likely to be equated by any other type of an¬ 
tenna. The pattern of the antenna radiation be¬ 
comes rather sharp, though, and hence the really 
high gain is effective over only a relatively narrow 
angle of perhaps 20 or 25 degrees. However, minor 
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obtained 

requires four sup-
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lobes of considerable amplitude help to 
fill in some of the other directions. 
The design of Vs and rhombics is 

treated in Chapter Five, but it can be 
repeated here that the larger and higher 
the rhombic is made, the higher will be 
the gain and the lower will be the wave 
angle. If the rhombic is terminated to 
give a unidirectional characteristic, one 
should be sure before terminating the 
beam that he knows over which of the 
two possible paths the signals generally 
travel. An 800-ohm noninductive re¬ 
sistor, rated at one-half the transmitter 
output power or more, should be 
used. 

with their vertices at a common support (which 
is generally made higher than the outlying 
supports, so that the antennas will slope), and 
running feeder lines from each antenna element. 
Then any vee beam in the system can be selected 
by switching. Such an antenna is shown in Fig. 
8-11, for four and seven wires. Other suitable com¬ 
binations are five 5-wavelength elements ar¬ 
ranged radially at 45 degrees, and nine 6-wave-
length elements arranged radially at 40 degrees. 
If the elements are designed for 21 Me., the an¬ 
tennas will work well from 14 to 30 Me., and will 
of course have useful radiation (but not as much 
directivity) on the lower frequencies. The higher 
the wires can be strung, the greater will be the 
gain of the beams, and the antennas should be 
at least 35 feet high for any real effectiveness. 
The feeder wires should be spaced from 3 to 0 
inches around the periphery of an imaginary 
circle, and all feed wires should be made the same 
length. The feeders in use at any time are coupled 
to the transmitter through a tuned coupling 
system, and the unused feed wires should be 
grounded or left floating, whichever condition 
shows less r.f. in the unused wires and gives the 
greater directional effect on receiving. 

Leg Length {feet) 
0. 
Length (feet). . . . 
Width (feet). . . . 

Unfortunately, the excellent results 
with the long-wire beams do not maintain as the 
antenna is made smaller and smaller (for the 
same frequency), and so it is wiser to use some 
other form of beam if space is limited. The mini¬ 
mum rhombic dimensions shown in Fig. 8-10 are 
about as small as it is advisable to go. However, 
the investment in parts and labor in even the 
smallest practical rhombic is a good one, since 
the antenna will put out a good signal on bands 
from 3.5 to 30 Me., even though the design cen¬ 
ter is one particular band and the directivity is 
optimum only for that frequency. 

If room is available, a very effective system 
can be made by using a number of vee beams 

Fig.8-11 Horizontal vee beamscan be arranged around a central 
support to give switchable directivity. The two examples are for 
3- and 4-wavelength legs respectively. The system at A is not re¬ 
peated for another 180° because any one vee beam is bidirectional. 
I wo legs could be omitted from the system at B with no appreciable 
loss of coverage. 

£ ROTARY BEAMS 

Since the average operator on 14, 21 and 28 Me. 
is not likely to have room for an “antenna farm” 
or rhombics or other arrays pointing in all di¬ 
rections, his best alternative is to rotate the most 
effective type of antenna he can install. While 
rotating a simple half-wavelength antenna at 
these frequencies gives some advantage, most 
operators prefer something more elaborate once 
they have gone to the trouble of acquiring a rota¬ 
tion mechanism. To minimize the height of the 
rotated structure, most rotary beams for the 14-, 
21-and 28-Mc. bands are of the “parasitic-array” 
type, using a driven element, a reflector, and one 
or two directors. Because all of the elements are 
in one plane, the construction of the antenna is 
not a difficult job. Two-, three- or four-element 
beams of this type can be mounted on a common 

Fig. 8-10 — The rhombic antenna 
ports, but it has excellent gain and directivity over a 
wide frequency range. If the rhombic is terminated in a 
resistor, for unidirectional work, it can be fed by a 
600-ohm line and a low standing-wave ratio wdl be ob¬ 
tained. An unterminated rhombic should also be fed 
with an open-wire 600-ohm line, but the s.w.r. will be 
higher. A few recommended dimensions are given below 
for use on 14, 21 and 28 Me. The height should be at 
least 35 feet — greater heights will result in better low-
angle radiation. These dimensions are compromise fig¬ 
ures for multiband work. For peak performance on one 
band, the design should be obtained from Fig. 5-18. 
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rotator and stacked one above the other, thus 
giving a separate antenna for each band. In gen¬ 
eral, the spacing between such stacked antennas 
should be as great as possible, to avoid inter¬ 
action, although separate three-element beams 
have been mounted in the same plane or sep¬ 
arated by only a few feet. A separation of one¬ 
eighth wavelength (figured at the lower frequency) 
results in but little interaction, however. 

The design of the rotary beam depends to a 
great extent upon the facilities available to the 
constructor, and the allowable room and the 
supporting structure will do much toward de¬ 
termining what is built. It is vitally important 
that the beam and supporting structure be calla¬ 
ble of withstanding severe wind and ice loads, to 
avoid possible damage to surrounding buildings 
in the event of a structural failure. Several prac¬ 
tical designs are given in Chapter Twelve. 

The length of the elements in a two- or three-
element beam does not vary greatly with the 
element spacing, but the gain of the array, its 
bandwidth and the impedance of the driven 
element all do. For this reason, it is advisable to 
make the element spacing in a 3-clement beam as 
great as possible (up to 0.2 wavelength), and to 
provide for adjusting the matching of the an¬ 
tenna to the feedline after the beam is installed 
on its support. A 2-element beam should have a 
spacing of 0.1 to 0.15 wavelength, depending on 
whether the parasitic element is to be used as a 
director or reflector. The parasitic director spaced 
0.1 gives slightly more gain than the parasitic re¬ 
flector spaced 0.15 wavelength. Three-element 
beams for 14 Me. are usually spaced only 0.1 
wavelength because of physical limitations. In any 
case, however, the adjustable matching require¬ 
ment can be met by using a “ T ’’-match, as shown 
in Fig. 8-12. Feeding the beam with either the two-
wire line or the pair of coaxial cables, the feedline 
should be run away at right angles to the antenna 
for as far as possible, to avoid parallel compo¬ 
nents on the line. The match should be adjusted 
for minimum standing-wave ratio on the line 
after the antenna is installed on its support, using 
one of the s.w.r. indicators described in Chapter 
Three. 

Although the direct feed with line and “T”-
match is the most simple and straightforward ap¬ 
proach to feeding the beam, many operators do 
not like the slight inconvenience of not being able 
to use continuous rotation of the beam. One way 
to avoid twisting the feedline is to install limit 
switches that warn the operator when he should 
turn the beam in the opposite directions. How¬ 
ever, for continuous rotation of the beam, either 
inductive coupling or a pair of slip rings is used. 
Samples of these methods are shown in Chapter 
Twelve. 

As mentioned before, the length of the elements 
does not affect the gain of the three-element beam 
to the extent that the spacing does. A gain of 6 

or 6.5 db. can be expected from a three-element 
beam using 0.1-wavelength spacing for both di¬ 
rector and reflector, and it will increase to over 9 
db. with spacings of 0.2 wavelength. Intermediate 
gains and spacings are : 0.15D-0.1R, 7.8 db. ; 0.2D-
0.1R, 8.3 db.; and 0.2D-0.15R, 8.7 db. Element 
lengths for any of these spacings can be found in 
the charts of Fig. 8-13. If the lengths are taken 
from the graphs, very little improvement in for¬ 
ward gain will be obtained by adjustment of the 
elements after the antenna system is in place, but 
the front-to-back ratio can be increased by care¬ 
ful tuning of the reflector. 

The “T ’’-match should be adjusted with the 
antenna in place and the elements set to the 
lengths shown in Fig. 8-13. A “twin-lamp” or 
“Micro-Match” at the transmitter will show 
when the best match is obtained. 

Fig. 8-12 — Two recommended forms of feedline match 
for a three-element beam. Both use the "T^-match prin¬ 
ciple, and the length of the matching section must be 
found by experiment, since it will vary with element 
spacing, height above ground, and nominal line im¬ 
pedance. For a 14-Mc. 3-element beam, it may be on 
the order of 6 to 9 feet, and correspondingly less at the 
higher-frequency bands. 
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Fig. 8-13 — Director, antenna and reflector lengths for 
three-element beams, for element spacing of 0.1 to 0.2 
wavelength. The greater spacing will result in slightly 
higher gain. These curves represent average maximum¬ 
gain values obtained with tubing elements supported 
only at the center, and are likely to vary slightly with 
the installation. For best results (and maximum front-
to-back ratio) the beam should be tuned in position, on 
the usual operating frequency. 
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• ANTENNAS FOR MOBILE 

WORK 
For mobile operation on 14 and 21 

Me., the antennas should be top-loaded 
in the fashion shown in Fig. 7-7. How¬ 
ever, at these frequencies the necessary 
loading will not be as great as for the 
low frequencies, and the inductance Lt 
will become smaller. The feed circuit, 
LiC, should resonate to the operating 
frequency with the antenna discon¬ 
nected (with the components connected 
in parallel), and then Li can be trimmed 
(with the antenna connected properly) 
until the same setting of C is obtained. 
Another procedure is to prune Li until 
maximum signal strength, as observed 
several miles away on a receiver using a 
vertical antenna, is obtained, with con¬ 
stant transmitter input. 

On 28 Me., top loading the antenna 
will give a better signal with an 8-foot 

Fifi. 8-14 — Two antennas for 28-Mc. mobile work, '¡'he top-loaded 
antenna of A is built as described in Fig. 7-7, and the height 
(length) of the antenna should be from 5 to 8 feet. Slightly better 
performance can be expected from the greater heights. 
The 8-foot whip antenna shown at B can be fed very con¬ 

veniently with any length of RG-8/U (52-ohm) coaxial line, and it 
is most readily coupled to the transmitter by series-tuning the 
coupling coil, L in B. At 29 Me., the coil L should be one that tunes 
to the 10-meter band with about 10 or 15 g^fd. across it. C should 
be a 20- or 25-ggfd. variable. 

antenna than if it is not loaded, but 
many operators prefer the convenience of the 
simple quarter-wavelength whip fed at the base. 
In this case, a neon bulb fastened or touched to 
the top of the whip will indicate maximum r.f. in 
the antenna. The top-loaded 28-Mc. antenna will 

indicate maximum r.f. (glow in neon bulb) also 
at the base of the antenna, and the coil Li can be 
pruned as for the lower-frequency antennas men¬ 
tioned above. The two types of 28-Mc. antennas 
are depicted in Fig. 8-14. 
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V.H.F. and U H F. 
Antenna Systems 
While the basic principles of antenna design 

arc essentially the same for all communication 
frequencies, certain factors peculiar to v.h.f. and 
u.h.f. work call for changes in amateur antenna 
technique for the frequencies above 50 mega¬ 
cycles. Here the physical size of multielement 
arrays is reduced to the point where an antenna 
system having some gain over a simple dipole 
is possible in almost every location, and the 
more progressive stations may employ arrays 
having much higher gain than is possible on 
lower frequencies. 

The importance of high-gain antennas in v.h.f. 
work cannot be overemphasized. The reliable 
working range of a station operating on 144 Me., 
for instance, may be only 30 miles or so when a 
simple dipole antenna is used, yet this same fellow 
may increase his working radius to 100 miles or 
more by the installation of a high-gain array. 
The directive system introduces other advantages 
also. By restricting the field covered at any one 
position the beam antenna helps to reduce pick-up 
of man-made noises, and it may be instrumental 
in correcting interference to broadcast and tele¬ 
vision reception, by permitting communication 
in directions not coinciding with near-by antennas 
used on receivers for these services. A good an¬ 
tenna system is often the difference between 
routine operation and outstanding success in 
the v.h.f. field, and it is safe to say that by no 
other means can so large a return be obtained 
from a small investment as results from the 
erection of a high-gain antenna system. 

Design Considerations 

Antenna systems for the v.h.f. range are usually 
called upon to work over a wider frequency range 
than those used on lower bands; thus maximum 
frequency response becomes an important con¬ 
sideration in the design of a v.h.f. array. It may 
be necessary, in some instances, to include this 
characteristic at the expense of other attributes 
which might be considered desirable, such as high 
front-to-back ratio. 

A properly-matched line is of utmost impor¬ 
tance in the proper functioning of the v.h.f. 
antenna system. As the frequency is increased, 
line losses increase sharply and it becomes well-
nigh impossible to use tuned feeders of any ap¬ 

preciable length in v.h.f. work. Because any v.h.f. 
transmission line is long in terms of wavelength, 
it may be more effective to use a high-gain array 
at relatively low height, rather than a simpler 
array at great height above ground, particularly 
if the antenna location is not shielded by buildings 
or heavy foliage in the immediate vicinity. 

Height above ground is helpful, especially in 
cases where added height increases the distance 
to the visible horizon appreciably, but great 
height is by no means so all-important as it was 
once thought to be. Outstanding results have been 
obtained, particularly on 50 Me., with relatively 
low antennas, and many 144-Mc. stations are 
working out successfully with arrays not more 
than 25 to 40 feet above ground. 

The effectiveness of a v.h.f. antenna system 
can be increased markedly by stacking half-wave 
elements one above the other and feeding them 
in phase. Such stacking helps to lower the 
radiation angle, an important factor in extending 
v.h.f. coverage. Several examples of outstand-
ingly-successful stacked arrays are shown in the 
following pages. 

Polariza tion 

Most early work on the frequencies above 30 
Me. was done with vertical antennas, probably 
because the simple vertical dipole avoided the 
directivity problem, then considered to be a 
liability. In operation over almost pure line-of-
sight ranges, vertical antennas provided better 
coverage than did the same dipoles turned over 
to a horizontal position. However, with the ad¬ 
vent of high-gain directional arrays and extended 
operating ranges, horizontal systems began to 
assume importance in v.h.f. work, particularly in 
areas where extensive activity had not already 
been established with verticals. 

Experience has shown that there is no marked 
difference in the effective working range with 
either polarization, if the same is used at both 
ends of the path. The horizontal array has some 
advantages, particularly for 50-Mc. work. It is 
somewhat easier to build a rotatable array for 
this band if horizontal polarization is employed, 
and the signal-to-noise ratio tends to be better 
with horizontal systems in locations where 
man-made noise is a problem. Simple 2-, 3- or 
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4-clement arrays have proven extremely effective 
in 50-Mc. work, and the use of such arrays has 
reached the point of standardization on horizontal 
polarization for that band. 

The picture is somewhat different when one 
goes to 144 Me. and higher bands. Here the most 
effective vertical systems (those having two or 
more half-wave elements vertically stacked) are 
more easily constructed than on 50 Me. The 
large number of mobile stations on 144 Me., 
almost all using vertical antennas, are at a 
disadvantage in an area where horizontal polari¬ 
zation is used. Much of the country’s 2-meter 
activity is in urban areas, where quite a few 
stations do not have space or facilities for the 
remotely-controlled rotary arrays which are a 
necessity for effective operation with horizontal 
systems. Television and f.m. receivers, both highly 
sensitive to interference from v.h.f. stations, use 
horizontal polarization, and it has been demon¬ 
strated that interference to near-by receivers can 
be reduced with vertical antennas on the amateur 
end. 

Still, horizontal polarization is finding increas¬ 
ing 144-Mc. acceptance in many areas. At this 
writing the Middle West is almost completely 
horizontal, with the East and West Coasts largely 
vertical. Many of the more advanced stations 
employ both, but for the fellow who must be 
satisfied with one array the best procedure is to 
determine what polarization is in use in the areas 
he wishes to work, and then go on with that. In 
some instances, particularly where a station is 
directly in the shadow of a hill, there may be a 
considerable degree of polarization shift, permit¬ 
ting successful work with cross-polarization, but 
ordinarily it may be assumed that only by match¬ 
ing the polarization of other stations can work be 
carried on over extensive areas. 

• IMPEDANCE MATCHING METHODS 
Because line losses tend to be much higher in 

v.h.f. antenna systems, it becomes increasingly 
important that feedlines be made as “flat” as 
possible. Transmission lines normally used for 
v.h.f. work include the open-wire line of 450 to 
600 ohms impedance, usually spaced about two 
inches; the polyethylene-insulated flexible lines, 
available in various impedances from 72 to 300 
ohms; and coaxial lines of 50 to 90 ohms im¬ 
pedance. Occasionally transmission lines may be 
made up of two coaxial lines side by side, using 
the inner conductors as the line, with the outer 
conductors grounded. Such a line has approxi¬ 
mately twice the impedance of one coaxial com¬ 
ponent. Any of these transmission lines may be 
matched to dipole or multielement antennas by 
the arrangements described below: 

The "J” 
Used principally as a means of feeding a sta¬ 

tionary vertical radiator, around which parasitic 

elements are rotated, the “J” consists of a half¬ 
wave vertical radiator fed by a quarter-wave 
matching section, as shown at A, Fig. 9-1. The 
spacing between the two sides of the matching 
section should be two inches or less, and the point 
of attachment of the feedline will depend on the 
impedance of the line used. The feeder should be 

(A) SS40 

tMe 

Fig. 9-1 — Two 
versions of the 
"J” antenna, used 
in mobile applica¬ 
tions, or in vertical 
arrays where para¬ 
sitic elements are 
rotated around a 
fixed radiator. 

slid along the matching section until the point is 
found that gives the best operation. The bottom 
of the matching section may be grounded for 
lightning protection. A variation of the “J” for 
use with coaxial-line feed is shown at B in Fig. 
9-1. The “ J ” is also useful in mobile applications, 
though a simple quarter-wave whip will usually 
suffice for mobile work. 

The Delta or "Y” Match 

Probably the simplest arrangement for feed¬ 
ing a dipole or parasitic array is the familiar 
delta, or “Y” match, in which the feeder system 
is fanned out and attached to the radiator 
at a point where the impedance along the ele¬ 
ment is the same as that of the line used. In¬ 
formation on figuring the dimensions of the 
delta may be found in Chapter Three. Chief 
weakness of the delta is the likelihood of radia¬ 
tion from the matching section, which may in¬ 
terfere with the effectiveness of a multielement 
array. It is also somewhat unstable mechanically, 
and quite critical in adjustment. 

The "T" Match 

The principal disadvantages of the delta 
system can be overcome through the use of the 
arrangement shown in Fig. 9-2, commonly called 
the “T” match. It has the advantage of provid¬ 
ing a means of adjustment (by sliding the clips 
along the parallel conductors), yet the radiation 
from the matching arrangement is lower than 
with the delta, and its rigid construction is more 
suitable for rotatable arrays. It may be used with 
coaxial lines of any impedance, or with the 
various other forms of transmission lines up to 
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300 ohms. The position of the clips should, 
of course, be adjusted for maximum loading and 
minimum standing-wave ratio, the latter being 
most important as an indication of proper setting. 
The “T” system is particularly well suited for 
use in all-metal “plumbing” arrays. 

The "Q” Section 

A widely-used arrangement for matching an 
open-wire line to a dipole, or to the driven 
element in a 2- or 3-element array having wide 
(0.25 wavelength or greater) spacing, is the “Q” 
section (Chapter Three). This consists of a 
quarter-wave line, usually of J^-inch or larger 
tubing, the spacing of which is determined by the 
impedance at the center of the array. 1 he 
parallel-pipe “Q” section is not practical for 
matching multielement arrays to lines of lower 
impedances than about 600 ohms, nor can it 
be used effectively with close-spaced parasitic 
arrays. The impedance of the “Q” section re¬ 
quired in these cases is lower than can be obtained 
with parallel sections of tubing of practical dimen¬ 
sions. A quarter-wave section of coaxial or other 
low-impedance line is a commonly-used means of 
matching a line of 300 to 600 ohms impedance 
to the low center impedance of a 3- or 4- element 
array. The length of such a “Q” section will de¬ 
pend on the velocity of propagation (propagation 
factor) of the line used. The propagation factors of 
all the commonly-used lines are given in table 
form in Chapter Three. 

In some installations it may be more con¬ 
venient to use a line of greater length than a 
single quarter wave for matching purposes, in 
which case any odd multiple of a quarter wave¬ 
length may be used. The exact length required 
may be determined experimentally by shorting 
one end of the line and coupling it to a source 
of r.f., and trimming the line length until maxi¬ 
mum loading is obtained at the center frequency 
of the operating range. 

The Folded Dipole 

Probably the most effective means of match¬ 
ing various lines to the wide range of antenna 
impedances encountered in v.h.f. antenna work 
is the folded dipole, shown in its simplest form 
jn Fig. 9-3. When all portions of the dipole are 

of the same conductor size, the impedance at 
the feed point is approximately equal to the 
square of the number of elements in the folded 
dipole times the normal center impedance which 
would be present if only a conventional split 
half-wave radiator were used. Thus, the simple 
folded dipole of Fig. 9-3 has a feed-point, imped¬ 
ance of 4 X 72, or approximately 288 ohms. 
It may be fed with the popular 300-ohm 
line without appreciable mismatch. If a three-
wire dipole were used, the step-up in impedance 
would be nine times. Note that this step-up occurs 
only if all portions of the folded dipole are the 
same conductor size. 

The impedance at the feed point of a folded 
dipole may also be raised by making the fed 
portion of the dipole smaller than the parallel 
section. Thus, in the 50-Mc. array shown in 

SHO 

fMc 

Fig. 9-3 — Details of a 
folded dipole for v.h.f. 

Fig. 9-6, the relatively-low center impedance of a 
4-element array is raised to a point where it may 
be fed directly with 300-ohm line by making 
the fed portion of the dipole of )^-inch tubing, 
and the parallel section of 1-inch. A 3-element 
array of similar dimensions could be matched 
by substituting %-inch tubing in the unbroken 
section. Conductor ratios and spacings for other 
applications may be obtained from the folded-
dipole nomogram in Fig. 3-51. 

Using Coaxial Lines — The "Bazooka" 

Flexible coaxial line has many advantages. It 
is completely weatherproof and may be run 
underground or inside a metallic mast or tower 
without harmful effects. However, unless it is 
properly used, losses may be excessive, especially 
when the line is long in terms of wavelength. 
Coaxial line is often used to feed the driven 
element of v.h.f. arrays, but it can operate with 
maximum effectiveness in such cases only if 
current flow on the outside of the outer conductor 
is prevented by the installation of a detuning 
sleeve or “bazooka” at the point where the line 
connects to the array. 

Examples of bazooka construction are shown in 
Fig. 9-4. At B is shown the sleeve type which is 
connected to the outer conductor at the bottom 
end and insulated from it at the antenna end. 
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Fifi. 9-4 — A "bazooka" line balancer is used to feed a 
balanced center-fed dipole with a coaxial line. In A it 
takes the form of a quarter-wave section of tubing the 
same size as the coaxial line. In B it is a metal sleeve 
connected to the outer conductor at the far end from the 
antenna. 

A form which may be easier to use in most 
installations is shown at A. In this instance the 
quarter-wave section may be made from a piece 
of copper tubing of about the same diameter as 
the coaxial line, or it may even be another piece 
of the coaxial line with its outer and inner con¬ 
ductors connected together. In either case, the 
bazooka, being a quarter-wave line shorted at the 
far end, presents a high impedance at the an¬ 
tenna end, preventing a flow of current (and 
consequently radiation) down the outside of the 
outer conductor. Its length should be approxi¬ 
mately a full quarter wavelength at the operating 
frequency. 

• ELEMENT LENGTHS 

Since most arrays for v.h.f. use will be designed 
for wide frequency response, precise adjustment 
of the element lengths will not ordinarily be 
necessary. In fact, if very small changes in ele¬ 
ment length do have a considerable effect on the 
system’s performance that, in itself, is evidence 
that the array will not be a particularly satisfac¬ 
tory one. The careful adjustment of element 
lengths and spacings to achieve a desired result, 
whether it be high front-to-back ratio, maximum 
forward gain, or any other objective, is a most 
interesting process, however, and many amateurs, 
especially those who are of an experimental turn 
of mind, will want to carry the process through 
with utmost care. But it should be emphasized 
that, if the array is properly designed, or the 

details have been worked out by careful experi¬ 
mentation, the array may be duplicated in other 
locations than the original with good results. 

The arrays described in these pages do not 
represent all the designs which may be used suc¬ 
cessfully; they are simply models which have 
been tried in actual operation and have been 
duplicated satisfactorily under widely-varying 
conditions in many sections of the country. There 
is nothing mysterious about the principles upon 
which they operate, and the amateur who wants 
good antenna performance with a minimum of 
difficulty may use any of them with good results. 

The Driven Element 

Whenever a “half-wave antenna” is prescribed 
for v.h.f. use its length may be determined by 
the formula given below: 

Length (inches) = —— * —r rreq. (Me.) 
This formula applies whether the dipole is to be 
used as the complete antenna system or as a 
driven element in a directional array. Table 9-1 
provides driven-element lengths for various 
frequencies in the 50- and 144-Mc. bands, based 
on the above formula. Ordinarily it is not de¬ 
sirable to tune an array for the edge of a v.h.f. 
band. Even if one expects to transmit only near 
the band edge, the array should be cut for a 
frequency well inside, in order to make it effective 
in reception over as much of the band as possible. 

Parasitic Elements 

The exact length of a reflector or director will 
depend upon the spacing between the elements. 
In general, however, with the spacings of 0.2 
wavelength or more customarily used in v.h.f. 
arrays, the reflector and director in a v.h.f. sys¬ 
tem will be approximately 5 per cent longer and 
5 per cent shorter, respectively, than the driven 
element. Where an additional director is used, as 
in a 4-element array, the forward director will be 
about 6 per cent shorter than the driven ele¬ 
ment. Parasitic-element lengths are also given in 
Table 9-1. 

Phasing Sections 

Where transmission-line lengths must be 
figured, as for phasing sections, “Q”-bar lengths, 
etc., the length of a half-wave section is deter¬ 
mined from the formula: 

5760 
Length (inches) = —-——; rreq. (Me.) 

This applies only to air-dielectric lines. When 
Twin-Lead or coaxial-line sections are used the 
propagation factor of the line (see Chapter Three) 
must be applied to the above figure. Element 
spacings and stacking dimensions are full-length 
figures, a wavelength being twice the half-wave 
phasing-section figure, of course. 
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Antenna Systems for 50 Me. 
As the same basic principles apply to all an¬ 

tennas regardless of frequency, little discussion 
is given here of the various simple dipoles that 
may be used on any of the v.h.f. bands when 
nondirectional operation is desired. More com¬ 
plete information on half-wave antennas may be 
found in earlier chapters, and the only modifica¬ 
tion required for use of such standard half-wave 
systems on 50 Me. is the reduction in element 
length (see Table 9-1) for increased diameter¬ 
length ratio at this frequency. 

A Simple 2-Element Array 

Though a 2-element array is very easy to build, 
it provides a worth-while improvement in working 
range over that obtained with a simple half-wave 
dipole. Such a 2-element array is shown in Fig. 
9-5. Its design takes into account the small drop 
in the center impedance of a half-wave radiator 
when a parasitic element is placed a quarter wave¬ 
length away. This parasitic element may be 

Fig. 9-5 — A simple 2-element array for 50 Mc. 1 hough 
the parasitic element is shown as a director a reflector 
could be substituted. 

either a director or reflector, though the former is 
shown in the sketch. Quite a good match is ob¬ 
tained when such an array is fed with 50-ohm 
coaxial line. For best results a bazooka (see sec¬ 
tion on matching devices) should be added at the 
feed point, though reasonably good results will 
be obtained with the array as shown in the 
sketch. It should provide approximately 5 db. 
gain over a dipole. 

A 4-Element Array 1

The importance of broad frequency response 
in any antenna designed for v.h.f. work cannot be 
overlooked. The disadvantage of all parasitic 
systems is that they tend to tune quite sharply, 
and thus are often effective over only a small 
portion of a given band. One way in which the 
response of a system can be broadened out is to 
increase the spacing between the parasitic ele¬ 
ments to somewhat more than the 0.1 or 0.15 
wavelength normally considered to provide opti¬ 
mum front-to-back ratio. Some broadening may 
also be obtained by making the directors slightly 
shorter and the reflector slightly longer than the 
optimum value. The folded dipole is useful as the 
1 ” World Above 50 Me.,” June, 1946, QST, page 60. 

radiator in such an array, as its over-all frequency 
response is somewhat broader than other types of 
driven elements. 

A 4-element array for 50 Me. having an effec¬ 
tive operating range of about 2 Me. is shown in 
Figs. 9-6 and 9-8. It employs a folded dipole hav-

Fig. 9-6 — Dimensional drawing of the 4-elemenl 
50-Mc. array shown in Fig. 9-8. Element lengths and 
spacing were derived experimentally for maximum for¬ 
ward gain at 50.5 Me. 

ing nonuniform conductor size. Reflector anil 
first director are spaced 0.2 wavelength from the 
driven element, while the forward director is 
spaced 0.25 wavelength. The spacing and element 
lengths given were derived experimentally, and 
are those that give optimum forward gain at the 
expense of some front-to-back ratio. As the latter 
quality is not of great value in 50-Mc. work, it 
can be neglected entirely in the tuning procedure 
for such an array. 

The dimensions given in the sketch are for 
peak performance at 50.5 Me. For higher fre¬ 
quencies, see Table 9-1. Peaked at 50.5 Me., this 
array shows no appreciable change in perform¬ 
ance from 50 to above 51 Me. Above 51.5 Me. 
the gain begins to drop, though it is still usable 
at 52 Me. From 52.3 to 52.7 Me. the array is no 
good at all, and at 53 Me. the directivity reverses 
itself, giving a gain of 3 or 4 db. in the opposite 
direction, as the directors become long enough 
to act as reflectors. A slight broadening of the 
frequency response (at some expense of forward 
gain) may be obtained by adding to the reflector 
length and shortening the directors. For those 
interested in experimenting with element lengths 
a method of providing adjustable elements is 
shown in Fig. 9-7. 

Fig. 9-7 — A simple method of providing for adjustment 
of element lengths. The insert is made of the same size 
tubing as the element, but slotted and compressed to 
permit insertion into the ends of the elements. 
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TABLE 9-1 
Element Lengths and Spacings for SO- and 144-
Mc. Antenna Systems, in Inches. 

Freq. Driven Re-
{Me.) Element fleeter 
50.5 110 116 
51 10854 114 
52 10654 112 
53 lOOá 110 

145 3814 40 
146 38 40 
147 3754 3954 

Firrt Second 0.Í5 0.H 
Di- Di- Phasing Warn- Ware-

rector rector Section length length 
105 103 114 57 46 
103 102 113 5614 45 
101 100 11054 55 44 
9954 98'4 10854 5414 4314 

3614 36 3954 20 16 
36 3554 3914 1954 1554 
3554 3514 3914 1914 1514 

Dimensions for 50 Me. are to nearest half inch; those for 144 
Me. to nearest quarter inch. 

A Dual Array for 28 and 50 Me. 2

As many 50-Mc. enthusiasts also operate on 
28 Me., it is often desirable to stack arrays for 
the two bands on a common tower and rotating 
device. Such a dual array, combining a 4-
element system for 50 Me. with a 3-element 
array for 28 Me., is shown in Fig. 9-8. 

If space limitations make it absolutely neces¬ 
sary, the two arrays may be mounted with but 
a few inches separating them, but experience 
has shown that some effectiveness is sacrificed, 
particularly in the array for the higher frequency. 
A separation of at least three feet is recommended 
as the minimum for avoiding harmful interaction. 
In the example shown the separation is six feet, 
at which distance each array performs equally 
as well as it would if mounted alone. 

In this dual array all-metal construction is 
employed, doing away with the use of insu¬ 
lators in mounting the elements. The booms 
are made of two pieces of 1-inch angle stock 

Fig. 9-8 — An example of stacking two arrays for differ¬ 
ent bands on a common support. All-metal construction 
is employed in this dual array for 10 and 6 meters. 

Fig. 9-9 — Detail sketches of portions of the dual array 
for 10 and 6 meters. A —The 50-Mc. boom is made of 
two pieces of angle stock mounted edge to edge to form 
a channel. Elements are cradled in another piece of 
angle stock. B —The two sides of the 10-meter boom 
are separated and mount on either side of the vertical 
support. The elements and their supporting crossarms 
are attached to the lower surface of the boom. C — 
The bearing for the array is made from a block of wood, 
drilled to the pipe size, and then sawed lengthwise. It is 
faced with two steel plates where it rests on the top of 
the tower. 

(24ST aluminum), with supporting braces of 
the same material. The method of assembling 
the booms and mounting the elements is shown 
in Fig. 9-9. The booms are 150 inches and 160 
inches in length for the 6- and 10-meter arrays 
respectively. To prevent swaying of the IO¬ 
meter elements, they are braced with guy 
wires, which are broken up with small insu¬ 
lators. These sway-brace wires are attached to 
the elements at approximately the midpoint 
between the boom and the outer end, and are 
brought up to the vertical support at the point 
of attachment of the horizontal fore-and-aft 
braces. 

The 50-Mc. portion of the array is similar in 
element length and spacing to the 4-element 
array already described. The element spacing 

*'An All-Metal Array for 6 and 10.” July, 1947, QST. 
page 52. 
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for the 10-meter array is 0.2 wavelength, or 80 
inches. The driven element is 198 inches long, 
the director 188 inches, and the reflector 208 
inches. It is fed by means of a “T” match and a 
300-ohm line. These dimensions give quite 
uniform performance and low standing-wave 
ratio over the range from 28 to 29.1 Me., and 
the array will take power and show appreciable 
gain over a half wave from 27.2 to 29.7 Me. 

Stacked and Phased Arrays 

A worth-while gain and lowered radiation angle 
result from the stacking of two or more parasitic 
arrays one above the other at intervals of one-
half wavelength and feeding them in phase. 
Stacking two arrays results in a theoretical gain 
of about 4 db. over a single array, but the low¬ 
ered radiation angle may make possible a greater 
gain in actual performance, particularly at times 
when the radiation angle is a critical factor, as in 
borderline DX hops. 

Both vertical and horizontal stacking is an even 
more advantageous arrangement. An “H” array 
composed of four half-wave elements, with reflec¬ 
tors added, provides a gain somewhat in excess 
of that obtainable with a 4-element parasitic 
array, yet it is more tolerant as to frequency 
response. 

When large numbers of elements are used in 
stacked and phased arrays, it is desirable to feed 
the system at its electrical center, as the current 
distribution is apt to be more uniform when this 
is done. When the point of connection of the 
feedline is midway between two elements (or two 
sets of elements) the impedance at the feedpoint 
is half that of a single element or set of elements. 
Thus it is often possible to make the phasing 
section also serve as a double “Q” section, 
as is done in the array shown in Fig. 9-10. If 
it is necessary to feed a stacked array at the 
bottom of the system, the feed impedance at the 
bottom element will be approximately the same 
as for a single element, provided the other ele¬ 
ments are connected at half-wave intervals. The 
phasing sections are all transposed in such an 
array, whereas no transposition is made between 
two elements (or sets of elements) when the 
feeder is connected at the midpoint between the 
two. 

The use of reflectors with a phased array such as 
the “H” may be handled in two ways. They may 
be made the same length as the driven elements, 
and spaced one-quarter wavelength behind them, 
in which case there is only a slight drop in feed 
impedance below the value of the system without 
reflectors. Slightly more gain may be obtained by 
making the reflectors longer (see Table 9-1) and 
placing them at 0.15 or 0.2 wavelength in back of 
the driven elements. There is a greater drop in 
feed impedance in this case. More information 
on phased and stacked arrays may be found in 
the sections devoted to antennas for 144 Me. 

Working with Long-Wire Arrays on 
50 and 144 Me. 

Where long-wire antenna systems such as the 
V or the rhombic are available they can usually 
be used on 50 or even 144 Me. with good results, 
even though they were erected with lower-
frequency operation in mind. The included angles 
in such arrays will not be optimum for v.h.f., but 
the arrays will be so large, in terms of v.h.f. wave¬ 
lengths, that they will work well, particularly if 
the feeder systems are not too long. They will 
show little frequency discrimination over an 
entire v.h.f. band. 

Long-wire arrays may be constructed according 
to the principles given in Chapter Five, designing 
them specifically for v.h.f. use. In such instances 
an effective rhombic array assumes proportions 
that make it usable in many amateur locations 
where a similar array for 7 or 14 Me. would be out 
of the question because of its great size. By proper 
choice of leg lengths a V or rhombic can be made 
to work well on both 28 and 50 Me., making it a 
highly useful system where the necessary space 
is available for its erection. Several examples are 
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given in Table 9-II. Other combinations may be 
worked out using the formula 

r , Z, v 492 ( V - 0.05) Length (feet) = —-■ rreq. (Me.) 
where N is the number of half waves on the leg. 

The above formula need be used only where the 
leg length is short in terms of wavelength. For 
longer dimensions the standard half-wave formula 
may be used 

492 V 
Length (feel) =  -TTj—, rreq. (Me.) 

Long-wire systems for combining operation on 
50 and 144 Me. are even more attractive as to 
size. Because of the nearness to third-harmonic 
relationship which exists between these two 
bands, the same matching section and feedline 
may be used to feed a terminated rhombic for 
both bands with a flat line. Since a “Q” section 
can be any odd multiple of a quarter wavelength, 
the matching section for a two-band v.h.f. rhom¬ 
bic can be a quarter wavelength long at 50 Me., 
in which case it will be approximately three 
quarter waves long at 144 Me. The feed imped¬ 
ance of a terminated rhombic is about 800 ohms; 
t hus a 490-ohm “Q” section is required to match 
this impedance to a 300-ohm line. Such a match¬ 
ing section could be made of No. 14 wire spaced 

1% inches, about 53 inches long, as a compromise 
for the two bands. The array could be fed directly 
with a 600-ohm line, without appreciable mis¬ 
match. Preferably such a line would be of small 
wire, in order to keep the spacing to relatively 
small dimensions. See Fig. 3-24 for wire sizes and 
line impedances. 

Laying out a rhombic antenna for the v.h.f. 
bands is somewhat less complicated than for 
lower frequencies, because it is usually possible 
to have the v.h.f. array high enough (in terms of 
wavelength) so that the effect of ground is a 
minor consideration. The dimensions given in 
Table 9-II are based on the assumption that the 
lowest possible radiation angle is desired, in which 
case one side should be a half wave longer than 
half the over-all length. Using the terms of Table 
9-II: 

4 = » +
2 Freq. (Me.) 

The shape of a multiband V or rhombic may 
be set up according to Table 9-II with its width, 
C, at the optimum value for the band where 
highest efficiency is desired. It will be noted that 
the larger the array the less difference there is in 
the included angles for adjacent bands. In other 
words, the larger the array the better will be its 
capabilities for multiband operation. 

Antenna Systems for 144 Me. 
Though the arrays already described may, of 

course, be used for 144 as well as 50 Me., the 
smaller physical size of directional antennas for 
the higher band makes it possible to use multiele¬ 
ment systems which would be excessively cum¬ 
bersome for 50-Mc. work. Also, the still consid¬ 
erable use of vertical polarization on 144 Me. 
requires a somewhat different technique than is 
embodied in the horizontal arrays previously 
described. With either polarization, the stacking 
of elements vertically lowers the radiation angle 
and extends the operating range, and such stack¬ 
ing is easily incorporated in 144-Mc. systems. 
Arrays using several elements fed in phase, wit h 
or without reflectors, provide a broader frequency 
response, for a given gain, than those having a 
single driven element with several parasitic ele¬ 
ments to build up the gain. Broad response is 
even more desirable on 144 than on 50 Me., at 
present occupancy levels on the two bands. 

Plane-reflector systems are usable on 144 Me., 
their size being within reason at this frequency. 
They provide excellent front-to-back ratio and 
broad frequency characteristics, and both vertical 
and horizontal polarization may be combined in 
one array, by placing two oppositely-polarized 
sets of elements on either side of a plane reflector. 
Arrays for two v.h.f. bands may be combined in 

one by a similar approach. The screen need not 
be a solid sheet of metal, or even a close mesh. 
Chicken wire, or even sets of rods or wires ar¬ 
ranged in back of the driven elements, will work 
almost equally well. 

A 6-Element Array 

In designing directional arrays having more 
than one driven element it is advisable to ar¬ 
range for feeding the array at a central point. 
A simple 6-element array of high performance, 

Fig. 9.10 — A double "Q” array for 114 Me. The 
horizontal portion of the "II” acts as a "Q” section, 
matching the antenna impedance to the 300-ohm line. 
The pattern of this array is such that it works well in 
either vertical or horizontal positions. 



208 CHAPTER 9 
incorporating this principle, is shown in Fig. 
9-10. All the elements may be made of soft-
copper tubing, Ji inch in diameter. They may, 
of course, be made of any material of similar size 
that can be bent at right angles without breaking. 
The driven elements are comprised of two pieces 
which are bent into two “ U ’’-shaped sections and 
arranged in the form of a half-wave “H.” The 
horizontal portion of the “H” is then a double 
quarter-wave “Q” section, matching the imped¬ 
ance of the two radiators to that of the feedline. 
With the wide spacing used, the position of the 
parasitic elements is not particularly critical, 
except as it affects the impedance of the system, 
and the spacing of the elements may be varied 
to provide the best match. The spacing of the 
horizontal section may be varied for the same pur¬ 
pose. With the dimensions given, a spacing of one 
inch between centers is about right for feeding 
with a 300-ohm line. The pattern of this array is 
similar in both horizontal and vertical planes. 

A 12-Element Horizontal Array 

A 12-element array of excellent mechanical 
design and proven performance is shown in Fig. 
9-11. It was in use at W3GV when the 660-mile 
two-way 144-Mc. record was established with 
W0WGZ, and has been responsible for many long¬ 
distance contacts before and since. It consists of 
three bays of four elements each, stacked one-
half wavelength apart. The feed system is a 
“T” match and 50-ohm coaxial line, with a 
bazooka incorporated at the feed point. 

The array is ent irely of metal construction. De¬ 
tails of the feed system are given in Fig. 9-12. 
Element lengths are similar for each bay, except 
for the driven element in the center section. 
Reflectors are 40Ji inches, first directors 38Jir 
inches, and second directors 35% inches. In the 
top and bottom bays the driven elements are 
38Ji inches, while the center-bay driven element 
is 35 Ji inches in length. The dimensions given are 
for maximum effectiveness at 145 Me. As the 

Fig. 9-11 — The 12-element 144?Mc. array at W3GV 
uses 3 hays of 4 elements each, stacked a half wave apart. 
Phasing sections are crossed iXo. 8 w ires. I he array is fed 
at the middle hay, by means of a "T” match, a bazooka, 
and coaxial line. 

Fig. 9-12 —Details of the feed system used in the 
W3GV 2-meter array. The method of feeding the driven 
element in the middle bay is shown at A. Coaxial line 
is used, necessitating the inclusion of a bazooka at the 
feed point. All elements are J^-inch tubing. The phasing 
arrangement is shown at B. 
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Fig. 9-14 — A 16-element array for 144 Me., showing the support¬ 
ing structure and "rotating mechanism.'" Sash cord wrapped three 
times around the crisscross pulley permits 360-degree rotation. The 
main vertical member is a 10-foot rug pole, 1^ inches in diameter. 

parasitic-element spacing is only 0.2 
wavelength, frequency response is rela¬ 
tively sharp, the array being most ef¬ 
fective from 144 to 140 Me. This neces¬ 
sary sharpness is the principal failing 
inherent in any array having a large 
number of parasitic elements in propor¬ 
tion to driven members. Gain at 145 Me. 
has been measured at 1.5 db. over a half¬ 
wave dipole. 

8 Hall Waves in Phase, with 
Reflectors 3

By using a curtain of eight half-wave 
elements, arranged as shown in Fig. 
9-13, backed up by reflectors, a gain of 
as much as 15 db. can be realized, but 
with a less-critical frequency response 
than in the 12-element array just de¬ 
scribed. The 16-element array shown 
in Fig. 9-14 has been duplicated by 
scores of 144-Mc. operators with ex¬ 
cellent results. It is effective with 
either horizontal or vertical polariza¬ 
tion. It was in use, as a horizontal 
array, at W0WGZ when the record¬ 
breaking contact with W3GV was made. 
The cumbersome nature of such an 

array for any lower frequency would 
make it out of the question for most 
amateurs, but for 144 Me. it is neither 
difficult nor expensive to construct. The outside 
dimensions of the array are only 1)4 by 7 by 10 
feet, and with proper design the supporting 
frame can be made quite light. Though the 

Fig. 9-1.3 — Schematic of the driven-element portion of 
the 16-element array of Fig. 9-14. 

array shown in Fig. 9-14 has its elements mounted 
on stand-off insulators these may be done 
away with by incorporating the method of 
mounting shown in Fig. 9-17. Here the elements 
arc forced through holes in the wooden sup¬ 
porting members, the latter being positioned 
so that they are at the midpoint (low-voltage 
point) of the elements. The element material 
should be fairly stiff when this method of con-

3 “ World Above 50 Me.,” May, 1946, QST, page 56. 

struction is used in a 144-array, otherwise 
the phasing wires will tend to pull the elements 
out of alignment at the middle of the array. 
The insulators into which the elements are 
inserted should be made of some high-grade 
dielectric material, such as polystyrene. If large-
diameter tubing is used these insulators may take 
the form of polystyrene rods turned down in a 
lathe to fit snugly inside the ends of the elements. 

Phasing sections are constructed of No. 16 
wire spaced about 1 inches. The 300-ohm feeder 
is connected at the center of the system, at which 
point quite a good match is provided without the 
necessity for any special matching devices. The 
feed impedance is somewhat under 300 ohms, ac¬ 
tually, and a “Q” matching section may be em¬ 
ployed if desired. This should be made con¬ 
veniently adjustable (see Fig. 9-16) so that the 
spacing of the “Q” bars can be varied for lowest 
standing-wave ratio on the line. Unless the feed¬ 
line is to be very long, however, the losses will not 
be excessive with the direct connection, as shown 
in Fig. 9-13. 

The center section of the array described above 
may be used without the outside 8 elements, if 
space is limited and a simpler array of good per¬ 
formance is desired. Such an “H”-type array, 
wit h reflectors, may also be fed at the center point 
with 300-ohm line (Twin-Lead) without the 
necessity for additional impedance-matching 
arrangements. 
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Fig. 9-15 — Detail drawing of the 
W 2NLY 24-elenient array, show¬ 
ing the method of feed employed 
to insure uniform current distri¬ 
bution. Only the driven elements 
are shown. Reflectors are spaced 
one-quarter wavelength behind 
them. 

Fig. 9-16 — An adjustable "Q” 
section for matching the imped¬ 
ance of the W2NLY array to a 
w ide variety of feedlines. 

A 24-Element Array * 

An array having a gain of as much as 17 db. is 
used by W2NLY on 144 Me. It consists of 12 
half-wave elements fed in phase, backed up by 
12 reflectors spaced a quarter wavelength behind 
the driven elements. Originally this array was fed 
at its center, but the unequal current distribu¬ 
tion resulted in several large minor lobes, limiting 
the array’s effectiveness. Substituting the split 
feed shown in Fig. 9-15 corrected this trouble. 

With this arrangement the array is divided 
into two portions, and phasing sections, each one 
wavelength long, are connected to the center pair 
of elements in each half of the system. These 
sections are then connected in parallel and the 
common point fed with a transmission line, 
through a suitable matching device, in this case a 
parallel-pipe “Q” section, details of which 
are found in Fig. 9-16. The phasing sections are 
made of No. 14 wire, with a spacing of 2 inches, 
or about 500 ohms impedance. They are connected 
in parallel at the feed point, halving the imped¬ 
ance to which the line must be matched. A “Q” 
section such as that shown in Fig. 9-16 is adjust¬ 
able over a sufficient range to match this 250-
ohm feed impedance to lines of 52 to 300 ohms 
impedance._ 
4“An Antenna That Multiplies by 50,” Kmosko, Sept., 

1947, QST, page 50. 

Arrays for 220 and 420 Me. 
In general the antenna problems at 220 and 

420 Me. are not greatly different than at 144 Me., 
and the arrays already described may be adapted 
to use on these higher frequencies by suitable 
modification of their dimensions. The use of 
high-gain arrays becomes increasingly important 
as the frequency is raised, and practically all 
amateur work on these higher bands is done with 
directional systems. The smaller physical size of 
arrays for 220 or 420 Me. makes possible the use 
of quite high-gain systems in almost any location. 

A 32-Element Arrayé 

A 32-element array for either of these bands 
is not excessively large. A method of building 
and feeding such an array, suggested by W1CTW, 
is shown in Fig. 9-17. Dimensions for use in this 
and other arrays for 220 and 420 Me. will be 
found in Table 9-III. The elements are mounted 
without the use of insulators, the wooden frame-
5 “ Let’s Start Right on 1 %," Hadlock, Dec., 1947, QST, 

page 22. 
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ó □ 

at the low-voltage points 

current distribution the 

13 

11^ 13 
Dimensions are given to the nearest % inch. 

be used to 
array such 
results the 

work providing support 
throughout the system. 
To insure balanced 

Freq. 
(Me.) 
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system is fed as if it were two separate 16-element 
arrays. The 300-ohm lines feeding the two sections 
of the array are joined together and the whole 
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area of the screen should be sufficient to project 
beyond the area covered by the driven elements 
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Phasing 
Section 
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The Screen Reflector 

A flat, metallic screen or grid may 
replace the parasitic elements in an 
as that shown in Fig. 9-17. For best 

Re-
fleeter 
26« 
26« 
26 

13« 
13« 
13« 

12« 

6« 
6« 
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system is fed with a 150-ohm line. If some other 
form of transmission line is desired, a “Q” section 
may be used at the junction of the two lines. The 
two sections of 300-ohm line should be 0.82 
wavelength, a figure which takes the propagation 
factor of polyethylene-insulated 300-ohm line 
into account. If open-wire line is used the sections 
should be a full wavelength long. 

by at least a quarter wavelength. 
Such an ideal reflector will have 
approximately similar perform¬ 
ance to that obtainable with 
parasitic reflectors, but with a 
broader frequency response and 
improved front-to-back ratio. 

Plane reflectors may be used 
with any number of driven ele¬ 
ments, and a gain of about 7 
db. can be obtained with a plane 
reflector and a single driven 
element. Optimum spacing, in 
tliis case, is about 0.1 wavelength, 
with good performance being ob¬ 
tained out to about 0.3 wave¬ 
length. The 180° curve in Fig. 
9-19 shows the variation in center 
impedance of a dipole used with a 
plane reflector, at spacings from 
0.1 to 0.5 wavelength. 

Corner Reflectors'* 
When a single driven element 

is employed, the plane reflector 
may be bent to form an angle, 

TABLE 9-III 
Element Lengths and Spacings for 220- and 420-
Mc. Antenna Systems, in Inches. 

”0" IN WAVELENGTHS 

I' ig. 9-18 — Feed impedance of the driven element in a 
corner-reflector array, for various corner angles of 180 
(flat sheet), 90, 60 and 45 degrees. 

fig. 9-17 — Design for a 32-element 220-Mc. array suggested by \\ 1CTW 
Elements are supported without the use of stand-off insulators, by designing 
the wooden support so that the elements are mounted at the íow-voltage 
point Dimensions for this array, for the 220- and 420-Mc. bands, mav he 

0.25 0.2 
Haw- JFore-
length length 

giving an improvement in the 
radiation pattern and gain. The corner reflector, 
Fig. 9-19, becomes a practical size for 220- or 420-
Mc. arrays, and a high degree of performance can 
be attained with a relatively small array. Corner 
angles of 60 or 90 degrees provide about optimum 
performance, though an angle of 45 degrees may 
be used, if the side lengths are extended suffi¬ 
ciently. The dipole is placed on a line bisecting 

6 “ The Square-Corner Reflector for Ultra High Frequen¬ 
cies. ” Kraus. Nov.. 1940, QST, page 18. “The Corner-
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the corner angle. The spacing from the driven 
element to the corner may be anything from 0.25 
to 0.7 wavelength for a 90-degree corner, 0.35 to 
0.75 wavelength for a 60-degree corner, and 0.5 
to 1.0 wavelength for a 45-degree corner angle. 

The center impedance of the driven element in 
a corner array varies with the corner angle and 
the position of the radiator with respect to the 
vertex. From Fig. 9-18 it may be seen that, with 

Fig. 9-19 — The 
square-corner array 
using a grid-type re¬ 
flector. Elements are 
stiff wire or tubing. 
The frame may be 
either metal or wood. 
Suitable dimensions 
may be found in Table 
9-IV. 

suggested by W8JK, who developed the corner 
array for amateur use, the design may be adapted 
for portable use, by hinging the sides at the 
vertex. 

For increased gain, the radiator may be two 
half waves fed in phase, with a corresponding 

a 90-degree corner angle, the center impedance 
of the driven element approximates the value for 
a dipole alone, at spacings around 0.35 wave¬ 
length, rising to about 150 ohms at 0.5 wave¬ 
length. With a 60-degree corner the impedance is 
about 70 ohms at a spacing of 0.5 wavelength. 

Generally speaking, the dimensions of a corner¬ 
reflector array are not at all critical, and the 
frequency characteristics are much better than 
for a simple parasitic array of anything like the 
same gain. A gain of about 12 db. can be ob¬ 
tained with a 60-degree corner reflector, whose 
sides are about two wavelengths long. Approxi¬ 
mately 10 db. gain can be realized from 60- or 
90-degree reflectors with a side length of one 
wavelength. The reflector may be made of sheet 
metal, wire netting, or a series of spines, there be¬ 
ing very little difference in performance, provided 
the spacing of the spines is kept 0.06 wavelength. 
This spacing may even be increased to 0.1 wave¬ 
length with only a very slight drop in effective¬ 
ness. They should be about 0.6 wavelength long, 
though the minimum dimension is the important 
one. 

A single corner reflector may be used for several 
bands, provided the spacing of the spines is set 
up for the highest frequency, and the side and 
spine lengths for the lowest. Separate dipoles 
should be used, of course, each being set at the 
optimum distance from the vertex for the band 
in question. The corner array is equally effective 
for either vertical or horizontal polarization. As 

TABLE 9-IV 
Dimensions of Corner-Reflector Arrays for 144, 
220 and 420 Me. 

Dipole 
Side to Reflector Reflector Comer Feed 
Length Vertex Length Spacing Angle Im-

Rand “S” “D" “L" “G” “V” pedance 
(Me.) (Inches) (Inches) (Inches) (Inches) (Degrees) (Ohms) 

144* 65 27.5 48 7^ 90 70 
144 80 40 48 4 90 150 

220* 42 18 30 
220 52 25 30 
220 100 25 30 

5 90 70 
3 90 150 
screen 60 70 

420 27 854 16^ 2^ 90 70 
420 54 13^ 16*4 screen 60 70 
* Side length and number of reflector elements somewhat below 
optimum — slight reduction in gain. 

The large designs for 220 and 420 Me. have a gain in excess 
of 12 db. — intermediate sixes (1 wavelength on each side) 
about 10 db. 

increase in reflector size, or two or more corner¬ 
reflector arrays may be stacked vertically or 
horizontally and fed in phase. The dimensions 
for corner arrays are available in convenient form 
in Table 9-IV. 

The corner reflector is probably the most ef¬ 
fective means of developing high gain when only 
a single dipole is used in the driven portion of the 
array. The only superior arrangement would in¬ 
volve the use of parabolic reflectors of very large 
dimensions. 
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Mobile and Portable Antennas 

The most convenient type of antenna for mo¬ 
bile v.h.f. work is the quarter-wave vertical 
radiator, fed with 50-ohm coaxial line. The an¬ 
tenna may be a telescoping whip if it is to be used 
for more than one band, or, in the case of 144 Me. 
and higher bands, it may be simply a small rod 
cut to length. It may be mounted in any of several 
positions on the car, although the preferred spot 
is on the car top. This ideal may be possible only 

Fifi. 9-20 — Method of feeding quarter-wave mobile 
whip antennas with coaxial line. Cl should have a maxi¬ 
mum capacity of 75 aafd. for 28- and 50-Mc. work. Li 
is an adjustable link. 

for the higher bands, however. Where the whip 
type of antenna is mounted in any position below 
the top of the car, marked directional character¬ 
istics are always in evidence; thus it is nearly 
always desirable to use the same antenna for 
transmission and reception. 

When coaxial feed is used in the 
mobile installation the coupling 
circuit should be arranged as 
shown in Fig. 9-20. The coupling 
should be adjustable, the optimum 
setting of Ci being that which al¬ 
lows the loosest coupling. Inclu¬ 
sion of such a variable tuned cou¬ 
pling arrangement will make it 
possible to load the antenna at 
various lengths, a desirable feature 
if multi-band operation is con¬ 
templated. 

Horizontal Polarization — The "Halo”! 

Obviously the whip antenna is at a disadvan¬ 
tage in work with fixed stations using horizontal 
polarization, except possibly in contacts where 
ionospheric propagation is involved. A conven¬ 
tional form of horizontal array is applicable to 
mobile operation on 144 Me. and higher, but a 
half-wave antenna for 50 Me. becomes somewhat 
cumbersome. A solution was found by W1MUX 
in the form of a circular folded dipole, or “halo,” 
shown in Fig. 9-21. It is nothing more than a 
folded dipole bent into a circle, with the ends 
capacitively loaded to reduce the over-all length. 
When such a dipole is mounted above the top 
of the car an almost perfectly-circular radiation 
pattern results, and the performance is a vast 
improvement over the vertical whip, in working 
with horizontally-polarized stations. 

For 50-Mc. operation the antenna is a 20-inch 
diameter circle composed of J^-inch and ^inch 
tubing, 2J^ inches apart, center to center. The 
condenser plates can be any convenient shape, 
with an average diameter of about 5 inches. 
Spacing of these plates is critical, and they 
should be mounted securely. Details of the con¬ 
denser assembly, the dipole, and the mounting 
arrangement are shown in Fig. 9-22. The spacing 

7 “ A ‘Halo’ for6 Meters," Stites, Oct., 1947,QST, page 24. 

♦ 

Fifi. 9-21 — The "halo” an¬ 
tenna, as used by W 1MUX 
for nondirectional horizon¬ 
tal polarization in 50-Mc. 
mobile work. 

♦ 
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Fig. 9-22 Details of the various assemblies used in the 
halo-antenna installation. A is a cutaway view of the 
end-loading capacitor assembly. B shows the method of 
attaching the coaxial feedline and insulating the center 
of the fed section of the folded dipole. < : is the assembly 
used to mount the vertical support. The angle plate is 
welded to the car bumper. 

of the condenser plates should be set at the 
value which resonates the system at the operating 
frequency. It may be adjusted by adding or re¬ 
moving washers, as seen in Fig. 9-22. The dipole 
dimensions given result in a feed impedance of 58 
ohms, providing a good match for 30-ohin coaxial 
cable. The construction of the dipole may be 
modified for other tubing dimensions or cable 
impedances by referring to the folded-dipole 
nomogram, Fig. 3-51. 

A Collapsible Array for 50 Me. 

The best antenna possible for operation un¬ 
der mobile conditions is not particularly effec¬ 
tive, as compared with antenna systems nor¬ 
mally used in fixed-station work. To make the 

most of the fine opportunities for DX work 
afforded by countless high-altitude locations 
which are accessible by car, it is helpful to have 
some sort of collapsible antenna array which 
can be assembled “on the spot.” Even a sim¬ 
ple array like the one shown in Figs. 9-23 and 
9-24 will effect a great improvement in the 
operating range of the low-powered gear nor¬ 
mally used for mobile operation. This one is 
designed for 50-Mc. use, but similar arrange¬ 
ments can be made for operation on other fre¬ 
quencies. 

The array shown is a 2-element system, com¬ 
prised of a radiator which is fed with coaxial 
line by means of a “T” match, and a reflector 
which is spaced 0.15 wavelength in back of the 
driven element. It is made entirely of Ji-inch 
dural tubing, except for the vertical support, 
which is 1-inch tubing of the same material. 
A suggested method of mounting is shown in 
Fig. 9-23. A short length of 1 X 2-inch or 
larger wood is bolted to the car bumper. A piece 
of Ji-inch dural tubing is bolted to this upright, 
and the 1-inch vertical section of the array slips 
over the top of the Ji-inch section. The array is 
turned by means of ropes attached to the 
reflector element. Height of the array may be 
increased over that shown by using a longer 
wooden support, in which case it is desirable 
to use a 2 X 2 for greater strength. An anchor¬ 
ing pin made from a spike inserted in the bottom 
end of the wooden support is helpful to pre¬ 
vent tilting of the array. With such a device 

Fig. 9-23 — A collapsible array for 50-Mc. portable use. 
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Fiji. 9-24 — The collapsible 
array for 50 Me. is made of 
^-inch duralumin tubing, ex* 
ccpt for the vertical support, 
which is 1-inch. For carrying 
purposes it is taken apart at 
¡»oints A and /*, inserts of 
slotted dural tubing being 
used at points A to hold the 
sections together. All exten¬ 
sions are the same length, the 
difference in element length 
being made up in the center 
sections. 

EXTENSIONS 

SPACING iS AÜ5') 

DURAL TUBING 

REFLECTOR CENTER 
SECTION 4 4~ LONG 

RADIATOR CENTER 
SECTION 38-LONG 

DETAIL OF INSERTS 
USED AT POINTS 

embedded in the ground, the whole assembly 
will remain rigid, which is helpful in the high 
winds usually encountered in mountain-top 
locations. Portability is provided by making 
the elements in three sections, with the end sec¬ 
tions all the same length. The center section of 
the radiator is 6 inches shorter than that of the 
reflector. 

The fed section of the “T” matching device 
is composed of two pieces of %-inch dural tub¬ 
ing about 14 inches long. The two sections are 
held together mechanically, but insulated 
electrically, by a piece of polystyrene rod which 

is turned down just, enough to make a tight fit 
in the tubing. The inner and outer conductors 
of the coaxial line are fastened to the two inside 
ends of the matching section. Clips made of spring 
bronze are used for connection between the radi¬ 
ator and the “T.” The position of these should 
be adjusted for maximum loading and minimum 
standing-wave ratio on the line. 

This antenna system may be used as a dipole 
on 29 Me. by plugging the reflector sections into 
the driven element, thus bringing its over-all 
length to approximately that of a half wave for 
the high end of the 10-meter band. 

Miscellaneous V.H.F. and U.H.F. Antennas 
The Coaxial Antenna 

End-fed vertical radiators such as the “J” are 
relatively ineffective because of the tendency of 
the transmission line to radiate. This condition 
becomes worse as the frequency increases, becom¬ 
ing quite bad in the v.h.f. range. Radiation from 
the line tends to combine with that from the an¬ 
tenna itself in such a way as to raise the radiation 
angle. To eliminate this difficulty the coaxial 
antenna (Fig. 9-25) was developed. It has en¬ 
joyed wide acceptance in applications where a 
nondirectional vertical radiator is required. 

The center conductor of a 70-ohm concentric 
transmission line is extended one-quarter wave 
beyond the end of the line, to act as the upper 
half of a half-wave antenna. The lower half is 
provided by the quarter-wave sleeve, the upper 
end of which is connected to the outer conductor 
of the concentric line. The sleeve acts as a shield 
about the transmission line and very little current 
is induced on the outside of the line by the an¬ 
tenna field. The line is nonresonant, since its 
characteristic impedance is the same as the 
center impedance of the half-wave antenna. 
The sleeve may be made of copper or brass tubing 
of suitable diameter to clear the transmission 
line. The coaxial antenna is somewhat difficult 
to construct, but is superior to simpler systems in 
its performance at low radiat ion angles. 

Cylindrical and Cone Antennas 

An ordinary antenna made of wire is purely 
resistive only over a very small frequency range. 

Metal 

Insulator 

MetaJ 

- Connected 
to outer 
conductor 
of concentric 
/me 

To-ohm 
.concentric 

line 

•I1

Its Q, and therefore its 
selectivity, is sufficient to 
limit its optimum per¬ 
formance to a very narrow 
frequency range, and re¬ 
adjustment of length will 
be required to maintain 
efficient operation over the 
width of an amateur band. 
A properly-designed wide¬ 
band system will, how¬ 
ever, exhibit nearly con¬ 
stant performance over a 
considerable band of fre¬ 
quencies. 

The simplest method of 
obtaining broad-band char-

♦ 
Fig. 9’25 — The coaxial an¬ 
tenna. The center conductor 
of the 70-ohm coaxial line is 
connected to the rod which 
forms the upper portion of 
the antenna, and the outer 
conductor to the sleeve. 
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Balanced lin» 

Fig. 9-26 — Conical broadband antennas have relatively 
constant impedance over a wide frequency range. The 
three-quarter wavelength dipole at the left and the 
quarter-wave vertical with ground plane at the right 
have the same input impedance — approximately 65 
ohms. Sheet-metal or spine-type construction may be 
used. 

acteristics in the v.h.f. range is the use of what 
might be termed a “cylindrical antenna” — a 
conventional doublet, but with its elements 
made of large-diameter tubing. The larger ele¬ 
ments have lower Q, and consequently broader 
frequency response. As the diameter is increased 
the antenna must be made shorter than a thin-
wire antenna resonating at the same frequency. 

From the cylindrical antenna various special¬ 
ized forms of broadly-resonant radiators have 
been evolved, including the ellipsoid, spheroid, 
cone, diamond and double diamond. Of these, the 
conical antenna is perhaps the most interesting. 
With large angles of revolution the characteristic 
impedance can be reduced to a very low value 
suitable for extremely wide-band operation. 
The cone may be made up either of sheet metal 
or of multiple wire spines, as in Fig. 9-26. 

The Fan Antenna 

A simple broadband antenna may be made in the 
form of two flat fan-shaped sheets of metal, as 
shown in Fig. 9-27. Such a fan antenna will have 

a sufficiently-broad frequency response to permit 
its use on two adjacent amateur v.h.f. bands with 
fairly-good results. The dimensions in Fig. 9-27 
are for operation on 220 and 420 Me., with a 
300-ohm feedline. A plane reflector may be used 
with such a dipole, without a great change in its 
frequency characteristics. This might take the 
form of a curtain of wire netting, or even a sheet 

Fig. 9-27 — A fan antenna for operation on 220 and 
420 Me. A plane reflector may be added for gain and 
directivity. 

of plywood or cardboard coated with a metallic 
paint, if the array is to be used indoors. The spac¬ 
ing would be about 10 inches, though this dimen¬ 
sion would have to be varied for maximum effec¬ 
tiveness on both bands, the optimum dimension 
being about 0.3 wavelength. The reflector could 
be any size larger than about 30 by 50 inches. 
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Antennas for 160 Meters 
With respect to sky-wave transmission, the 

requirements that the antenna system must meet 
on 160 meters do not differ materially from 
those which hold on the high-frequency bands. 
Of course, waves entering the ionosphere even 
vertically are reflected back to earth so that there 
is no such phenomenon as skip distance on these 
frequencies. However, it is still true that to cover 
the greatest possible distance the waves must 
enter the ionosphere at low angles. Although a 
given distance may be covered by multiple hops 
when the radiation angle is high, there will be less 
absorption, and hence the signal strength will be 
greater, at the same point when the wave reaches 
it by only one hop. 

On the “ 160-meter” band the ground wave as¬ 
sumes considerable importance for transmission 
over short distances. The useful range of the 
ground wave will depend upon the transmitter 
power, the background noise at the receiver, and 
the type of soil over which the wave must travel. 
If the antenna system radiates most of the trans¬ 
mit ter power at relatively low angles, particularly 
along the ground, the ground wave will give re¬ 
liable communication over distances from 50 to 
considerably over 100 miles, the latter distances 
applying where conditions are particularly favor¬ 
able, as when the path is mostly over sea water. 

• POLARIZATION 
It was mentioned in Chapter One that a ground 

wave must be vertically polarized, so that the 
radiat ion from an antenna which is to produce a 
good ground wave likewise must be vertically 
polarized. This dictates the use of an antenna 
system the radiating part of which is mostly 
vertical. A horizontally-polarized antenna will 
produce practically no ground wave, and it is to 
be expected that such an antenna will be ineffec¬ 
tive for daytime communication. This is because 
absorption in the ionosphere in the daytime is so 
high at these frequencies that the reflected wave 
is too weak to be useful. At night a horizontal 
antenna will give better results since nighttime 
ionosphere conditions permit the reflected wave 
to return to earth without excessive attenuation. 
The difference between daytime and nighttime 
conditions is similar to that existing on the broad¬ 
cast band, where distant stations can be heard 
well at night but not at all in the day. 

There is still another reason why a vertical 
antenna is better than the horizontal for 160-

meter work. Comparison of the ground-reflection 
factors in Figs. 2-26 and 2-27, Chapter Two, for 
horizontal antennas at heights of Ji and Já wave 
will show that at the lower height the ground is 
less effective in reinforcing radiation. At 160 
meters even a height of Já wave, about 65 feet, 
is not easy for all amateurs to attain, while a 
height of Ji wave is out of the question for nearly 
everyone. Any reasonable height is small in terms 
of wavelength, so that a horizontal antenna on 
160 meters is a poor radiator at angles useful for 
long distances (“long,” that is, for this band). Its 
chief field of usefulness is for communication over 
relatively short distances at night. 

The chief disadvantage of vertical polarization 
is the fact that the stronger ground wave is more 
likely to cause interference with near-by broadcast 
receivers. 

Vertical-Antenna Design Considerations 

For good night coverage at distances toward 
the limit of the ground wave it is desirable to use 
an antenna that will give comparatively little 
radiation at angles above about 45 degrees. This 
is because the high-angle radiation returns to 
earth within the useful range of the ground wave, 
and in the outer part of this range may have in¬ 
tensity comparable with that of the ground wave 
itself. The sky waves arrive at the ground in ran¬ 
dom phase with respect to the ground wave, giv¬ 
ing rise to severe fading in this area. The antenna 
should, therefore, confine its radiation to angles 
sufficiently low so that the nearest point to the 
transmitter at which sky waves return to earth 
is just beyond the limits of the ground wave. 

The various conditions can be met by the use 
of an antenna a half wave high, but this is im¬ 
practical since a height of over 250 feet would be 
required. Fortunately it is possible to approach 
the effect of a half-wave antenna by suitable 
treatment of a much lower structure. 

A vertical antenna will be most effective when 
it can be erected in a fairly clear spot so that the 
ground wave is not absorbed in near-by buildings. 
Frame buildings are not likely to cause much 
trouble, but it is best to keep clear of steel struc¬ 
tures by at least a wavelength or two. 

• GROUNDED ANTENNAS 
It was explained in Chapter Two that a quarter¬ 

wavelength grounded antenna is resonant, 
and that a still smaller one can be made resonant 
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by “loading” it at the base. However, as pointed 
out in that chapter, it is far better to do the 
loading at the top of the antenna, to raise the 
point of current maximum in the antenna and 
thus to increase the radiating efficiency of the 
system. Several methods for top loading an 
antenna were described. 

Bent Antennas 
Perhaps the simplest method of meeting the 

fundamental requirement of keeping the current 
loop high is to use a bent antenna such as is 
shown in Fig. 10-1A, with part of the antenna 
vertical and part horizontal. The horizontal part 
should be one-quarter wave in length so that the 
current loop will appear at the top of the vertical 
portion. The current distribution will be as shown 
in the drawing, assuming that the vertical portion 
is % wave high. If smaller heights are used, the 
horizontal portion should still be % wave in 
length. Since the most useful radiation is from the 
vertical part, it is of course desirable to make the 
antenna as high as possible. 

The length of the horizontal top portion can be 
calculated from the formula 

,, . 234 
Length of quarter wave (ft.) - j y 

There is no need for excessive accuracy in de¬ 
termining this length, since a discrepancy of 5 or 
10 feet will make comparatively little difference 
in the performance of the antenna. 
The lower end of the antenna is grounded 

through a loading circuit that tunes the system 
to resonance and also provides a means for 
coupling power from the transmitter into the 
antenna. The constants of the loading circuit will 
depend upon the total length of t he antenna sys¬ 
tem, and therefore depend upon the antenna 
height. For heights between 40 and 70 feet a cir¬ 
cuit of the type shown in Fig. 10-2 will be suitable, 
provided the leads between the bottom of the 
antenna and the coupling circuit, and between 
the loading circuit and the effective ground, are 

Fig. ¡0-1 — Bent antennas using a quarter-wave hori¬ 
zontal section to bring a current loop at the top of the 
vertical wire. A quarter-wave vertical section is shown 
at A; at B the height X is made as great as the 
circumstances permit. Series tuning may be used for 
lengths of X up to about % wavelength; parallel tuning 
for greater lengths of X. 

only a few feet in length. These leads are part of 
the effective length of the antenna, and must be 
added to the antenna length in determining the 
actual constants required in the loading circuit. 

For maximum effectiveness, the vertical part of 
the antenna should actually be vertical, and not 
simply run off at some convenient angle from the 
operating room to the top of the pole. The wire 

I Ant. 

ic final Tank p* 

/í\ Ü ¿L^ 

”7777777777 
Fig. 10-2 — A practical loading and coupling circuit 
for antennas of the type shown in Fig. 10-1B when the 
height X is Yu wavelength or less (up to 65 feet approxi¬ 
mately). I'he series tuning condenser C should be 2.v0 
to 500 ggfd.; receiving-type condensers will suflice for 
moderate powers. Coil /. may consist of 20 turns of Xo. 
12 wire space-wound (6 turns per inch) to a diameter of 
3 inches, arranged so that it can be tapped conveniently 
at least every few turns. Tuning procedure is that for 
series tuning as described in Chapter. 1 hree. An r.f. 
ammeter may be connected in series with the antenna 
where it joins C. A 2.5-ampere instrument will suffice 
for powers up to a few hundred watts. 

may come down the pole on stand-off insulators, 
or may be pulled down vertically from the hori¬ 
zontal strain insulator after the fashion shown 
in Fig. 10-3. Wire guys on the pole should be 
broken up at intervals of 25 feet or so with egg-
type insulators to prevent pick-up of r.f. energy 
from the antenna. 

Antennas of this type offer an opportunity for 
use of a rather simple feeder system that permits 
installing the antenna at some distance from the 
transmitter. If the antenna height is wave, for 
example, the total length is % wave including the 
horizontal part. An additional wave wire may 
be added to the antenna, as shown in Fig. 10-4, to 
make the total length wave. This extra section 
is connected to the bottom of the vertical wire 
and is used as a feeder. It should run parallel to 
and fairly close to the ground for as much of its 
length as possible (a height of 7 feet is permissible 
so that it will not be a hazard to walkers) and 
terminate at the transmitter in a parallel-tuned 
circuit , the other end of which is grounded. (The 
length of the ground lead should be included in 
the “feeder” length.) At this point the impedance 
looking into the feeder and antenna has its high¬ 
est value so that losses in the ground connection 
are relatively low. There will be very little 
current in the ground lead under these conditions, 
but an ammeter inserted at the base of the 
vertical portion will read about 70 per cent of the 
current at the top. 

Such a “feeder” does comparatively little 
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radiat ing because it is parallel to and close to the 
ground and because it represents the section of 
the antenna which carries the least current. In 
cases where the antenna height is not an eighth 
wavelength the “feeder” length, including the 
ground lead, should be wavelength less the 
actual length of the antenna from the base to the 
far end of the horizontal portion. The length of a 
half wave is given closely enough by the formula 

Length of half wave (ft.) r 
/ (.Me.) 

The feeder may be made longer or shorter than 
the exact length necessary to make the whole 
system a half wave long, if more convenient, 
provided the whole system is brought to reso¬ 
nance by means of the coupling system. However, 
excessive length in a feeder of this type is not de¬ 
sirable. Also, it is preferable to have the length to 
the ground connection a half wave so that the 
current in the ground lead will be minimum, 
which means lowest toss in the ground connection. 

Grounds 

One of the chief problems of obtaining optimum 
performance on 160 meters is that of getting 
a good low-resistance ground. The old stand-by 
connection to a water pipe may serve in a pinch, 
but seldom results in the best possible antenna 
performance. 

Fin. ¡0-3 — An arrange¬ 
ment for keeping the main 
radiating portion of the 
antenna vertical. 

If circumstances make it necessary to use a 
water pipe for a ground connection, always select 
a cold-water pipe since it usually goes more 
directly to ground than the hot-water variety. 
Gas pipes never should be used because insulated 
joints are sometimes included in the piping. 
Wherever possible, the connection to the cold 
water piping should be made directly at the point 
where the pipe enters the ground ; that is, on the 
street side of the water meter. The length of the 
ground lead necessarily must be taken into ac¬ 
count in computing the total length of the 
antenna. 

To make the connection, carefully clean the 
pipe by scraping and sandpapering. Fit on a 
clean ground clamp, make it good and tight, and 
make sure that the ground wire makes a good 

Fig. 10-4 — Bent antenna ks wave high, with a "feeder" 
section making the total length % wavelength, 
'file length figures are for 1900 kc., approximately, and 
the same antenna may be used over the whole hand. 
'1'he parallel.tuned coupling circuit should be capable 
of being tuned independently to the operating frequency, 
and the inductance of the coil preferably should be 
variable by means of taps so that the optimum L/C 
ratio can be secured. 

electrical connection to the strap. Solder it if 
necessary. The assembly may be rubber-taped to 
prevent oxidation if there is considerable damp¬ 
ness. 

If it is impossible to reach the pipe at the 
point where it enters the ground, a connection of 
the type described above may be made to any 
convenient cold-water pipe as a secondary resort. 
In such cases, estimation of the effective length 
of the ground lead is difficult, since piping systems 
sometimes are rather extensive and hence have 
considerable capacity to ground. The effective 
length usually will be appreciably less than the 
actual length of the shortest path which might 
be traced back to ground along the piping, and in 
the case of a ground to a heat ing system may be 
quite small because of the large masses of metal at 
the radiators. In such cases the amount of loading 
for bringing the system to resonance must be 
determined experimentally. 
A simple outdoor ground may be made by 

driving a length (6 feet or more) of 1-inch pipe 
into the soil. If possible, pick a spot where there 
is considerable natural moisture; the resistance 

Fig. 10-5 — Ground system treated to increase conduc¬ 
tivity. The circular trench is filled with rock salt, mag¬ 
nesium sulphate, or copper sulphate, put in dry and 
then flooded with water. After treatment, the trench is 
covered with earth. Fifty pounds of treating material 
so disposed will have a life of two or three years. 
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will be less under such conditions. Four pipes 
arranged at the corners of a 10-foot square, all 
connected together at the top, will be consider¬ 
ably better than one. 

A quite good low-resistance ground connection 
can be made as shown in Fig. 10-5, if the space is 
available and some digging is permissible. The 
chemicals increase the conductivity of the ground 
in the vicinity of the grounding pipes or rods and 
thus reduce the losses from current flow. 

Radial Grounds 

The ideal form of ground is a series of con¬ 
ductors buried a foot or two beneath the surface, 
radiating like the spokes of a wheel from under 
the vertical part of the antenna, as shown in Fig. 
10-6. Its construction is beyond most amateurs, 
but it is mentioned here for the benefit of those 
who may have the space and a plow to cut the 

Buried a foot 
or tujo be/ouj 
Surface 

Fig. 10'6 — The best ground is a radial system of buried 
copper strip or heavy bare copper wire. 

furrows which contain the ground conductors. 
Such a ground system not only reduces PR losses 
at the ground connection but provided it is made 
extensive enough also greatly reduces power losses 
in the ground in the immediate vicinity of the 
antenna. 

Better results can be expected as the length of 
the radial wires is increased. There is no necessity 
for a length greater than wavelength, however, 
and even wavelength will give satisfactory 
performance. This calls for a length of about 50 
feet per radial, or a total diameter of about 100 
feet for the ground system. As many radials as 
possible should be used. 

The Counterpoise 

The counterpoise is a form of capacity ground 
which is quite effective. Its use is particularly 
beneficial when an extensive buried system is not 

practicable, or when an ordinary pipe ground 
cannot be made to have sufficiently low resist¬ 
ance, as in rocky or sandy soils. 

To work properly, a counterpoise must be large 
enough to have considerable capacity to ground, 
which means that it should cover as much ground 
area as the location will permit. No specific 
dimensions are necessary, nor is the number of 
wires particularly critical. A good form is an 
approximately circular arrangement using radial 
wires with cross-connectors joining them at inter¬ 
vals, as in Fig. 10-7. There is no particular neces¬ 
sity for extending the radius of a circular counter¬ 
poise beyond a half wavelength, nor is it desirable 
that the lengths of the individual wires bear any 
particular relation to the wavelength. Rather, the 
intention is to have the counterpoise act as a 
pure capacity instead of exhibiting resonance 
effects. The capacity of the counterpoise will be 
approximately equal to that of a condenser con¬ 
sisting of two plates each of the same area as that 
of the counterpoise, with spacing equal to the 
height of the counterpoise above the ground. 

The shape of the counterpoise may be made 
anything convenient; square or oblong arrange¬ 
ments are usually relatively easy to construct 
and will work satisfactorily. There should not be 
too few wires, but on the other hand separations 
between wires up to 10 or 15 feet will do no harm 
on fairly large counterpoises, and 5 to 10 feet on 
smaller ones. It is a good plan to join adjacent 
wires with jumpers at intervals about equal to 
the wire separation so that resonance effects will 
l>e minimized. 

The height of the counterpoise is not particu¬ 
larly critical. It is best to construct it high enough 
to be out of the way, which ordinarily means 
from 6 to 10 feet above the ground. Remember 
that the height of the antenna is reduced by the 
amount of counterpoise height. 

Satisfactory results have been secured with 
counterpoises simply lying on the ground, or with 
large screens of chicken wire similarly laid under 
the antenna. However, the best performance will 
be secured, as a general rule, when the counter¬ 
poise is insulated from ground. When in contact 
with the ground surface, the losses are likely to be 
higher because the counterpoise tends to act 
either as a poorly-conducting direct ground or as 
a leaky-dielectric condenser. 

• ANTENNAS FOR SMALL SPACE 
OR HEIGHT 

The antennas discussed thus far have been de¬ 
signed to take advantage of the transmission 
characteristics of the 160-meter band. A certain 
amount of height and ground space is essential 
for this purpose. Many amateurs, however, do 
not have the facilities for the construction of 
even these simple forms and — particularly the 
city “cliff dwellers” — must simply string up 
a wire where some space is available. 
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munication. 
The fundamental requirement for 

antenna which cannot be “designed” 

quarter-wave “random” antenna is the fact 
that the high-current end, which does the most 
radiating, is the end brought into the station. 
If there is at least one quite long straight stretch 
available for erecting the antenna, it is a better 
plan to make the antenna length such that the 
maximum current point comes at the middle of 
the straight section. This means that the wire 
should be a quarter wave long (125 feet will be 
satisfactory) from the middle of the span to the 
far end, the necessary bends or folds to make up 
any excess length being made at the far end. The 

A vertical antenna must be quite clear of sur¬ 
rounding buildings, particularly those of steel 
construction, if good results are to be secured. If 
the height required for this purpose is not ob¬ 
tainable, then a horizontal wire must suffice. Xo 
useful purpose is served in erecting a vertical 
antenna between buildings which are going to 
absorb most of the radiated energy, or which 
perhaps reradiate some of the energy to make 
the horizontal directional pattern of the antenna 

current part) should be 
unparalleled by the bent 
wire, since there is partial 
cancellation of the radia¬ 
tion from the folded-back 
part. Bends in horizontal 
directions may be made at 
several points along the 
wire, in cases where this is 
necessary, provided the an¬ 
gle between the bent por¬ 
tions is as large as possible. 
Try not to have less than 
a right-angle bend, espe¬ 
cially in the high-current 
portion of the antenna. 

A disadvantage of the 

Fig. 10-8 — Typical arrangements of a quarter-wave 
horizontal antenna, for installation where height or 
space is limited. Current distribution is shown for each 
case. A length of about 125 feet will be satisfactory. 

160-meter work is that it must be resonant 
at the operating frequency. That is, it 
must accept as much power as possible 
from the transmitter, even though the radiation 
of the power must be left more or less to chance. 
It is desirable to get the high-current portion of 
the antenna well away from buildings, if this is 
possible. The antenna may be Ixmt, if necessary, 
to fit the available space, but the bends should be 
made with a view to their effect on the perform¬ 
ance of the antenna as a radiator. 

To make tuning easy, it is desirable that the 
antenna length be a multiple of a quarter wave¬ 
length, within reasonable limits. The ground lead 
should be short, although, as already explained, 
the “length” of this lead may depend upon the 
grounding system. An antenna length of about 
125 feet is the smallest recommended for working 
over the band, although shorter lengths can be 
loaded to the proper electrical length with a 
series inductance as shown in Fig. 10-8B. Pro¬ 
vided the effective length of the ground lead is 
not too great (up to perhaps 35 or 40 feet) the 
system may readily be tuned to resonance with 
an adjustable coil and series condenser. 

If no space is available sufficient to allow the 
antenna to be installed in a straight line, it may 
be bent to fit. The far end may be bent down, as 
shown in Fig. 10-8C, or even back on the an¬ 
tenna as in Fig. 10-8D. In the latter case at 
least wavelength of the near end (the high-

essential, but it is desirable to extend the counterpoise as nearly as possible for the 
same distance in each direction from the antenna. 

(A) 

Fi/l. 10-7 — Some suggested 

(B) 
forms of counterpoise. Perfe 
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distance from the middle oi the span to the 
transmitter can form the antenna length on 
that side or, alternatively, the wire length 
here may also be made a quarter wavelength, 
with bends or folds, to make a half-wave 
antenna and thus bring a voltage loop at the 
coupling point. The total length of the wire 
would be 250 feet in that case, and parallel 
tuning would be called for at the transmitter. 

Antennas of this type will work quite well, 
especially for moderate distances at night, 
even though they are not capable of the type 
of performance to be expected from a good 
vertical antenna. The chief points to be 
remembered are these: it is easiest to make 
the antenna take power if its length is near 
a multiple of a quarter wavelength, and 
bends will not do a great deal of harm pro¬ 
vided they are made in parts of the antenna 
where the current is small. The aim should 
be to obtain the longest possible straight 
stretch for the high-current part of the 
antenna. 

Current 
Distribution 

Alternative Coupling Methods 
FT» 

(D) 
Other types of coupling systems may be 

substituted for those shown in this chapter, 
and Chapter Three should be consulted for 
design and adjustment information on this 
subject. In the case of vertical antennas, 
particularly, where the base of the antenna may 
be some distance from the transmitter, it may 
be desirable to use a link line to a coupling circuit 
installed in a weatherproof box at the antenna. 
The feeder already described usually will be more 
convenient for this purpose, however, if its length 
fits in with the station and antenna layout. 

The pi-section filter type of coupler is espe¬ 
cially convenient with antennas shorter than a 
quarter wavelength, but should be tuned care¬ 
fully to prevent harmonic radiation. A quarter¬ 
wave grounded antenna inherently discriminates 

Fig. 10-9 — Suggested methods of bending half-wave an¬ 
tennas for installation where space is limited. The points 
to watch out for in making bends are discussed in the text. 
The total wire length is about 250 feet for an antenna which 

be used over the 160-meter band. 

against even harmonics, but this is not true of 
several of the systems described in this chapter 
since some of them approach or equal a half 
wavelength in total wire length. 

When the antenna proper is located at some 
distance from the transmitter the two may be 
connected by means of a transmission line, either 
tuned or untuned, of one of the types described 
in Chapter Three. The principles of design and 
operation are exactly as set forth in that chapter. 
Probably in the majority of cases, however, the 
distance does not justify the use of such a line. 

can 
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The problem of supporting the antenna at the 
requisite height above ground can be solved in a 
variety of ways, depending upon local conditions. 
Quite frequently at least one end of the antenna 
can be hooked to a convenient building or tree, 
thereby obviating the expense and trouble of 
erecting a pole or tower. 

Anchoring one end of the wire to a building 
presents no particular problems. Some precau¬ 
tions must be taken, however, when the support 
is a tree, particularly if the antenna is fastened 
near its top. Trees sway considerably in a wind, 
so that some means must be taken to prevent the 
antenna wire from snapping in two, and at the 
same time to get rid of too much slack in calm 
weather. If the tree can be climbed to the point 
where the antenna is to be supported, a wire can 
be looped around the trunk or limb to hold a 
pulley as firmly as possible. The trunk or branch 
must be protected from cutting by the wire, and 
this is easily accomplished with several strips of 
wood between the wire and the tree. The antenna 
rope, which should run freely through the pulley, 
should not be tied at its free end but should be 
fastened to a counterweight heavy enough to 
keep the antenna taut. 

A somewhat similar scheme can be used when 
it is necessary to throw a rope over a limb because 
the tree cannot be climbed to the height desired. 
In this case the pulley can be fastened to the end 
of the rope which goes through the tree, while 
the antenna rope goes through the pulley, some¬ 
what as shown in Fig. 11-1. The tree rope is se¬ 
curely fastened at the bottom. 

In using either of these systems it is essential, 
to prevent the rope from jamming in the pulley, 
to use a rope heavy enough so that it will not 
jump out of the pulley wheel and get caught 
between the wheel and frame. Some tension 
should be kept on the pulley, especially while the 
antenna is being raised, to keep it from twisting. 

• TELEPHONE POLES 

Probably the most satisfactory type of pole is 
the kind used by utility companies to carry power 
and telephone wires. These poles are heavy 
enough to support most amateur antennas with¬ 
out being guyed, and can be provided with steps 

so that they can be climbed without difficulty. 
Their chief drawback is the fact that they are 
comparatively expensive. 

Costs vary in different parts of the country, 
depending upon the distance to the source of the 
poles. In lengths of 30 to 60 feet, however, an 
average cost for a creosoted pole, installed, is 
a dollar or two per foot. In ordinary soil about 
one-tenth of the length is set in the ground, so 
that the pole height is about 90 per cent of its 
length. 

Fig. Il-l — Fastening the antenna to a tree. The coun¬ 
terweight prevents the antenna wire from being snapped 
off when the tree sways in a wind. 

Poles of this type usually can be purchased from 
the local electric light or telephone company and 
installed by their crews. In some localities the 
companies let out this work to local contractors, 
in which case the contractor can be approached 
directly. Use caution in picking up “bargains” in 
the pole line; a pole with an unsound center is not 
a good investment nor is it a safe thing to climb. 

223 
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• SMALL MASTS 

Where the height required is of the order 
of 20 feet or less (particularly when the 
mast is to be installed on the roof of a house 
or garage) a single piece of 2 X 3 lumber 
will make a good pole. A vertical antenna 
for 10 or 6 meters, for instance, can be 
constructed on a 20-foot 2 X 3 as shown in 
Fig. 11-2. Three guys spaced 120 degrees 
around the pole and fastened about half¬ 
way up will suffice to keep the pole erect. 
If the roof is flat, the bottom of the pole 
need not be fastened down since it will 
have no tendency to move once the guys 
are tightened. A small flat board may be 
placed under it to prevent damage to the 
roof. On peaked roofs, a small wooden 
inverted “V” can easily be nailed to the 
bottom of the pole to keep it from slipping. 

Stand-off 
insulator . 
2 to 4"h/ah 

Wood Support : —’ 
may be pole 

Or lumber frame 
work 

Fig. 11-2 — A single 2X3 will serve as a mast for 
heights up to about 20 feet. This drawing shows how a 
28-Mc. vertical can he installed on such a pole. For 
horizontal antennas, the guys should go to the top. 

To support a horizontal antenna, the guys 
should run to the top of the mast. Actually, only 
the two which pull away from the antenna need 
go to the top; the antenna itself provides the pull 
in the opposite direction. The third guy, in the 
direction of the antenna, is used only to keep the 
pole from falling over when the antenna is low¬ 
ered, and may be fastened about halfway up 
where it will not interfere with the antenna pulley 
and rope. 

Fig. 11-3 shows how a socket can be constructed 
to fit over the pointed roof of a typical two-car 
garage to seat a mast, which in this case consists 
of two pieces bolted together. A satisfactory 
method of guying also is shown. From the joint 
between the two sections of the pole four guys go 
to the corners of the garage, but only two at the 
back are used at the top of the mast. The pull of 
the antenna is ample to keep the upper section 
vertical. The lower section of a bolted mast of 
this type preferably should be 2 X 4, with the 
upper section 2X3. 

Fig. 11-3 also shows a sketch of a “cattle 
walk ” that is lashed in place on the roof to per¬ 
mit walking the mast up without danger of slip¬ 
ping. Such a gadget can be used on any sloping 
roof; even a ladder will suffice in many cases 
when its upper end is roped to a solid anchorage 
so that it cannot slide. 

• THE "A-FRAME" MAST 
A type of light and inexpensive mast that has 

been very popular is shown in Fig. 11-4. In lengths 
up to 40 feet it is very easy to erect and will stand 
without difficulty the pull of ordinary antenna 
systems. The lumber used is 2 X 2 straight¬ 
grained pine (which many lumber yards know as 
hemlock) or even fir stock. The uprights can be 
each as long as 22 feet (for a mast slightly over 
40 feet high) and the crosspieces are cut to fit. 
Four pieces of 2 X 2, 22 feet long, will provide 
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enough and to spare. The only other materials 
required are five 14'im'h carriage bolts 5 Lá inches 
long, a few spikes, about 300 feet of No. 12 gal¬ 
vanized iron wire for the guys or stays, enough 
glazed-porcelain compression insulators (“eggs”) 
to break up the guys into sections, and the usual 
pulley and halyard rope. If the strain insulators 
are put in every 20 feet approximately 15 of them 
will be enough. 

After selecting and purchasing the lumber — 
which should be straight-grained and knot-free 
- three sawhorses or boxes should be set up and 

the mast assembled in the manner indicated in 
Fig. 11-5. At this stage it is a good plan to give 
the mast two coats of “outside-white” house 
paint. 

After the second coat of paint is dry, attach 
the guys and rig the pulley for the antenna 
halyard. The pulley anchorage should be at the 
point where the top stays are attached so that 
the back stay will assume the greater part of the 
load tension. It is better to use wire wrapping 
around the stick, with a small through-bolt to 
prevent sliding down, than to use eye bolts. 

If the mast is to stand on the ground, a couple 
of stakes should be driven to keep the bottom 
from slipping. At this point the mast may be 
“walked up” by a pair of helpers. If it is to go 
on a roof, first stand it up against the side of the 
building and then hoist it, from the roof, keeping 
it vertical. The whole assembly is light enough 
for two men to perforin the complete operation — 

Fig. I 1-4 •— The "A-frame” mast, lightweight and easily 
constructed and erected. 

u L/ne up fevet on 
V three saw horses 

or boxes 

Fig. 11-5 — .Method of assembling the "A-frame” mast. 

lifting the mast, carrying it to its permanent 
berth, and fastening the guys — with the mast 
vertical all the while. It is therefore entirely prac¬ 
ticable to put up this kind of mast on a small flat 
area of roof that would prohibit the erection of 
one that had to be raised vertical in its final 
location. 

• ANOTHER SIMPLE MAST 
The mast shown in Fig. 11-6 is relatively 

strong, easy to construct, and costs very little. 
Like the “A frame,” it is suitable for heights of 
the order of 40 feet. It is also easily dismantled 
in case it has to be moved. 

The top section is a single 2X3, bolted at the 
bottom between a pair of 2 X 3s with an overlap 
of about 2 feet. The lower section thus has two 
legs spaced the width of the narrow side of a 
2 X 3. At the ground, the two pieces are bolted 
to a 2 X 4 which is set in the ground. A short 
length of 2 X 3 is set between the two legs about 
halfway up the bottom section to maintain the 
spacing. Four hi X 6 carriage bolts are needed, 
along with washers; this length is sufficient since 
the “2 X 3s” actually areabout 1 % X 2hi inches. 
All pieces of lumber arc set so that the long axis 
faces the antenna direction. 

It will be sufficient to guy the mast as shown in 
the drawing. The two back guys at the top pull 
against the antenna, while the three lower guys 
prevent any buckling at the center of the pole. 
The two sets cf back guys may be anchored at the 
same point. For a height of about 40 feet, the 
guys should be anchored about 15 feet or more 
from the bottom of the pole. 

The mast can easily be raised by two people; in 
fact, one man can manage the job without too 
much difficulty. The length of 2 X 4 which is set 
in the ground should be placed so that it faces the 
pròper direction, and should be made vertical by 
lining it up with a plumb bob. The holes for the 
bolts should be drilled beforehand. The lower 
section is then laid on the ground so that bolt 
A can be slipped in place through the three pieces 
of wood and tightened just enough so that the 
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I bolts 

id to 20 long 

Bolt holes Bo!t*h‘ 

Bottom Sect. 

th'to 20' 

04^2 to 
SMt. (B) 

SIDEVIEW 

(A) 
FRONT VIEW 

ÿstiffening block inserted 
ard secured alter top portion 
ofm ast is in position shown 
in Det. B. Bottom section 
arts as track for running up ' 
top portion 
CMC or round, cutio width of 

h-inchrope 
(raising) 

Secure rope with 
nails or other means 
to prevent slipping 

Raising lever- (remove 
after installation ofB olt A) 

(O 
BACK VIEW 

Lashing holds mast 
for insertion at Bolt ' 

Stiffening blocks flong 
Tapered to fit natural 
divergence of top sect ion 
members (nailed) 

from 3‘wide at bot. to 2" Hop stick 
wide at top (2 pieces rthick) - ” 

Small split bolts-use of these 
at obvious locations will pre¬ 
vent splitting at end of sticks 

Fig. 11-7 — Constructional and raising details of the 55-foot wooden mast. 

section can turn freely on the 
bolt. Then the top section is 
bolted in place and the mast 
pushed up, using a ladder or 
another 20-foot 2X3 for 
the job. As the mast goes up 
the slack in the guys can be 
taken up so that the whole 
structure is in some measure 
continually supported. When 
the mast is vertical bolt B is 
slipped in place and both 
A and B tightened. The lower 
guys can next be given a final 
tightening, leaving those at 
the top a little slack until the 
antenna is pulled up, when 
they can be adjusted to pull 
the top section into line with 
the bottom. 
The 2X4 should extend 

at least 3 feet into the ground, 
and should set solidly. Con¬ 
crete is not necessary, but it 
will help to pack rocks in 
the hole to provide some brac¬ 
ing. The pole will stand 
without guying when the two bottom bolts 
are in, which does away with the necessity for 
having a helper on each guy, but, of course, will 
not stand much strain under those conditions. 

The mast shown in Fig. 11-7 is somewhat simi¬ 
lar but can be used for heights up to 55 feet or so. 
The bottom section, minus the 3-foot stiffening 
block, should be set in place first, as shown at A. 
The top section is then slid between the two up¬ 
rights, with the raising lever on the upper side. 
The bottom end of the top section then is pulled 
up and the two sections lined up so that the bolt 
can be put in place, as shown at B. 

By pulling downward it is not difficult to swing 
the top section up into vertical position. Bolt 
A (Fig. 11-7C) is then slipped into place and 
the stiffening block inserted. 

For masts up to 45 feet, only two guys at the 
top will suffice. For greater heights, two at the 
top and three at the midpoint in the top section 
are recommended. 

CENTER GUVS 

Fig. If-6 — A simple and 
sturdy mast for heights in 
the vicinity of 40 feet, 
pivoted at the base for 
easy erection. The height 
can be extended to 50 feet 
or more by using 2 X 4s 
instead of 2 X 3s. 

• A HOLLOW MAST 
A different type of mast construction, suitable 

for heights of the order of 50 to 60 feet, is shown 
in Fig. 11-8. Although comparatively light in 
weight, it is practically as strong as a solid pole 
of the same cross section. 

It is a square hollow pole, held together in 
the fashion of bamboo growth; that is, with a 
strengthening section spaced about every 2 feet. 

The foundation is a 6 X 6 timber about 6 feet 
long. The next section is about 14 to 18 feet long, 
depending upon the availability of the lumber, 
which should be good smooth-finish, hard pine, 
cypress or spruce. Three pieces (assuming that 
18-foot stock is available) are laid out. There will 
be two sides 6" wide by 18' long of %" or %” 
stock, and the third will overlap on the edges so 
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-1 - Strap 

from overlapping 
2 X 4® or 2 X 6s. 

2 — 6" X 18' X Ji' 

SECTION I 

sr:noN z 
127: OP 1471 OR io7a' 

OUTSIDE 

SKTION 4 
4' a-IO' 
OAK 2 »2* 

SKTION 3 
l27i'OR I4Ä 0« *7£ 
04* OUTSIDE 

MASTS WITH BUTTED TIMBERS 

A type of mast construction suitable for 
heights up to about 80 feet is shown in Fig. 
11-9. The mast is built up by butting 2 X 4 or 
2X6 timbers edgewise against a second 
2 X 4, as shown at A, with alternating joints 
in the edgewise and flatwise sections as shown 
at B. The construction can lie carried out to 
greater lengths than shown simply by continu¬ 
ing the 20-foot sections. It will be noted that 
one or both ends must end with a 10-foot 
section on either the edgewise or flat timbers. 

that it will be 8" wide by 18' by Ji" or %". 
Insert the 6 X 6 about 2' into the “U” formed by 
the three pieces anti after lining up so that all 
edges are flush, commence to fasten together with 
nails, or preferably iron screws with flat heads, 
not forgetting to paint thoroughly every edge 
with a thick mixture of white lead and linseed 
oil. The next operation is to put in the braces 
every 2 feet. These are 6 X 6 X 1-inch thick, and 
should be put in with white lead between wood 
surfaces and thoroughly fastened with screws or 
finishing nails. At the open end of the “U” leave 
18" for the insertion of the next section of the 
mast which telescopes into the base section. Give 
the inside a thorough coat of white lead and lin¬ 
seed oil about the consistency of glue and let dry 
for a week or so. The cover for this section of the 
“U” is another 8-in. X 18-ft. X Ji-in. piece 
which is screwed down after the second coat of 
white lead and linseed oil is drv. Any irregularities 
in the lumber and joints should be smoothed 
down with a plane. 

The second and third sections of the mast are 
constructed in a fashion similar to that of the 
base, except that they are progressively smaller. 
The second section should have outside dimen¬ 
sions of 6 by 6 inches to telescope inside the base 
section. The third section will lx- 4 by 4 inches to 
telescope into the second and the top section is 
a solid 2X2. 

u Li 

Fitt. 11-9 — wT”-scctlon mast made 

The complete list of material required is 
given below: 

1st Section 

7 — Spacers 6" X 6" XI" 
2nd Section 

2 — 4" X 18' X Ji" 
2 — 6" X 18' X Ji" 
8 — Spacers 4" X 4" X 1" 

3rd Section 
2 —2" X 18' X Ji" 
2—4" X 18' X Ji" 
8 — Spacers 2" X 2" X 1" 

Top Section 
2" X 2" X 12' (oak) 
Pulley (brass or bronze) 

1 — Manila rope (necessary length) 
4 — Guys (necessary length) No. 8galvanized-

iron wire 
Strain insulators 
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Fin. 11-10 — A lattice mast that is easy to build and 
erect, and can readily be taken down for repainting when 
necessary. It is strong enough to withstand practically 
any wind load that may be encountered. 

Longer or shorter sections may be used if more 
convenient. 

The method of making the joints is shown at C. 
Quarter-inch or Jig-inch iron, 1'2 to 2 incites 
wide, is recommended for the straps, with hall¬ 
inch bolts to hold the pieces together. In addition, 
a bolt should be run through the pieces mid¬ 
way between joints to provide additional ri¬ 
gidity. 

Although there are many ways in which such a 
mast can be secured at the base, the “cradle” 
illustrated at D has many advantages. Heavy 
timbers set firmly in the ground, just far enough 
apart so that the base of the mast will pass 
through them, hold a large carriage bolt or steel 
bar which serves as a bearing. This passes 
through a hole in the mast so that the latter is 
pivoted at the bottom. As the mast swings up¬ 
ward in an arc while being raised the bottom is 
free to pivot on the bearing. 

The job of raising the mast can be simplified, 
when a bottom bearing of this nature is used, 
because half of the guys can be put in place and 
tightened up before the mast leaves the ground. 

Four sets of guvs should be used, one in Iront, 
one directly in the rear, and one on each side at 
right angles to the direction in which the mast 
will face. Since the base position is fixed by the 
bearing, all the side guys can be put in place, 
anchored and tightened while the mast is lying 
on the ground. Thus there is no danger of side¬ 
sway or bending while the mast is going up, and 
a smaller crew can do the job. A set of guys 
should be used at each of the joints in the edge¬ 
wise sections, the guy wires being wrapped around 
the pole rather than fastened to bolts or passed 
through holes in the pole, as either of the latter 
two methods tends to weaken the joint. 

For heights up to 50 feet, 2 X 4s may lie used 
throughout. For greater heights it is advisable 
to use 2 X 6s for the edgewise sections, although 
2 X 4s will be satisfactory for the flat sections. 

• A LATTICE MAST 
Another popular type of antenna support is the 

lattice mast, illustrated in Figs. 11-10 and 11-11. 
Such masts are built in many different ways, 
depending upon the ideas and ingenuity of the 
constructor, but the tower shown in the photo¬ 
graph will serve as a guide for any such construc¬ 
tion work. 

The mast requires 14 pieces of clear pine, 16 
feet long and 1 '> X 3 inches in cross section; 300 
feet of 1 X “furring” strips, 75 H-inch carriage 
bolts 2 1 »-inches long, and a quantity of 2-inch 
wire nails. Each of the lour 48-foot side pieces is 
made of three of the 16-foot lengths of 1 X 3. 1 he 
two extra lengths are cut in 4-foot lengths and 
bolted to the long pieces, as shown in Fig. 11-11-
D. Before bolting the pieces together, the facing 
wood surfaces should be given a liberal coating of 
pure white lead. The bolts, with iron washers, 
should be drawn up as tight as possible. 

With the help of a carpenter’s square and 
a long piece of cord, one side of the mast is laid 
out, running from the exact four-foot width of 
the base to the joining of the side pieces at the 
top. The first crosspiece of 1 X 2 is nailed on 1 ! 
feet from the bottom, using white lead where 
wood meets wood. The second cross piece is 
nailed on 2 feet above the first. Each subsequent 
piece is nailed on with the spacing reduced one 
inch each time. Thus the first crosspiece is 18 
inches from the bottom, the second is 24 inches 
from the first, the third is 23 inches from the 
second, and so on until the 32-foot level is reached. 
From there on to the 40-foot level the spacing is 
reduced 2 inches each time. Above 40 feet the 
spacing is reduced 3 inches each time. Then the 
angle crosspieces are installed between each 
horizontal member. 

When two sides have been finished, they are 
turned on edge and the bottoms spaced exactly 
4 feet. Cross and angle pieces are then installed 
from the bottom to the 24-foot level, alter which 
the mast can be turned over and the other 
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can be disassembled by taking it 
apart piece by piece, it is a tedious 
process. The simpler scheme is to 
bolt a 10- or 12-foot piece of 2 X 6 
timber across the base of the tower, 
as shown in Fig. 11-12, place bracing 
2 X 4s between the legs as illustrated, 
and lower the whole thing in one 
piece. Use rope guys to steady the 
tower during the process. Once on 
the ground, a cold chisel can be used 
to cut off the bolts. Thoroughly 
buff off all rusty surfaces and apply 
a coat of aluminum paint before re¬ 
assembling. Use new galvanized bolts. 
It is well also to add a drop of “ No¬ 
oxide ” to the threads, in case the 
tower is taken apart later on. 

Raising the tower requires the 
same equipment as lowering it, as 
indicated in the sketch. Holes for the 
corner posts are dug before raising 
the tower, but the dirt is not tamped 
solidly around the corner posts until 
the tower is in place and has been 

side completed. The third side is then completed 
to the top. The two sides are bolted together at 
the top, as shown in Fig. 11-1 IE. 

The final construction step consists of nailing 
on the internal cross braces, at the 10-, 20- and 
30-foot levels, as shown in Fig. 11-1 IF. It is 
convenient to cut the cross and angle braces 
after they have been nailed on. 

The foundation for the mast requires a 6-foot 
cube hole, if the foundation details shown in 
Fig. 11-11A are followed. Four 6-foot lengths 
of angle iron are set in concrete and dirt as indi¬ 
cated, and are held in proper alignment during 
this process by the jig indicated in Fig. 11-1 IB. 
Most of the concrete mixture will require very 
little cement — only the top finish layer of con¬ 
crete requires a good 3-to-l mixture of cement 
and sand. While waiting for the various sections 
of the foundation to set, the mast can be painted, 
using two coats of good paint and a day’s drying 
time between coats. 

The mast can be raised easily with the help of a 
block and tackle, after bolting two legs to the 
iron angles. Hinging the mast in this fashion 
makes getting it into the air a relatively simple 
job. When the mast is upright, correct holes for 
bolting the mast to the iron angles can be drilled 
and the whole structure bolted firmly together. 

Without any guy wires, a mast of this type has 
withstood the fury of a hurricane that was strong 
enough to tilt the 6-foot deep foundation. 

• WINDMILL TOWERS 
In some parts of the country it is possible to 

buy old windmill towers from farmers who no 
longer have any need for them. While the tower 

made exactly vertical. It will be found much 
more convenient to install any beam antenna on 
the top of the tower at the time that the tower is 
going up than it will after the tower is in place. 
With the block and tackle, pull the tower up just 
far enough to clear the antenna array, install 
the antenna, and then finish the job. 

In the event that lack of horizontal room pre¬ 
vents assembling the tower on the ground, it will 
have to be built up piece by piece. With a well-
built and level foundation, this is a simple job 
for one man working on the tower and a partner 
on the ground to pass up the pieces. 

• RAISING THE MAST 
Specific instructions have been given for raising 

the masts already described, in most cases. There 
are, however, a few kinks which will help in the 

Gm polí or 
tree. Steady 
mth. tem¬ 
porary a uu 
wires(not 
shown) 

Pig. 11-12 — Suggested method for raising or lowering 
a steel windmill tower. The temporary 2" X 6" X 12' 
timber bolted to the base serves to steady the tower, 
and the two lengths of 2 X 4 prevent any possible 
buckling of the base. Temporary rope guys on either 
side of the tower should be used to steady the structure 
while it is going up or coming down. After raising the 
tower, the two legs nearest the gin pole should be an¬ 
chored first, after which the tower can be eased back 
and the other two leg- fastened. 
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erection of almost any kind of antenna mast. 
The “scissors” arrangement shown in Fig. 

11-13, constructed of two 2 X 3s or 2 X 4s 
about 20 feet long, will be of considerable assist¬ 
ance in getting the mast off the ground. Starting 
out near the end, the mast is pushed up a little 
at a time and the scissors moved in each time to 
keep it from dropping back. With small masts 
(40 feet or so) it is the only auxiliary necessary, 
since by the time its length is too small to be of 
further service it should be possible to pull the 
mast up the rest of the way by the guy wires. A 
20-foot laddercan be substituted for thescissors 
if one is available, but it does not possess the 
stability of the scissors arrangement and therefore 
cannot as readily prevent sidesway. In either 
case a short pole or ladder can be used to push 
up the mast while the scissors or ladder is being 
moved into a new position. 

When the mast is 50 feet or more high, it will 
be easier to pull it up if an auxiliary mast or 

Fig. 11*13 — “Scissors” for pulling up masts. As the 
mast goes up, the scissors are moved in to keep it from 
falling and to prevent sidesway. 

gin pole is used, as shown in Fig. 11-14. The 
gin pole should be to th® height of the 
mast, and should be erected fairly close to the 
base of the mast so that the maximum possible 
leverage can be secured. The erection of a small 
auxiliary mast of this type should present no 
special problems. Provision should be made for 
keeping the guy wires of the main mast from 
slipping off the top of the gin pole as they are 
pulled back. All the back guys should pass over 
the gin pole and should be kept taut so that 
there will be no bending of the main mast as 
it goes up. 

As t he mast is pulled up, the guys should be 
allowed just enough slack to permit the mast 
to move without the necessity for “ pulling against 
the guys.” With tall masts of the usual construc¬ 
tion a too-slack guy may allow the pole to bend 
enough to get out of control and perhaps snap. 
It is advisable to take the pulling-up process 
slowly on that account. 

Fig. 11-14 — A gin pole is a useful accessory when a 
lall mast is to be raised, providing additional leverage 
when the mast is near the ground. 

• GUYS AND GUY ANCHORS 
For poles up to about 50 feet, No. 12 iron wire 

makes a satisfactory guy (No. 12 in this wire is 
considerably heavier than in copper). A heavier 
size, or stranded cable, can be used for taller 
poles or poles installed in locations ivhere the 
wind velocity is high. 

Guy wires are normally broken up by strain in¬ 
sulators to avoid the possibility of their becoming 
resonant at the transmitting frequency. Common 
practice is to insert an insulator near the top 
of each guy within a few feet of the pole and 
then make each section of guy wire, between 
insulators, a length which will not be resonant 
in any amateur band to be used, either on its 
fundamental or harmonics. An insulator every 
20 feet will be satisfactory for all bands up to 
and including the 28-Mc. band. The insulators 
should be of the “egg” type, with the insulating 
material under compression so that if the insula¬ 
tor breaks the guy will not come down. 

Guy wires should not be fastened to the mast 
at equal intervals if resonance effects are to be 
avoided. For example, a 55-foot pole should be 
guyed at the top, 15 feet down, and 33 feet 
down. 

Guy wires may be anchored in a variety of 
ways. Simplest of all is to anchor the wires to a 
tree or building, when they happen to be in 
convenient spots. For small poles a 6-foot length 
of pipe (about 1-inch diameter) driven into the 
ground at an angle, with the bottom of the pipe 
pointing to the base of the pole, will suffice. 
Additional bracing can be provided by using 
two pipes as shown in Fig. 11-15. 

One form of “dead man” guv anchor is shown 
in Fig. 11-16. The “dead man” is a heavy plank 
(two 2 X 6s nailed together, for example) 5 or 
6 feet long and buried about 3 or 4 feet in the 

Fig. 11-15 — Pipe guy anchors. One will be suñicient 
for small masts, but the two installed as shown will pro¬ 
vide additional strength for larger poles. 
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ground. A fair amount of surface is necessary 
to give maximum resistance to the pull of the 
guys. The wires arc brought out at the proper 
angle to the pole so that they arc, in effect, a 
continuation of t he regular guy wires. 

For heavy jobs, regular guy anchors can be 
secured t hrough firms dealing in line materials, 
or through the local utility company. 

When several guy wires are connected to a 
single “dead man,” an open thimble (obtainable 
from marine supply stores) should be used to 
prevent sharp bends and possible breakage of 
the wires. 

With large guy wires, it is difficult to make 
tight joints at the insulators even with pliers. 
A simple tool can be made for the purpose from 
a piece of heavy iron or steel with a single hole 
drilled about a half inch from one end. The 
wire is passed through the insulator, given a single 
turn by hand, and then held with a pair of pliers 
at the point shown in Fig. 11-17. By passing the 
wire through the hole in the iron and rotating the 
iron as shown, the wire can be t wisted quickly and 
neatly. 

iïg. 11-16 — 1'he “dead man'* guy anchor. 

With high poles it may be advisable to use turn¬ 
buckles in the guy wires so that they can be 
tightened satisfactorily. With small poles this is 
usually an unnecessary refinement, since the 
wires can be pulled tight enough by hand. 

• HALYARDS AND PULLEYS 
A free-running pulley and a long-lived halyard 

are definite assets to an antenna system. Common 
clothesline rope will be strong enough for small 
antennas, but does not stand the weather too well 
and should be renewed fairly frequently. Sash 
cord is a bit better, butstill not weather-resistant. 
A satisfactory halyard is %- or J^-inch water¬ 
proofed manila rope, the larger size being needed 
only to hold long stretches of wire. 

Ordinary rope or cord can be waterproofed 
by soaking it a day or two in automobile top¬ 
dressing. 

If it is feasible, duplicate pulleys and halyards 
should be installed at the top of the mast before 
raising the structure. Tiiis has the advantage that, 
if one rope breaks the antenna can be transferred 
to the other halyard without lowering the pole. 
Further, if at some future date the mast is used to 
support the end of another antenna, the new 
halyard is already available. 

Halyards should always consist of a continuous 
loop of rope running through the pulley, because 
the half of the rope that has no normal strain is 

always available for pulling down the antenna 
end when the wire is lowered. 

It will pay to purchase good-quality pulleys. 
A good grade of galvanized-iron pulley will be 
satisfactory in locations where the atmosphere is 
free from salt, but at seashore locations a pulley 
intended for marine use should be used. One of 
the best types is a hardwood block with bronze 
roller-bearing shaft, which will stand up well and 
resist corrosion under adverse conditions. 

9 FEEDER CONSTRUCTION 
Two-wire open transmission lines are readily 

constructed from materials available from all 
amateur radio supply houses. Rod-type spacers 
or spreaders are universally used to keep the 
separation between the wires constant, the usual 
size of spacer being 4 or 6 inches long. Six-inch 
spacing is quite satisfactory on the 3.5- and 7-Mc. 
bands, and 4 inches is good for 14 to 30 Me. Still 
smaller spacing is desirable on the very-high fre¬ 
quencies, to minimize line radiation, and 2-inch 
spacers are available for the purpose. 

If the line is to hang free, a 6-inch line should 
have a spacer every 6 feet or less, to reduce swing¬ 
ing of the wires with respect to each other during 
a wind. Correspondingly smaller separation be¬ 
tween spreaders should be used with lines having 
closer spacing. Even though the wires do not 
swing enough to touch, the movement will vary 
the characteristic impedance of the line and 
thereby cause variable loading on the transmitter. 

Manufactured spreaders, generally made of 
ceramic or plastic material, are inexpensive and 
stand up well in the weather, so that it is not 
usually worth while to make spreaders at home. 
However, there may be cases where home con¬ 
struction is desirable, as when special sizes are 
needed, and Fig. 11-18 shows how they can be 
made. Probably the best material for home use is 
polymethyl methacrylate (Lucite), because it is 
lightweight, easy to work, and stands up well 
under weathering. Ceramic materials are better 
able to withstand the effects of weather over long 
periods, however. 
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Fig. ll-lfí — Details of feeder-spacer construction and 
installation of the spacer on the feedline. 

The feedline should be made of soft-drawn 
wire and never hard-drawn or “copperweld,” 
because the latter two will be found very difficult 
to work and straighten out without considerable 
tension. The tie wire that secures the feeder wire 
to the spacer should be wrapped tightly around 
the feeder wire, but it should 
not draw the feeder wire 
hard against the spacer. If 
the feeder wire is left loose 
in the groove of the spacer, 
it will be found that the 
feedline straightens out 
nicely under only slight ten¬ 
sion, and there is little 
danger of breaking a spacer. 

To keep feeders taut it is 
necessary to have the same 
tension on each wire. With 
an end-fed antenna this may 
be difficult to accomplish unless an arrangement 
similar to that shown in Fig. 11-19 is used. The 
single-point support permits pulling off the feed¬ 
ers at any convenient angle to the antenna. 
Where a feeder must be run a considerable dis¬ 
tance so that simply letting it hang is impractica¬ 
ble, a support of the type shown in Fig. 11-20 
may be used. A similar mechanical terminating 
arrangement at each end of the line will keep the 
spacing constant and the line shipshape. 

The popular 300-ohm “Twin-Lead” can be run 
along t he side of a mast or building, supported at 
intervals by the ceramic or plastic supports that 
are designed for the service. It should always be 
supported so that it will not twist around or lay 
across guy wires and other metallic objects, and 
it should always clear a metallic object by an 
inch or so if an “impedance bump” is to be 
avoided. The impedance of the line will change in 
wet weather because water collects on the sur¬ 
face, although this condition can be minimized by 

coating the line with silicon greases (sold for the 
purpose) before the line is installed. At the |x>int 
where the line joins the antenna, the line should 
be supported by the polyethylene dielectric 
rather than by the wires themselves, because 
when the line whips in the wind it will eventually 
break the wire. Small clamps of thin Lucite sheet, 
held together with small screws, can be used to 
hold the line and take the strain from the wires. 
Since the polyethylene dielectric will flow under 
the heat of an ordinary flatiron, joints in the line 
can be sealed over by patching with small bits 
of the insulating material. 

Solid-dielectric coaxial line is very tough and 
requires no special care, except at the ends where 
the connections are made. Here it is wise to safe¬ 
guard against moisture and condensation between 
the dielectric and the outer conductor, and suita¬ 
ble insulating tapes can be obtained in the ama¬ 

teur radio supply houses. These tapes are 
wrapped over the insulating material and the 
outer conductor after the braid has been stripped 
back on the dielectric. Solid coaxial cables can be 
supported where necessary by the ceramic or 
metal clamps designed for the purpose, or small 
“cable clamps” of the right size will do. Coaxial 
line can be run along metal surfaces without fear 
of affecting the impedance of the line. The only 
necessary consideration is to avoid bending the 
cable around too sharp a corner, which may 
cause slow mechanical flow inside the cable. 

• BRINGING THE ANTENNA OR 
TRANSMISSION LINE INTO 
THE STATION 

In bringing the antenna or transmission line 
into the station, the line should first be anchored 
to the outside wall of the building, as shown in 
Fig. 11-21, to remove strain from lead-in insu¬ 
lators. When permissible, holes cut directly 
through the walls of the building and fitted with 
feed-through insulators of suitable size are un¬ 
doubtedly the best means of bringing the feeders 
into the station, for the job can be done with little 
difficulty and can provide greater mechanical 
permanence than other schemes. It involves no 
interference to screening or storm windows. The 
holes should have plenty of air clearance about 

Fig. 11-20 — Method of supporting long feedlines. The wires are run through the 
insulators and tightened at the ends of the line. The wire is allowed to slip freely 
through the insulators. 
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Fifi. 11-21 — Feeders anchored to take the strain from 
feed-through insulators or window glass. 

the conducting rod, especially when tuned lines, 
which develop high voltages, are employed. 
Probably the best place to go through the walls, 
from the standpoint of appearance, is the trim¬ 
ming board at the top or bottom of a window 
frame which provides flat surfaces for tightening 
lead-in insulators. Cement or rubber gaskets may 
be used successfully to waterproof the exposed 
joints. 

Where such a procedure is not permissible, the 
window itself usually offers the best opportunity. 
One satisfactory method is to drill holes in the 
glass near the top of the upper sash. If the glass 
which is to be drilled is replaced by plate glass, a 
stronger job will result. Plate glass may be ob¬ 
tained reasonably from automobile junk yards 
and may be drilled before placing in the frame. 
The glass itself provides the necessary insulation 
and the transmission line may be fastened to bolts 
fitting the holes. Rubber gaskets cut from an 
inner tube will render the holes waterproof. The 
lower window sash should be provided with stops 
at a suitable height to prevent damage when it is 
raised. 

-—Sash 

lig. 11-22 Antenna lead-in panel. It may be placed 
over the top sash or under the lower sash of window. 
I he overlapping joint makes it weatherproof. The single 
thick board may be replaced by two thinner boards 
fastened together. 

In a less permanent method, the window is 
raised from the bottom or lowered from the top 
to permit the insertion of a board three or four 
inches wide which carries the feed-through in¬ 
sulators. This arrangement may be made weather¬ 
proof by making an overlapping joint between the 
board and window sash, as shown in Fig. 11-22, 
and covering the opening between upper and 
lower sashes with a sheet of soft rubber cut from 
an inner tube. 

Fig. 11-23 shows a simple and satisfactory 
method for keeping rain from running down the 
feeders and into the lead-in insulators. The short 
lengths of wire are pinched on the feeders far 
enough out to clear the building so that the water 
does not drip on the sill. These “drip wires” also 
help prevent ice formation around the lead-in 
insulators in winter. 

Three hundred ohm Twin-Lead can be brought 
into the house through a window, between a sash 
and sill, by clamping it between two pieces of 
wood notched out to pass the line. The line 
should be clamped outside the window at another 

Fig. 11-23 — Drip wires for feeders. 

point as well, if the line makes a bend as it enters 
the house. Solid-dielectric coaxial line can be 
run into the house in any way that will be 
weatherproof, and here again clamping it between 
two pieces of wood is probably the simplest de¬ 
vice. 

• DRILLING GLASS 
OR CERAMICS 

Glass and ceramic materials may be drilled by 
several methods, one of which involves the use of 
a special drill of the type shown in Fig. 11-24, 
ground from a piece of %-inch drill rod. To drill a 
hole, place the drill in a hand brace, engine lathe 
or slow-spccd drill press. If the material to be 
drilled is flat, such as plate glass, make sure that 
the supporting surface is flat. Apply turpen¬ 
tine to the point of the drill and press firmly 
against the work in the desired location. Then 
turn the drill slowly and apply sufficient turpen¬ 
tine to keep the drill wet at all times. Use care 
when breaking the point through the work to 
avoid chipping. After the point has broken 
through, turn the work over and drill from the 
opposite side, repeating thfe operation as often as 
is necessary to keep the edges of the hole nearly 
parallel. 
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Some schemes make use of the 

top guy wires in coaxing a new 
pulley, fitted with a new halyard, 
to the top of the mast. If you have 
a second mast or can make use of 
a tree or housetop or temporarily-
erected support, the method shown 
in Fig. 11-26A is probably one of 
the easiest to execute. One of the 
top guys is set free. The new pulley 
with halyard is fitted with a heavy 
metal ring or a loop of several turns 
of heavy wire and the loose end 
of the guy wire is passed through 
this loop. The loop should be large 

enough to pass easily over the guy-wire insulators. 
A light cord is tied to the loop and the free end of 
t he guy wire is tied to the halyard from the second 
support, hoisted up and pulled tight. It should 
then be possible to make the loop slide along the 
guy wire toward the top of the mast by shaking 
the new halyard and pulling on the assister cord 
from a distance. In some cases, it may be possible 
to coax the loop up over the top of the mast if 
one has sufficient patience and the top guys are 
not fastened too far from the top of the mast, 
although this is not necessary. When the loop 
has been worked up close to the mast, it may be 
held there by the assister cord while the guy wire 
is lowered. While holding the free end of the guy 
wire, several turns about the mast should be 
made by walking around the mast outside all 
ot her guys. This will bind the loop securely to the 
mast. A sharp yank will break the assister cord 
after the job is finished. 

Anot her scheme which may be tried is shown in 
Fig. 11-26B. A loop of wire, as previously de¬ 
scribed, is passed around the rear top guy wire. 
If the loop is covered with tape or a section of old 
bicycle tire or garden hose, it may slide more 
readily on the guy wire. The new halyard and the 
halyard from the second support are tied together 
and a large slipknot is tied in the other side of the 
new halyard to prevent the new halyard from 

• REPLACING BROKEN 
ANTENNA HALYARDS 

In the event that the antenna rope 
breaks, getting a new rope through the 
pulley may involve taking down the 
mast if the latter cannot be climbed. 
There are several ways in which a new 
pulley and rope can be installed at the 
top, however. 

• LIGHTNING PROTECTION 
Some form of protection from heavy induced 

charges on the antenna from lightning discharges 
in the vicinity always should be provided. The 
conductors in an ordinary antenna system are not 
heavy enough to handle a direct stroke, but fortu¬ 
nately these are rare. 

One method satisfactory to the fire underwrit¬ 
ers is the use of a special “lightning switch,” 
somewhat larger than the ordinary porcelain-base 
knife switch, by means of which the feeders are 
grounded when the station is not in use. The 
ground wire should run directly to a good ground 
connection preferably, although not necessarily, 
outside the building. Alternatively, a similar 
ground wire with a clip which can be fastened on 
the feeders may be substituted lor the switch. 

Automatic protection can be secured by in¬ 
stalling spark gaps between the feeders and a 
good ground. A good method of making such a 
gap is shown in Fig. 11-25. The gap electrodes are 
made of pieces of heavy wire. Rubber cones cut 
from an old inner tube, slipped over the upper 
electrodes, protect the gap from short circuit by 
snow or rain. 

It is a good plan to get in touch with a fire 
insurance agent or the city inspection depart¬ 
ment to ascertain local requirements with respect 
to antenna lightning protection. Safety 
Hules for Radio Installations, handbook 
No. 9 of the Bureau of Standards also 
will provide useful information. It is 
available from the Superintendent of 
Documents, Government Printing Office, 
Washington, D. C., for ten cents. 

A) dm lu temper 

Fig. 11-24 — Drill for cutting glass. 

Fig. 11-25 — Spark gap for static discharges. 
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Fifi. 11-26 — Schemes for replacing broken antenna halyards. 

running through the pulley when it is pulled up 
the guy. Alternatively, the two ends of the new 
halyard may be tied together and then tied to the 
halyard from the second support. An assister 
cord tied to the wire loop might be helpful in get¬ 
ting the loop over insulators; shaking the guy 
wire should also help. When the pulley reaches 
the top of the mast, the guy wire is wrapped 
around the top of the mast as previously de¬ 
scribed. A sharp yank on the free end of the new 
halyard will take the slipknot out. It might be a 
good idea to tie a weight between the two hal¬ 
yards to make sure that they will fall to the 
ground when released. 

If no second support is available there are other 
ways, one of which is shown in Fig. 11-26C. Pass 
a heavy rope around the outside of all top guy 
wires. Then pass the rope through the eye of the 
new pulley fitted with the new halyard and form a 
slip noose. By shaking and pulling the rope, it 
should be possible to work the loop up the guy 
wires to the top. Best results will be obtained by 
working the rope at a fairly good distance. If the 
loop becomes caught on an insulator, a friend can 
assist by sliding the pulley along the loop to a 
point near the insulator and whipping the hal¬ 
yard. When the noose reaches the top of the mast, 
its rope should be made fast to the pole. 



Rotary-Beam 
Construction 

CHAPTER 12 

The deserved popularity of rotary-beam an¬ 
tennas has stimulated interest in the purely 
mechanical problems of the construction of suit¬ 
able supporting structures and their rotation. 
The schemes devised to rotate antennas vary 
from very simple and inexpensive ones to elabo¬ 
rate and costly arrangements. The methods 
shown in this chapter are presented chiefly to 
indicate general principles and not necessarily to 
give full descriptions suitable for exact duplica¬ 
tion. In other words, the accent is on ideas and 
only secondarily on details. All of them have been 
in everyday use at various amateur stations, 
however, and are thoroughly practical. 

Naturally the size of the structure will depend 
upon the frequency, and for this reason the use 
of rotating antennas is confined to 14 Me. and 
the higher-frequency bands. Some of the struc¬ 
tures shown here are for 14-Mc. and others for 
28-Mc. antennas. Most of them readily can be 
adapted to different electrical systems which may 
be selected after consultation of Chapter Eight. 

A number of 2-, 3- and 4-element beams are 
currently offered by manufacturers, and in many 
cases these beams will save the amateur time in 
acquiring materials and building a beam. Several 

Fig. 12-1 — In this vertically polarized system the 
antenna or driven element is fixed, while the parasitic 
elements rotate around it. Construction details are 
given in Fig. 12*2. 

rotating heads for beams are available from spe¬ 
cialists in this field, and even metal towers can 
be obtained that are specially designed for ama¬ 
teur work. 

Most amateurs want horizontal polarization on 
14 Me. and higher, to reduce the response on 
receiving man-made noise. However, if the loca¬ 
tion is fairly free from this type of interference 
the vertically-polarized antenna can be expected 
to be equally as effective as its horizontal counter¬ 
part. Further, in some instances TVI can be re¬ 
duced by using vertical polarization, since TV 
antennas are horizontal and do not respond 
readily to other planes of polarization. 

• A VERTICAL ROTARY ANTENNA 
Vertical beam systems have a distinct advan¬ 

tage over horizontal antennas in that when para¬ 
sitic director or reflector elements are used the 
antenna element itself need not rotate. It is only 
necessary to rot ate the director or reflector around 
the antenna. There is, therefore, no necessity for 
special feeder contacts; the feeders may be in¬ 
stalled and connected just as though the antenna 
were not a rotary. 

Fig. 12-1 shows a photograph of a rotary beam 
using this principle, a 28-Mc. antenna used at 
W2BSF. The mast on which it is installed is a 
20-foot 4 X 4. As shown in Fig. 12-2, the detailed 
drawing of the antenna, the antenna element is a 
section of pipe fitted with bearings on which the 
rotating assembly turns. The director and re¬ 
flector are at the extremities of the wooden frame¬ 
work. The whole beam is rotated by means of 
ropes and pulleys which run to the station. For 
electric rotation it would be relatively easy to 
arrange a belt drive to replace the ropes, mount¬ 
ing the motor in a housing at the top of the pole. 

• A TRANSPORTABLE 10-METER BEAM 
The beam shown in Figs. 12-3, 12-4 and 12-5 

weighs only 16 pounds (the boom alone weighs 
only 4J^ pounds), and it can be dismantled, to¬ 
gether with its mast, into lengths of not over 12 
feet. Wire braces permit using light and cheap 
aluminum angles for the boom, and also provide 
an easy way to correct any horizontal misalign¬ 
ment of the elements. Element lengths and spac¬ 
ings are given in Fig. 12-4. 

236 
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The elements are made of a center section of 
1-inch o.d. aluminum tubing, X«"inch wall, with 
J^-inch o.d. sections telescoping in the ends. The 
boom is made of two parallel aluminum angles 
6 inches apart, screwed at both ends to a 2 X 2 
wood block. The angles are 1 by 1 by Xg inch, 
and come in IG-foot lengths. The excess lengths 
(about 4 feet each) are fastened alongside the 
regular lengths at the center of the boom to make 
it more rigid. 

The center support is 6 by 11 by IJ2 inches 
(two Ji-inch boards nailed together), with two 
Ji-inch pipe flanges bolted together through it 
from opposite sides. The exact location of this 
center support with respect to the boom should 
be determined by balancing the boom with the 
elements lashed temporarily in place; it will be 
about 5J^ feet from the forward end of the boom. 
After the center support is attached with screws, 
the elements are attached by means of metal 
straps about 1 inch wide. The straps holding the 
director and reflector are made a little longer on 
the inner ends, and an extra hole is drilled in each 
strap to provide points for attaching the bracing 
wires. A 15-inch length of J^-inch pipe is screwed 
into the upper flange and drilled at the top to 
provide a point for attaching the upper ends of 
the braces. Small turnbuckles are inserted in the 

The mast is made of water pipe supported by 
three guy wires, and is 35 feet high. The lengths 
are 12 feet or less and all joints are treated with 
pipe-thread compound so that the sections can 
be disassembled. The lower sections are 2-inch 
pipe, tapering to 1 J^-inch pipe about halfway up. 

bracing wires to permit correction of minor mis¬ 
alignment of the elements. 

Kig. 12-3 — The mast and beam of the transportaba 
beam rotate as a unit in a guyed bearing at the top. 
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The final foot or so is Ji-inch pipe, the reducer at 
this joint also serving as a bearing surface for the 
guy-wire bearing. 

The guy-wire bearing is an iron disk with a 
hole in the center to pass the Ji-inch pipe, and 
has three holes 120 degrees apart near the rim to 
take the guys. The edges of these holes will shear 

Fig. 12A — Construction of the transportable 28-Mc. 
beam. The reflector spacing is 6 feet 10 inches, and the 
director spacing is 5 feet 2 inches. The over-all length of 
the "T” match (between clamps) is 24 inches for 300-
ohm line, with 2-inch separation between matching line 
and driven element. Element lengths can be found from 
Fig. 8-13. 

through the guys unless thimbles, sister hooks, or 
chain links are used. The disk rotates smoothly 
on the reducer between the Ji-inch and the 1J-
inch pipe. The guys are made of cheap No. 12 
galvanized-iron clothesline wire, and are broken 
at intervals by porcelain strain insulators. 

A lower bearing in the form of a strong wooden 
box nailed to the side of the house can be used 
halfway down the mast. The box is notched to 
pass the pipe, and a metal strip screwed across 
the notch after the mast is in place. An alterna¬ 
tive is to use another guy-wire bearing, at the 
point where the mast diameter increases. 
The beam is fed with 300-ohm Twin-Lead led 

up through the mast, and the “T ’’-match dimen¬ 
sions are for this type of feedline. However, it 
would be better to feed the antenna with two 
equal lengths of RG-ll/U cable, tying the outer 
conductors together and running the inner con¬ 
ductors to the “T” match. In this case, the “T”-
match spacing would be reduced over the figure 
shown. 

£ A 28-MC. TWO-ELEMENT BEAM 
WITH SHORT ELEMENTS 

The two-element beam shown in Fig. 12-6 uses 
wire-wrapped plastic fish poles for the elements, 
and the over-all length of each element is only 13 
feet. The plastic fish poles (sold under the trade 
name “Conolon”) are 6*4 feet long- Two are 
required for an element, and each pole is wrapped 
with a spiral of No. 14 wire. A 7-foot length of 
wire is required to resonate at 29 Me. Two wire¬ 
wrapped poles placed butt-to-butt form an element 

equivalent to the normal 16-foot tubing element. 
To keep the losses down in the antenna, no 

attempt should be made to use close spacing Iw-
tween driven element and reflector, and a spacing 
of 8 feet should be used. The driven element can 
be fed at the center through 72-ohm line, with 
no matching device required. 

The light weight of the elements makes it pos¬ 
sible to use a very simple supporting structure, 
and the boom and braces can be made of 2 X 2 
lumber. The poles are stronger than aluminum 
tubes of equivalent weight, and they do not. sag 
or take a permanent set. 

£ A 4-ELEMENT IO METER BEAM 

The beam shown in Fig. 12-7 illustrates several 
principles of beam construction that are worth 
considering. Its dimensions were obtained by a 
series of tests on beams for 144 Me., after which 
the same proportions were applied to the lower-
frequency band. The boom material is 2-inch 
square 24S or 61S aluminum, through which are 
mounted the Ji-inch diameter elements. The 
elements can be secured in place with “J” hooks 
through the bottom of the boom. The beam can 
be fed with 300-ohm line, but the dimensions 
given for the “T”-match are for use with 52-ohm 
coaxial cable. Only a single piece of coaxial line 
is used to feed the antenna, because the extra 
half wavelength of coaxial cable results in a 
balanced system. This construction and feed can, 
of course, be applied to other frequencies and 
other combinations of element length and spac¬ 
ing. The extra piece of coaxial line is reduced 
in length over a half wavelength in air by the 
velocity factor of the line (0.66 for RG-8/U 52-
ohm line). 

Fig. 12-5 — Another view of the aluminum-angle boom, 
showing how the guy wires are terminated. 
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l ift. 12-6 — A lightweight 28-Mc. 2-clcmcnt beam using wire-
wound fish-pole elements. 

a 2-inch 500-ohm line of No. 14 wire. (If 
300-ohm line feed is used, only five wires 
should be used around the center con¬ 
ductor.) The size of the tubing and wire 
and the spacing between wire and tubing 
do not appear tobe critical, judging from 
the results obtained by several experi¬ 
menters. Various construction methods 
may be used to furnish support for the 
wires. One way is to use small rods, 8 
inches in length, arrangt'd like the spokes 
of a wheel, at each end of the tubing. A 
disk or pointed star welded to the ends 
of the tubing is equally satisfactory. 
Some means of support should be used 
about one-third of the distance in from 
each end, and polystyrene or Lucite is a 
good lightweight material for this 
purpose. 

An antenna of this type does not lend 
itself well to the all-metal “plumber’s 
delight” type of construction, and a 
wooden boom is suggest« d. 

> A MULTIWIRE-DRIVEN-ELEMENT 
28-MC. BEAM 

To avoid the need for ‘T’’-matches and other 
devices between the driven element and the feed¬ 
line, the impedance <>f the driven element can be 
raised by making I he element of several con¬ 
ductors. (see Chapter Four). As a result, the 
antenna offers a better match over a wider fre-

lili. 12-7 A 4-clement ’’plumber’s delight" antenna 
featuring a square-cross-aeetion boom and a half-wave¬ 
length balancing section for the coaxial feed line. The 
dimensions arc for a 29-Me. design center. 

quency range, ami the standing-wave ratio on 
the feedline remains more nearly constant. The 
const ruction of such a driven element is not diffi¬ 
cult for 28 Me. 

One such antenna is shown in Figs. 12-8 and 
12-9. The radiator consists of ’»-inch aluminum 
tubing, paralleled with six No. 12 wires spaced 4 
inches from the center of the tubing, arrange«! 
symmetrically around it and connected only at 
the ends, as shown in Fig. 12-9. The tubing is 
separated 2 inches in the center for connection to 

• DIRECT DRIVE OF SMALL BEAMS 

In cases where the radio shack is mounted 
directly under the roof (as in an attic or top 
floor), it will often be found convenient and prac¬ 
tical to use the roof for supporting the beam 
antenna, instead of going to the complication of 
a separate mast or tower. If desired, the antenna 
can be rotated by hand, and thus the attendant 
problems of drive motors and direction indicators 
can be ignored. 

While there are many methods of running the 
antenna drive shaft through the roof, Figs.12-10, 
12-11 and 12-12 slmw how the problem was solved 
in one instance. A length of 1-inch black iron 
water pipe was use«! for the antenna mast, and a 
piece of IJ^-inch pipe served as th«> housing. 
Other diameters can be used, of course, depending 
upon the magnitude of the load to be carried. 
With a 1-inch pipe mast, it is not advisable to 
extend it more than about 4 feet beyond the 
housing, unless the antenna system is quite light 
and has low wind resistance. 

Fig. 12-Í1 — A 3-nlement rotatable antenna with a 
mnlticonductor driven element. 
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The block H in Fig. 12-11 is made from an 

8-inch cube of fir or hard pine. A hole to clear t he 
housing pipe is bored about % through the block, 
and then the block is cut at an angle to match 
the pitch of the roof. The clearance hole in the 
roof should be cut from the inside, to insure miss¬ 
ing ceiling and roof rafters and, once spotted and 
started with a small bit, it can be brought up to 
proper size with a keyhole saw. 

The lower brace, C in Fig. 12-11, is a 2 X 3 
long enough to straddle two rafters. Bore a hole 
in it, at the point directly under the roof hole, to 
pass the mast housing. Place the upper end of the 
housing (threaded to accommodate two flanges) 
through the hole in the roof, and the lower end 
through the brace C. Take a two-foot square 
of zinc or copper sheeting and form it around the 
roof block to make flashing. This is added in¬ 
surance against leaks and also will protect the 
block from rot. Leave plenty sticking out on all 
four sides for tucking under the shingles. A pair 
of heavy shears, a chisel and a hammer are all the 
tools needed for working on the flashing. 

To install the block B and the flashing, first 
clear away any shingle debris from around the 
hole in the roof, to leave a flat surface for the 
block. Smear the surface liberally with heavy 
roofing cement, place the block down over the 
housing, and screw it to the roof, using 3-inch 
wood screws. Smear all the joining surfaces be¬ 
tween the block and the roof with cement and 
put on the prepared flashing. Tuck the side and 
top edges under the adjoining shingles and nail 
them down with galvanized shingle nails. Put a 
gob of cement over all nail heads and joints in the 
flashing. Do the same around the housing where 

Fig. 12-9 — The essential plan of constructing a multi* 
clement cage antenna for use as the driven element in a 
beam antenna (top), and details of one type of metal 
wire-element spacer that is fitted on the outer ends 
of the tubing element. The length of the driven element, 
as obtained by formula or «hart, should be decreased 
by twice the diameter of the cage. 

Fifi. 12-10 —A roof-supported 28-Me. beam. The pipe 
mast projects through the roof and rests on a bearing 
made from pipe flanges. A housing of larger pipe, inside 
the attic, serves as a sleeve in which the mast can rotate. 

it projects through the block and then screw on 
the first flange. You may need a helper inside the 
attic to hold the housing with a pipe wrench. 
Make small punch holes through the flashing and 
screw the flange to the block wit h 1J^-inch screws. 
(Both bottom flanges, where opposite flanges are 
called for, must be tapped out to remove the 
taper. A plumber or trade school can do this by 
running a tap through from the flat side of the 
flange.) 

Screw the bearing flange on with the flat side 
up. If any of the housing projects above the top 
of the flange it must be removed with a hack saw 
and filed to leave a smooth surface. A little care in 
judging the length of thread required, when cut¬ 
ting, will make this step unnecessary. Return to 
the attic and “true” the housing to perpendicular 
and nail down the bottom brace. 

To make the mast, measure down four feet, or 
the height selected for the antenna above the 
bearing block, and drill opposing holes, as shown 
in Fig. 12-12. Tap these holes for %-24 screws. 
Screw the bolts in slightly more than the thick¬ 
ness of the pipe. Take a 1-inch bearing flange 
that has previously been bored out to slide over 
the pipe and notched as shown, and slide it on to 
the bottom of the mast, with the notched side up 
to accept the bolts. The heads of the bolts will 
come close enough to the upper surface of the 
flange, when it is in position, to keep them from 
turning out. Drop the mast into the housing and 
let it rest on the top surface of the ceiling. Mark 
and cut a hole through the ceiling just big enough 
to let the mast slide through. A nickeled floor 
plate on the pipe inside your shack will dress it 
up and keep the hole from showing. Fiber wheel 
grease should be smeared on the lower bearing 
flange before the mast is finally dropped in place. 
It keeps out moisture and allows easier turning. 
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Fig. 12'11 — Showing the attic housing, with 
the mast protruding through the operating¬ 
room ceiling and automobile steering wheel 
for turning the antenna. Dimensions of the 
housing and mast will depend on the individ¬ 
ual location. 

screw is to go will insure a nonslip fit. 
Paint the section of mast which comes 

A steering wheel procured from the local junk- the 

inside the room, as well as the wheel, 
with enamel. A strip of white tape 
around the wheel, at the point corre¬ 
sponding to the direction in which the 
array is pointed, effectively completes 
the job. The wheel should be about 2 
feet down from the ceiling, if it is going 
to be over the operating position, where 
it can’t be walked into. 

Before drilling holes to pass the two 
sizes of pipe used, be sure to check the 

, outside diameters as there may be some 
variation in size with different manu¬ 
facturers. Bore the holes at least J^2-
inch larger than the outside diameter of 

pipe to avoid troubles due to a too-close fit, 
yard can be put on the bottom of the mast for 
easy turning. The hub should be bored out to 
pass the mast, and should also have a tapped 
hole for a %-inch setscrew to hold it tightly. 
A “dimple” drilled into the mast where the set-

When larger sizes of pipe are used, the space 

ANTENNA MAST.TPlPE 
Deep thread Flong with 
opposing 1" floor flanges 
to dasp centers ection 

Opposed holes tapped 
out to recei ve ¿ri" 
hex or sg head bolts 

MAST BEARING' 

I" floor flange.boredout to 
slide over rpipe, andr in 

Bearing flange bored 
out tdpass p ipe and 

Housing supported 
as described in test 

Reducing fitting — 
small end boredo ut 
to pass pipe r 

Creasedsooted y 
cotton waste ■ 
forp acking 

Fig. 12-13 —- Alternative method of constructing the 
housing when larger pipe sizes than those used in the 
author's beam are necessary. 

Top view ofs liding flange 
with opposed notches filed 
¡¿wide and ¿ deep 

Fig. 12-12 — The rotatable mast. The two pipe flanges 
at the top clamp the antenna boom, while the bolts ride 
in notches cut in the third flange. The latter rests on 
assembly D in Fig. 12-11. 

between the outside diameter of the smaller pipe 
and the inside diameter of the larger may be 
greater than can be tolerated. If this is the case it 
would be possible to make a good fit by taking 
two reducing fittings (larger to smaller) and bor¬ 
ing out the smaller ends to pass over the smaller 
pipe. Cot ton waste soaked with grease should be 
packed in before screwing on the reducers at 
either end of the housing. This makes a water¬ 
tight packing similar to that used in centrifugal 
water pumps. See Fig. 12-13. 
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Fi/l. 12-14 — A four-element 14-Mc. beam of light¬ 
weight all-metal construction. Fed by coaxial cable and 
hand-rotated, the antenna and boom assembly weighs 
only 10 pounds. (KH6IJ, Dec., 1947, QST.) 

• A LIGHTWEIGHT 14-MC. BEAM 

By making use of lulling or duralumin angle, 
a lightweight boom for a 20-meter antenna can 
be built. The four-element beam shown in Figs. 
12-14, 12-15 and 12-16 is an example. It uses 
1^-inch angle for the main pieces and J^-inch 
angle for the other members, and the entire 
framework plus elements weighs only forty 
pounds. This simplifies considerably the problem 
of supporting the beam. 

The following aluminum pieces are required: 
4 — 1-inch diameter tubing, 12 feet long, J l6-inch 

wall 
8—%-inch diameter tubing, 12 feet long, Jag-

inch wall. Must fit snugly into 1-inch 
tubing 

2 — 1 J^-inch angle, 21 feet long 
2 — Ji-inch angle, 21 feet long 
4 — Ji-inch angle, 1 foot long 
2 — J^-inch diameter tubing, 6 feet long 

Aluminum tubing and angle corresponding to 
1 he above sizes can possibly be bought from scrap 

dealers at reasonable prices, if not directly from 
I the manufacturer. If the sections of the elements 

do not fit snugly, insert shims or make some other 
provision for a tight fit, since the appearance of 
the beam will be spoiled by sagging elements. 
Some amateurs reinforce their beam elements 
with copper-clad steel wire supported a foot 
above the elements at the boom and tied to the 
extreme ends of the elements. 

As shown in Fig. 12-15A, two 1 Ji-inch alu¬ 
minum angles 21 feet long serve as the main 
members of the la>om. They are spaced one foot 
apart. The elements are spaced 7 feet apart. 
Wooden spacers of 2 X 2 are placed at the ends of 
the boom and screwed on with brass screws, 

i These spacers are also placed under each element 
• where it crosses the boom. These spacers may be 

unnecessary if the elements are bolted to the 
; boom, but if the construction is as in Fig. 12-15B 

the spacers are recommended. 
The cross braces shown in Fig. 12-16 are put 

into position at the very last, after the beam is 
hung in position on the central pivot, since they 
offer a means for truing up minor sag in the 
elements. 

The central pivot consists of a structure made 
from J^-inch angle iron and J¿-inch pipe, as 
shown in Fig. 12-15C. It has to be brazed. The 
crossbar rest is made separate from the boom and 
central pivot, and affords a means for tilting the 
beam when unbolted from these structures. The 
Ja-inch pipe is drilled for the coaxial line that is 
fed through this pipe. The pinion gear on the 
la-inch pipe should be brazed on. 

A washing-machine gear train is well suited for 
this type of beam. Another possibility (used in 
this instance) is a discarded forge blower. It was 
fitted with a '¿-inch pipe which serves as the 
central pivot. The gear train ends up in a “V” 
pulley, and the beam is easily rotated by a system 
of ropes and pulleys that ends up in an automo¬ 
bile steering wheel at the operating position. A 
plumb bob attached to the shaft of the steering 
wheel serves as a direction’ indicator. A small 
cardboard scale mounted along the line of pluml>-
bob travel can be readily calibrated to show the 
direction of the beam. 

The supporting structure for this beam con¬ 
sists of a 4 X 4 pole 30 feet long, with ten-foot, 
extensions of 2X4 bolted to both sides of the 
bottom, making the total length about 36 feet. 
Two sets of guy wires should be used, approxi¬ 
mately 2 feet and 15 feet from the top. As an 
alternative, the pole can be set against the side 
of the house, and oidy the top set of guys used 
to provide additional support. 

With all-metal construction, delta match and 
“T” match are the only practical matching 
methods to use to the line, since anything else 
requires opening the driven element at the center, 
and this complicates the support problem for that 
element. 
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Fifi. 12-15 •— Details of the 4-element beam construction. The general dimensions and arrangement of the beam are 
given in A, the detail of the ends of the boom is shown at B. and C shows the construction of the central pivot. A 
discarded forge-blower gear train is used to drive the assembly. 

£ "PLUMBER’S DELIGHT" BEAM 
FOR 14 MC. 

The all-metal “plumber’s delight” type of 
construction is attractive for beams because, by 
using a minimum amount of material, it can be 
made to have low wind resistance and it doesn’t 
appear as bulky as other types when it is up in 
the air. The beam shown in Fig. 12-17 is a typical 
example of clean-cut beam construction, and 
some constructional hints and details are given in 
Fig. 12-18. 

The supporting boom is 22 feet long, permitting 
12-foot spacing of the director and 10-foot spacing 
on the reflector side. Moving the driven element 
a little to one side of center is an aid in mounting 
the beam. The boom is made of two 10-foot 
lengths of 3-inch diameter 24ST dural tubing of 
0.072-inch wall thickness. The two sections are 
spliced together with a 3-foot length of 6 X fl¬ 
inch oak that has been turned down at each end 
to fit inside the tubing. The center of the block is 
left square to provide a flat surface for attaching 
to the vertical rotating pipe. At each extremity of 
this boom is cut a horizontal hole the exact diam¬ 
eter of the parasitic elements. A Greenlee socket 
punch of the right diameter can be used to cut the 
holes, if the work is not done in a machine shop. 
A square should be used to align the center holes, 
so that the elements will be at right angles to the 
boom. 

A two-foot length of %-inch pipe, complete 
with flange mounting plate, is bolted to the top 
surface of the oak center block, and a single um¬ 
brella guy is run to each end of the boom. An 
egg insulator and a turnbuckle are placed in each 
guy. The ’buckles should be tightened until t here 
is no sag in the boom when it is supported at the 
center (see Fig. 12-18A, and then safety-wired. 
Finally the center block should be given a good 
coat of paint or varnish to prevent it from 
splitting. 

Each of the three elements is composed of a 
12-foot length of 1^-ineh-diameter 0.050-inch-
wall 24ST dural tube, with each end slotted for 
about four inches. This slotting operation can be 
done easily with a hack saw. Into each end of this 
tube is pressed a 12-foot length of I 1 ¿-inch-
diameter 0.032-inch-wall 52ST tubing, as shown 

Fifi. 12-16 — The boom for the 4-element beam is cross¬ 
braced at two points, about 6*¿ feet in from the ends. 
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♦ 

in Fig. 12-18B. The correct element length is 
set by changing the overlap of the tubes. To pre¬ 
vent oxidizing at the joints, a special compound 
that is used in the aircraft industry to seal alu¬ 
minum joints against oxidization can be used. 
One source of this compound, or paste, is in large 
aluminum electrical lugs that may be obtained 
at an aircraft-surplus supply store. These lugs 
are filled with the paste and are capped with a red 
plastic cover. The paste is a mixture of grease and 
metal filings — the grease to keep the air from 
the joint and the metal filings to pass the current 
through the joint. A dozen of these electrical lugs 
can be bought and the paste extracted and 
smeared inside both ends of the three center tub¬ 
ing sections. As an added precaution after assem¬ 
bly, an expandable aircraft-tubing clamp is 
slipped over each joint and tightened. 

Before the elements are assembled, the center¬ 
element sections of the reflector and director 
should be inserted in their respective holes in the 
ends of the boom and accurately centered. It is 
a good idea to slot these center sections after 
they have been passed through the boom holes 
instead of before, as the tubing expands slightly 
after it is slotted and it may be quite a job to 
compress it enough to get it through the boom 
holes. With the center sections aligned with re¬ 
spect to the boom, a J^-inch hole is drilled and a 
J¿-28 machine screw is run through the top wall 
of the boom and through both walls of the ele¬ 
ment, as in Fig. 12-18C. When this joint is tight¬ 
ened the element will be firmly anchored to the 
boom. Any play at this joint will lead to bad 
element vibration in a wind, so any slippage here 
should be shimmed out with thin brass strips 

Fig. 12-17— A 14-Mc. " plumber** de¬ 
light” beam, (it 6TEZ, Feb., 1919, 
V-ST.) 

♦ 

inserted in the boom hole. The end 
tips may now be inserted in the re¬ 
flector and director and the clamps 
t igh tened. 

The radiator is placed atop the 
center boom, a little off center in 
order that it will clear the center 
stay. The radiator is attached to 
the boom by a special clamp, con¬ 
structed as illustrated in Fig. 
12-18E. Two pieces of iron pipe a 
foot long each are obtained. These 
should be of proper inside diame¬ 
ters to slip tightly over the boom 
and radiator, respectively. These 
pipes are then cut lengthwise into 
two pieces and two of the halves 

welded to each other back-to-back at right angles 
to form a mounting that will sit astride the boom 
and provide a cradle for t he radiator. This mount¬ 
ing should be bolted to the boom by means of 
three J^-inch bolts 4 inches long. The mounting 
should be placed as close as possible to the center 
of the beam, so that at least two of the mounting 
bolts can pass through the oak block. The radiator 
is seated in the cradle and held in place by two 
adjustable aircraft-tubing damps. 

The “T’’-match section is made of two 4-foot 
pieces of 1-inch diameter dural tubing joined to¬ 
gether by a 1-foot piece of oak dowel rod (broom¬ 
stick). The tubes are driven onto the rod until 
they are spaced two inches apart. Holes are then 
drilled through the tubes on each side of the 
joint, and two machine screws are inserted for the 
connection of the transmission line. The “T” is 
connected to the antenna by two brass clamps, 
fashioned of 1-inch brass strip and formed as 
shown in Fig. 12-18D. 

Power for rotation of the beam is the surplus 
“prop-pitch” motor available from many sources 
for a modest sum. A pipe flange is welded to the 
spline gear, and a threaded section of 1%-inch 
iron pipe is used as a supporting and rotating 
member. To prevent slipping of the threaded 
joint, it is pinned by a 14*28 bolt after assembly. 
It is a good idea not to let the pipe exceed twelve 
feet in length or else it will develop axial twist in 
a heavy wind and allow the beam to whip about. 

Several different systems have been developed 
for mounting the beam atop the pipe. The com¬ 
pleted beam is light enough to be pulled up a 
tower by a rope or passed up hand-over-hand, and 
when it arrives at the top it can then be swung 
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Fig. 12 1H —Constructional details of the 14-
Al e. antenna. (A) The boom is made of two 
10-foot lengths of dural tubing slipped over a 

into a horizontal position and dropped into some 
kind of a cradle at the top of the pipe. However, 
one “brute-force” method is to bolt to the center 
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oak block a large pipe flange that can be threaded 
on to the top end of the vertical supporting pipe. 
The beam is pulled up the side of the tower and 
swung up and on top of the vertical pipe. Turning 
on the rotat ion motor will screw the pipe into the 
flange, after which the joint should be pinned. 
All this takes a lot of muscle, but it has been 
done, as in the case of Fig. 12-17. 

A tiltable iron mounting bracket, as shown in 
Fig. 12-19A, can be welded at a local machine 
shop. It is welded to the supporting pipe and 
provides a flat tiltable metal plate the exact 
size of the bottom of the oak center block. The 
plate is drilled to correspond to bolt holes in the 
block. The beam can be passed up the mast 
hand-over-hand until the oak block is centered 
with the mounting plate. It is a simple job to 
bolt the block to the plate and then swing the 
beam up into a horizontal position. It is held 
horizontally by two short guys running between 
the boom and the vertical pipe. 
A “U” channel as shown in Fig. 12-19B can 

be constructed, into which the boom will fit and 
which has extended side flanges at each end, 
drilled to fit corresponding holes in the boom. 
The boom is hoisted atop the tower and positioned 
between the two flanges and a bolt run through 
the flanges and the boom. The boom is then 
swung up to a horizontal position and the second 
bolt put in place. 

Fifi. 12-19 — Two types of mounting plates for lulling 
booms. 'l’he one shown at A, since it is supported at 
only one point, requires that the boom be guyed to the 
rotating vertical member. See Fig. 12-20. 
The mounting plate shown at B is made of a length 

of "U^-channel iron cut and drilled as shown. The boom 
is raised vertically until one set of bolt holes is in a line 
and a bolt is slipped through. The boom is then swung 
into its horizontal position and the other bolt is put in 
place. 
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Fifi. 12-20 — A close-up of the tiltable 
mounting plate of Fig. 12-I9A. The 
two 'hort lower guys go to the rotating 
pipe and keep the boom horizontal. I he 
saddle mounting for the driven element 
(l ig 12-1 HF i i> also mblr, (W6SAI, 
Feb.. 1940. OST.) 

♦ 
long, bolted to the boom with car¬ 
riage bolts. 

The umbrella guys should have 
turnbuckles in them, and the guys 
are fastened to the center support 
after the beam has been perma¬ 
nently locked in its horizontal posi¬ 
tion. With the turnbuckles prop¬ 
erly adjusted, there will l>c no sag 
in the boom, the elements will be 
parallel and neat, and weaving in 
the wind will l>e eliminated. 

The elements are l?s- and 1J^-
inch diameter duralumin tubing, 
supported by 1 1 g-inch stand-off in¬ 
sulators. Hose clamps are used to 
hohl the elements on I he insulators. 
Final adjustment of element lengt hs 
is possible through “ hairpin ” loops. 

Upon completion it is a good idea to paint the 
whole beam with aluminum paint to prevent 
corrosion of the dural. 

The boom can be constructed with rectangular 
dural tubing instead of round. In some cases 
square tubing is more easily obtainable. Tubing 
about 2 by 4 inches on edge is satisfactory. 

It is permissible to replace the oak center block 
with a splicing piece of dural tubing. This makes 
the beam slightly more difficult to mount and a 
little more floppy. The flop may be taken out by 
the umbrella guys, however. This substitution 
works better wit h square tubingas it still provides 
a flat mounting surface. 

In ease of vibration in the element tips, it can 
be damped out by plugging the tips wit It wood. 

0 WOODEN-BOOM CONSTRUCTION 
AND SLIP-RING FEED 

Many amateurs prefer to build their beam 
booms from standard pieces of lumber, and the 
beam shown in Figs. 12-21 and 12-22 is an exam¬ 
ple of excellent design in wooden-boom construc¬ 
tion. The boom members are two 20-foot 2 X 4s 
fastened to the 4 X 12 X 24-ineh center block 
with six lag screws. The two center screws serve 
as the axis for tilting the other four lock the 
boom in position after final assembly and adjust¬ 
ment have been completed. The blocks midway 
from each end are 2 X 4s spaced about six inches 
apart, with a long bolt between them. When this 
bolt is drawn tight, a very sturdy box brace is 
formed. The crossarms arc 3 X 3s twelve feet 

Fig. 12’21 \ wooden leemi for a (.element 1 l-Mc. 
boom can be made quite strong by judicious use of guy 
wires, t he drive motor is mounted halfway down on the 
tower. (W6MJB, Nov., 1947, QST.) 
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«■nlcr block. A cone bearing is obtained by t lim¬ 
ing both the flange and a sleeve of 2-inch pipe 
to match, as shown in Fig. 12-22. 

One method of matching the line to the an¬ 
tenna is to use a quarter wavelength of 75-ohm 
Twin-Lead between the radiator and the slip-ring 
contacts, to match a 600-ohm line from the slip 
rings to the transmitter. 

A 600-ohm open-wire line is run to a point 
about halfway up on the tower, then up the side 

Fig. 12-23 — A close-up of the alternative slip-ring as¬ 
sembly, showing the built-up-braid rope sliding contact. 

of the tower to the slip rings. The 
slip rings are mounted on the top 
of the tower, directly under the 
center block. A quarter-wave¬ 
length matching section of trans¬ 
mitting-type 75-ohm Amphenol 
Twin-Lead hangs in a loop be¬ 
tween the driven element and the 
slip-ring contacts. 

An alternative method of slip¬ 
ring construction is shown in Fig. 
12-23. In this case, the 75-ohm 
line would run down through the 
central pipe to the two rings, and 
the open-wire line would connect 
to the sliding contacts. Two brass 
disks J^-inch thick are turned out 
on a lathe from a piece of 3-inch 
brass stock, and then grooved to 
form a shallow pulley. 

Three holes are drilled in the disks, 
120 degrees apart, on a circle whose di¬ 
ameter is two inches; these are used for 
mounting the isolantite spacing insula¬ 
tors. The lower ring has a clearance hole 
drilled in its center for the inner conduc¬ 
tor of a concentric line, while the upper 
one is drilled for clearance of the outer 
conduct or or pipe. A press fit is to be de¬ 
sired. After being sure that the assembly 
will turn true, the rings may be soldered 
in place. 

The important work of getting a noise-
free low-resistance contact to the rings 
is accomplished by covering a flexible 
wire wit h several layers of tinned copjier 
braid. The outside diameter of the built-
up braid should be such that it will fit 
snuglv into the grooves in the rings. The 

drive 
2 shift 

Fig. 12-22 — Details of the wooden boom, ils method of 
support, and the construction of the slip rings. 

The support for the beam shown in Fig. 12-21 was 
a Sears-Roebuck windmill tower. The driving 
motor for the beam was located halfway down 
the lower, the torque being transmitted through 
a length of 1 Ji-inch drive shaft. A pipe flange 

5 Lag bolls 
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braided wire is looped around the ring and both 
ends soldered into heavy-duty lugs, which may be 
used for the connection and also as a point to 
attach a medium-stiff spring which will assure a 
positive wiping contact at all times. A little vase¬ 
line or other petroleum lubricant on this unit is 
of considerable help. If the antenna is to be fed 
with an open-wire line it is convenient to have the 
springs 180 degrees apart, thus neutralizing the 
pull that would occur were they on the same side. 

• INDUCTIVE COUPLING TO THE 
FEEDLINE 

Two common methods of connecting the feed¬ 
line to the antenna have already been illustrated 
in this chapter. Direct coupling is perfectly satis¬ 
factory, if the feedline is flexible enough and if 
some kind of stops are provided to avoid rotating 
the antenna too far in the same direction. The slip¬ 
ring contacts will give good service if reasonable 
care is taken in their construction, although their 
use is generally confined to high-impedance points 
where the current will not be excessive. The con¬ 
tact surfaces should be wide enough to take care 
of wobble in the rotating shaft, and these surfaces 
should be kept clean. Spring contacts are essen¬ 
tial, and an “umbrella” or other scheme for keep¬ 
ing rain off the contacts is a desirable addition. 

Still another way to obtain continuous rotation 
of the beam antenna is to use inductiye coupling 
between the driven element and the transmission 
line (see Fig. 3-61). This is an excellent method 
for coupling into an open-wire or other high-
impedance line, although the precision of the 
mechanical work must be high if the coupling is 

to be constant at all bearings of the antenna. 
Typical of such devices is the unit shown in Figs. 
12-24 and 12-25. The antenna tuning condensers 
(not shown) that are used to tune out the reac¬ 
tance of the antenna loop can be mounted at the 
driven element or nearby. The driven-element 
length is made the same as in other beams, and 
can f>e obtained from Fig. 8-13. The antenna 
coupling loop is made of J^-inch diameter soft 
copper tubing, and is 11 inches in diameter. It is 
mounted on three or more stand-off insulators, 
and it must be aligned accurately to be exactly 
at right angles to the axis of the antenna shaft. 

The transmission-line loop is similar in dimen¬ 
sions, and it should be mounted on three or more 
insulators in such a manner that the clearance 
between it and the antenna loop can be varied 
from about 1 inch to inch. This can be done by 
mounting the stand-off insulators on an auxiliary 
flat plate (with a clearance hole in the center 
for the antenna drive shaft) that can be raised or 
lowered on three screws. It has only to be ad¬ 
justed during the tune-up process, so the empha¬ 
sis can be put on sturdy construction rather than 
on ease of adjustment. The coupling loops should 
be mounted at least 6 inches away from any 
metal, and the drive shaft should be kept as small 
as possible, so that too much metal is not intro¬ 
duced into the coil fields. 

In constructing and locating the loops, make 
sure they are true round and that the rotating 
loop turns about a true center with reference to 
the fixed loop. If the rotating loop has a wobble or 
changes its vertical or horizontal plane with 
reference to the fixed loop, the loading on the 
final amplifier will vary with rotation of the beam. 

Fig. 12-24 — A rotator as¬ 
sembly with inductive-
coupling rings. The box 
contains the drive motor, 
gear train, control relays, 
and the line tuning con¬ 
denser. The short length of 
coaxial cable connects the 
fixed loop to the tuning 
condenser. 
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Fig. 12-25— Inside the rotator-assembly box. The 
tuning condenser is at the right. The pipe support for 
the boom plate sets in the socket of the gear-train 
assembly. 

It is an excellent idea to weatherproof the 
tuning condensers because smoky areas, salt 
atmosphere or places where high humidity pre¬ 
vails decrease the life expectancy of the unit. 
The condensers should be placed as close as 
possible to the junction of the transmission line 
and the fixed ring, and the junction of t he driven 
element and the line leading to the rotating ring. 

W eatherproofing the whole unit, by mounting 
it within a watertight box, is almost a practical 
impossibility because of the relative motion and 
consequent need for a watertight bearing on the 

housing. The best alternative is to protect the 
coupling loops from the direct effects of rain, 
snow and ice by using a protective housing, and 
to mount the condensers, drive motor and direc¬ 
tion-indicating devices in a watertight box. An 
alternative to the watertight box for the con¬ 
densers and motors is to provide a box with one 
or two drain holes and to cover everything with 
waterproofing compound (Dow-Corning No. 4 
Ignition Sealing Compound, for example). 

When adjusting the array with inductive cou¬ 
pling, the antenna condensers are tuned to reso¬ 
nance once and left there. The transmission-line 
condenser and the coupling (distance between 
loops) is then varied until minimum standing¬ 
wave ratio is obtained on the line. Any modifica¬ 
tion of element lengt hs over the original will prob¬ 
ably require readjustment of the line condenser 
and the loop coupling to restore the low standing¬ 
wave ratio. 

ft A TWO-BAND 4-ELEMENT BEAM 

One disadvantage of the conventional 2-, 3- or 
4-element beam is the fact that it is a one-band 
affair. This means that, where rotary beams are 
to be used on several bands, most operators 
provide separate supports and rotating mechan¬ 
isms for each antenna or they “stack” the beams 
one above the other on the same support. In 
some cases the two beams are mounted in the 
same plane, although the beams generally show 
some interaction that is hard to predict or 
evaluate. 

One solution to the problem has been to mount 
relays in the center of each element, so that tun¬ 
ing devices can be switched in by the relays. 
While this is an effective solution, it is rather 
complicated and has not found too much favor. 
1 he Itest answer to date is the one presented in 
this section. 
The antenna shown in Fig. 12-26 will operate 

Fig. 12-26 — Close-up view 
of the two-band antenna, 
showing the weatherproof 
enclosures for the networks 
and the extension rods for 
tuning the networks associ¬ 
ated with the outside ele¬ 
ments. The loop of 309-ohm 
line is also visible in this 
photograph. (U 3NJK. Oct., 
1948, QST.) 
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on both 14 anil 28 Me. without the need for 
switching or other adjustment of the elements. 
The principle can be applied to 2- and 3-clement 
antennas, as well as 1, for any two bands in har¬ 
monic relation. 

Basically, the array consists of a parasitic-ty|>e 
four-element antenna — driven element, two 
directors and a reflector — cut for 14 Me. and 
using 0.1X spacing between all elements. All ele¬ 
ments are insulated and open in the center. 

The driven element is energized as a half-wave 

C, i 

-1» 
2 0 

Fig. 12-27 — Circuit of network used at the center of 
the parasitic elements. 
Ci — 1 ló'/apíd. variable, 3800 volts peak. 
C2 — 50 M^fd. per section (same as Ci with center stator 

plate removed). 
(Numbers near Ci and C2 indicate calculated values to 

effect resonance at 14.25 and 28.5 Me.) 
L — 2.0 /ihy.; 7 turns No. 8 wire, diam. 3*2 inches, 

length 4% inches. 

dipole on 14 Me. and as two half waves collinear, 
in phase, on 28 Me. The parasitic elements must 
be shorted at the center on 20 and opened 
at the center on 10 meters. This is done to pro¬ 
vide the usual half-wave parasitic elements on 
14 Me. to work in conjunction with the half¬ 
wave driven element, and to provide half-wave 
collinear parasitic elements that are properly 
phased to work with the 28-Mc. collinear driven 
element. 

Thus the antenna may be described as a four-
element close-spaced (0. IX) beam on 20 meters 
and as eight elements wide-spaced (0.2X) on 10, 
each of the collinear half waves of the driven 
element being headed by two directors and 
backed by a reflector. 

The parasitic elements are automatically short-
circuited on 14 Me. and open-circuited on 28 
Me. by the circuit shown in Fig. 12-27. At the 
lower frequency, Ci and L provide a series-reso¬ 
nant circuit (low impedance). The condenser, 
C2, has no effect at this frequency. At the higher 
frequency, C2 tunes the circuit to parallel reso¬ 
nance, and a very high impedance is developed 
across A-B. Capacitor C2 has no effect upon 14-
Mc. tuning as it is effectively shorted at this 
frequency. Capacitor Ci does affect tuning at 28 
Me. because C2 must be varied to effect parallel 
resonance with each change of capacitance of Ci. 
Therefore, to avoid interaction in tuning, it is 
necessary that the antenna system be tuned first 
at 14 Me. 

The element lengt hs are the usual ones, obtained 
from Fig. 8-13. The element-supporting structure 
is constructed of wood, similar to that shown in 

Fig. 12-22. The eenter spacing between all elements 
is 0.1X (frec-space value) at 14.25 Me., which is 
equal to 6 feet 11 inches. It is recommended that 
at least 4-inch insulators be used throughout be¬ 
cause on 28 Me. the center of each conductor is at 
a high-voltage point. 

The circuit of the two-band matching network 
for the driven element is shown in Fig. 12-28, 
and the completed network is shown in Fig. 12-
29. The network is built in a wooden box, 13 by 
10' í by 5 inches, which serves as a weatherproof 
enclosure. The capacitors and inductors are in¬ 
sulated from the box and the input and output 
terminals of the network are brought out through 
feed-through insulators. 

The coil-winding information is supplied only 
as a reference; the coils should be checked by 
means of a Q-meter or some other method that 
will verify the resultant inductance. The detailed 
design of this type network is covered in a QST 
article' so that those desiring to use different 
transmission lines and parameters (e.g., 2- or 
3-element basic antennas) may do so. 

The circuit constants shown are for use with a 
300-ohm transmission line. This is done so the 

Fig. 12-28 — Circuit of two-band matching network to 
couple a 300-ohm line to a 5-ohm load at 11.25 Me. and 
to a 4500-ohm load at 28.5 Me. 
C3— HO-mmM. variable, 3800 volts peak. 
C4 — 35 M^fd. per section, 4200 volts peak (Cardwell 

MT-35-GD). 
I4 — 0.437 #<hy.; 4 turns No. 8 wire, diam. IMo inches, 

length 2J^ inches. 
La —0.888 Mhy.; 6 turns No. 8 wire, diam. inches, 

length inches. 

ribbon-type line can loop downward and swing 
with the rotating structure, thereby eliminating 
slip rings with attendant maintenance and im¬ 
pedance-discontinuity problems. Higher efficiency 
would be achieved by using a 4-conductor 300-
ohm open-wire line from the transmitter to the 
top of the supporting mast, with a short length 
of 300-ohm ribbon for the downward-hanging 
loop. However, the de luxe type of 300-ohm line 
has reasonably low attenuation, is unaffected 
by moisture, and gives excellent results._ 

ij. G. Marshall, ■Matching the Antenna for Two-Hand 
O|»ration,” QST, Septeinlier. 1945. 
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Fifi. 12-29— lhe two-band matching network. The 
coils shown are not the same as those specified under 
Fig. 12-28. The latter values should he used. 

The parasitic networks arc identical for each 
parasitic element. A completed network is shown 
in Fig. 12-30. The networks are enclosed in wooden 
boxes 9^8 by 7% by 5% inches for weather¬ 
proofing as in the case of the matching network. 
The capacitors and inductor are insulated from 
the box, with the capacitor shafts extended (by 
use of flexible insulated couplers and H-inch 
aluminum tubing) so that they can be rotated 
while standing at the top of the supporting mast. 

A hole 2 inches in diameter is drilled in the 
bottoms of the boxes to provide adequate 
“breathing.” This helps to prevent moisture 
condensation. Without this “breathing” hole, 
condensation, particularly on the capacitors, 
may cause frequent flash-overs after periods of 
high humidity. 

Two feed-through insulators are used to con¬ 
nect the network to the elements. These insu¬ 
lators are mounted on 2^-inch centers and are 
connected to the elements by means of wide 
aluminum straps as shown in Fig. 12-31. Fig. 12-
32 illustrates the method of mounting the para¬ 
sitic network boxes by means of aluminum angle 
and the method of attaching the extension shafts 
to the capacitors. It can be seen that the two 
center-support insulators must be separated 
sufficiently to provide clearance for the extension 
shafts. 

All inductors are wound of No. 8 solid copper 
wire and are self-supporting. The parasitic-net¬ 
work inductors can be wound using the specified 
turns and sizes as they can be pulled apart or 
pushed together if necessary. However, the 
matching-network inductors should be accurately 
measured, because even though the variable 

capacitors will tune the network through a wide 
range the standing-wave ratio will not be as favor¬ 
able if the inductors differ from those specified. 

Tuning Procedures 
There are two methods by which this antenna 

system may be tuned. One is the conventional 
method of supplying power to the antenna and 
making adjustments in accordance with readings 
taken by a remotely-located field-intensity meter. 
The other is to tune the system by observing the 
S-meter of a receiver while tuning to a remotely-
located station or signal. The second method has 
two importance advantages. Fewer men are re¬ 
quired. If the transmission line is properly ter¬ 
minated in its characteristic impedance, there 
will be no standing waves on the line and changes 
in S-meter readings will be the result of changes 
in tuning of the antenna system proper with no 
transmission line pick-up (assuming a balanced 
line). In making direct field-strength readings it is 
difficult to tell to what degree the antenna proper 
or the feedline contribute to the meter readings. 
In addition, the readings may be erroneous be¬ 
cause of the close proximity of power and tele¬ 
phone lines, or other conductors, to the field¬ 
strength measuring apparatus. 

In using Method 1 the transmission line is 
coupled to the transmitter by means of link 
coupling, with enough power supplied to the an¬ 
tenna to obtain a satisfactory reading on the 
field-intensity meter. The power coupled to the 
antenna should be no more than is necessary for 
adequate meter reading. The antenna is first 
tuned on 14 Me. The series-network capacitors, 
Ci, should be set to approximately one-half ca-
pacity. The matching-network series capacitor's, 

should be tuned together for minimum stand-

I ifi. 12-30 \ net work oí I his pc is used a I the (■»■liter 
of vat'll parasitic element. (4 and (’2 are mounted on a 
sheet of Lurilr fastened to the side of the enclosure by 
J^>inch stand-off insulators. Ci is at the right and C’a 
at the left. 
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l'ifl. 12-31 — Method of connecting networks to beam 
elements. 

ing-wave ratio. It will be noted that these capaci¬ 
tors are interrelated to the extent that numerous 
settings will provide proper loading. However, the 
correct position is that at which both capacitors 
are at approximately the same capacity. This 
maintains proper balance. 

The parasitic elements may now be tuned in 
the following order: first director, reflector and 
second director. 

The tuning is done in this order because the 
elements have the greatest effect upon field in¬ 
tensity and antenna impedance in that order. 
Each time that, the various elements are brought 
into approximate tune, the antenna-matching 
network series capacitors, C^, should be retuned a 
number of times, because of the normal inter¬ 
action between elements, to find the point where 
maximum field intensity or maximum front-to-
back ratio is achieved as is normally done with 
the conventional parasitic-type array. The power 
input to the transmitter must be maintained 
constant and checked after each adjustment. 
The second method of tuning the array re¬ 

quires running two conductors from the S-meter 
in the receiver to the top of the antenna mast, 
where a second S-meter is located so that the man 
tuning the system can observe it while making 
adjustments. This line should be run to the base 
of the mast and vertically up the mast, and should 
be by-passed at each end with a lOOO-M/dd. mica 
capacitor to eliminate as much as possible any 
detrimental r.f. effects. A signal located at least 
five miles away should be used to tune on. A man 
should be located at the receiver to keep the 
signal tuned continuously, in case of receiver 
drift. The man tuning the system at the top of the 
mast tunes capacitors Ci for maximum S-meter 
reading and also capacitors Ci in the order previ¬ 
ously specified. Again the various capacitors 
should be tuned a number of times to overcome 
the effects of interaction and to achieve best 
peaking. 

When tuning the system on 28 Me. the same 
procedure is followed in the two methods with the 

exception that capacitors Ci and Cs are not tuned. 
If they are tuned or displaced while tuning on 28 
Me. it will be necessary to retune on 14 Me. 
before proceeding with 28-Mc. tuning. Capacitor 
Ci of the antenna-matching network is tuned to 
provide maximum loading or maximum S-meter 
indication on 28-Mc. and capacitors Ci are tuned 
for maximum field intensity, S-meter reading or 
front-to-back ratio. 

It will be noted that the tuning of the first 
director (or directors) on both frequencies is quite 
sharp. The reflector is moderately sharp and the 
second director is comparatively broad. The 
parasitic-network series capacitors should be at 
approximately one-half capacity when the an¬ 
tenna is peaked on 14 Me. If this is not the case, 
when the antenna is peaked the inductor L should 
be compressed or extended to change the re¬ 
sultant inductance and shift the amount of ca¬ 
pacity required. If capacitors Ci are not at ap¬ 
proximately one-half capacity it will be found 
that capacitor Ct will not have sufficient range 
to tune to 28 Me. 

• ROTATING THE ANTENNA 
Many methods have been devised for rotating 

beam antennas, but they all have to be designed, 
to a great extent, to fit the particular conditions 
at the ham shack in question. Several ideas have 
already been shown earlier in this chapter. Where 
possible, the direct approach shown in Fig. 12-11 
is a good one. An alternative to this is to mount 
the rotating mast in two or more bearings on the 
side of the house, in which case it can be rotated 
by hand-driven chains or cables running in to the 
shack, by bevel-gear drive at the bottom of the 
mast, or by a motor at the base of the mast. A 
stronger support for the antenna, where greater 
height is desired, can be obtained by building a 
lattice tower that is either partially supported 

Hü. 12-32 — The method of mounting the network 
enclosure, in this ease for the first director. Note the 
aluminum angle, at the bottom, holding the box to tin 
crossarm. The shafts al the extreme left and right are 
the extensions of the tuning controls from the second-
director network. 
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by the side of the house or is completely self-
supporting, and running the drive shaft for the 
antenna up the center of the tower. If the tower 
is strong enough to support the weight of the 
motor, the motor can be mounted close to the 
antenna, as shown in Figs. 12-17 and 12-21. 
When the weight of the motor would be unde¬ 
sirable at the top of the mast, a cable-drive sys¬ 
tem can be used, as in Fig. 12-14. 

One disadvantage of mounting the motor too 
far from the antenna boom and transmitting the 
torque through a small-diameter shaft is the back¬ 
lash that will be encountered if the shaft is more 
than 15 or 20 feet long. In this case, either the 
shaft diameter must be made greater or the whole 
mast can be rotated. The whole mast can be 
rotated if suitable collar bearings are used at each 
point where the guy wires tie into the mast. The 
antenna of Fig. 12-3 shows how this can be done 
on a small scale. 

The bearings for the rotating shaft that sup¬ 
ports the antenna boom should be good but they 
do not have to be superlative. Since any batid¬ 
or motor-drive of the system will involve a speed¬ 
reduction system, enough torque will be devel¬ 
oped to overcome minor bearing frictions. A 
speed-reduction system is mandatory for any 
14-Mc. beam and for all but the lightest-weight 
28-Mc. systems. The speed of rotation of the 
antenna should be about 1 or 1 Cj r.p.m. for a 
14-Mc. beam, but it can be increased over this 
if the supporting structure can stand it. Not a 
great deal of power is needed : a motor capable of 
delivering % horsepower is ample for the average 
rotary, and a J^-horsepower motor will take care 
of the largest. The reduction gears will also act 
as a brake for the system so that it does not 
“coast” too far past the position at which the 
power was shut off. 
A reversible motor should be used. If the motor 

Fig. 12-33 — A method for using only three wires to 
control a reversible propeller-pitch motor used as a 
rotary-beam drive unit. The d.p.d.t. switch has a neu¬ 
tral, or off position. The relay is a 115-volt a.c. s.p.s.t. 
type. 

1 12-34 — Noise created by propeller-pitch beam 
rotators can be eliminated by by-passing the brush 
holders to the case of the motor as shown. Points d, 
11 and C are grounds made by drilling and tapping the 
rim of the motor case for 6-32 screws. 

is a low-voltage high-current unit, as are the 
very popular “propeller-pitch” motors to be 
found in war surplus, the step-down transformer 
should be mounted near the motor (if a long run 
of power line is required), to avoid the use of 
unnecessarily heavy lines. Control switching can 
then be done with a heavy-duty relay at the trans¬ 
former, as shown in Fig. 12-33. 

A beam is generally positioned by rotating 
it to the bearing that gives the loudest received 
signal. To do this, the rotating motor must radi¬ 
ate little or no electrical noise, of course, and this 
requires some type of filtering at the brushes of 
the motor. Shielding the leads to the motor and 
grounding its frame are also helpful in some cases. 
The noise generated by the propeller-pitch motors 
can be eliminated by using six small condensers, 
as shown in Fig. 12-34. First remove the thin 
aluminum motor cover and then take out the 
motor itself. After cleaning the six copper¬ 
surfaced brush holders and drilling and tapping 
three holes for 6-32 screws, solder a condenser 
from each brush holder to a ground lug at the 
tapped holes. Mica or ceramic condensers can be 
used, in the range 0.002 to 0.01 pfd. The “Hy-
Kap” ceramic type is good for the job because 
of its small size. 

• INDICATING BEAM DIRECTION 

Most users of beam antennas like to know 
which way the beam is pointing without having 
to resort to telescopes, periscopes and other opti¬ 
cal devices. If the beam is manually operated 
with a 1-to-l drive (as in Fig. 12-1), it is a simple 
matter to attach a small pointer to the shaft and 
J>aste a compass card or suitable map (see Chap¬ 
ter Thirteen) on the wall or ceiling. If this simple 
solution is not feasible, a string- or cable-drive 
indicator can be constructed, along the lines of 
t he schemes shown in Fig. 12-35. However, these 
indicators are useful only when the Ix'am is lo-
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Fig. 12-35 — Mechanical direction-indicator systems. 

cated close to the radio shack, where the cable 
run is not too great. 

Remote-indicating devices generally depend on 
electrical circuits for their operation. At one time 
many amateurs used multiposition switches 
mounted on the drive shaft of the beam, and each 
switch contact was wired to individual dial 
lamps properly spaced around the periphery of a 
compass card. As the beam rotated, the light that 
was burning indicated the direction. The oidy 
disadvantage to this system is that suitable 
switches are not always easy to find, and the more 
precise the indication (large number of lamps) 
the larger is the required number of wires. This 
indicating method has been largely superseded 
by the circuit of Fig. 12-36. The potentiometer is 
a special one made for the purpose that has no 
stops, and the meter has a new scale reading 
“N-E-S-W” instead of its usual number scale. 
The potentiometer is driven by the antenna 
shaft (1-to-l ratio), and it is only necessary to 
align the potentiometer properly during the in¬ 
stallation to have the beam-direction indication 
available by closing switch Si. Once /?2 has been 
set to the correct value, as found by experiment, 
the indication will be accurate so long as the 
voltage of the battery remains constant. How¬ 

ever, as the battery voltage dro|>s, 
the setting of R» can lie shifted 
accordingly, to make the indica¬ 
tion correct. 
A very popular system of 

beam-direction indication uses 
“synchro” (Selsyn) generators 

♦ 
Fig. 12-36 —A direction indicator 
using a potentiometer and a milliam¬ 
meter. 
If I Special potentiometer lOhmite 
KB2I. 

K- 7500-ubm potentiometer, cali¬ 
bration set. 

Ha — 220 ohne, 1 watt. 
MA—0-1 milliammeter, 
St — S.p.s.t. toggle. 

and motors, as shown in Fig. 12-37. 
These a.c.-operated devices are avail¬ 
able for 60-cycic 115-volt operation 
and for 400-cycle 115-volt operation. 
The 400-cycle units are less expensive, 
as a rule, and can be used with a 60-
cycle supply at reduced voltage. A 
suitable resistor or transformer can be 
used to drop the voltage to a value that 
will give sufficient torque without 
heating of the synchro. From 25 to 50 
volts is the usual operating value. 
There is no difference in operation in 
the two systems in Fig. 12-37 except 
that Circuit B requires one less wire. 
In Circuit A or B the relative direc¬ 
tions of rotation can be reversed by 
interchanging the connections of two 

of the stator (S) connections at one unit. 
The generator synchro should l>e coupled to 

Fig. 12-37 —Interconnections for synchros used for 
beam-direction indicators. I he system al B requires 
only four wires instead of the usual five. XV ¡th either 
circuit, the relative direction of rotation can be reversed 
by interchanging the leads to St and 82 at one of the 
units. 

the antenna through a 1-to-l ratio mdess a 
duplicate gear system is used at the motor (shack) 
end. The coupling can be through gears, pulleys 
and belts, or friction drive. Many different ways 
have been developed for indicating the beam 
direction at the operating position, ranging from 
simple pointers moving over a compass chart to 
back-lighted world maps and rotating globes. 
Examples of I he lat ter systems are shown in Figs. 
12-38 and 12-39. 
The rotating-globe indicator of Fig. 12-38 is 

attractive and not difficult to build. A 7-inch or 
larger globe is purchased, and the hometown and 
a point directly opposite on the globe are located. 
Then drill %- or J^-inch holes at these points and 
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pass a shaft through the globe, fastening the 
shaft to the globe with glue or suitable cement. 

Next cut a strip of Lucite or Plexiglas to the 
sha|>c shown and drill the two holes that pass t he 
shaft. At the same time, the hairline can be 
scribed along the Lucite, on both sides if parallax 
is to be avoided. The Lucite is then heated in an 
oven until it can be bent to the shape shown in 
the drawing. It is then assembled with two 
Lucite supports on the small box that houses 
the synchro (Selsyn). 
To align the indicator, point the beam due 

north and energize the synchro indicators. Align 
the globe so that the hairline is directly over the 
North Pole on the globe, and tighten the coupling 
screws. The globe will then rotate in synchro¬ 
nism with the beam, and the line of maximum 
strength is always right under the hairline. If 
desired, the top plate of the box can be made 
from a mirror or other reflector, to permit view¬ 
ing the bottom of the globe. 

The indicator of Fig. 12-39 shows a great-circle 
map and a compass card superimposed, but the 
construction will suffice for either one or both. 
The map or card is framed and mounted in front 
of two 15-watt lamps. A synchro motor, coupled 
to its mate at the antenna, is mounted between 
the bulbs, with its shaft extending through a small 
hole in the map or card. A piece of glass or Lucite, 
with a suitable hole to pass the shaft, is mounted 

Fig. 12-38 — Constructional details of the globe direc¬ 
tion indicator. The dimensions shown are for a 7-inch 
globe, and should be modified for other sizes. The 
curved piece of Lucite is cemented to a base that is 
then bolted to the top of a box that houses the synchro 
motor. 

Fin. 12-39 — Two views of the indirectly-lighted beam 
indicator. The rear view shows the synchro and the 
lamps mounted inside the box. Control wires are cabled 
and run out of the box through a 5-prong terminal 
mounted on the rear cover plate. 

over the map, and the entire assembly is sup¬ 
ported within a sloping-front box of wood or 
metal. The pointer that is fastened to the shaft 
should be very light weight or it should be counter¬ 
balanced, to eliminate any indication error intro¬ 
duced by unbalance. As an added refinement, the 
map itself can be “plasticized” for a small addi¬ 
tional cost. In the larger cities there are many 
companies doing such work for discharge papers, 
courtesy cards and the like. If the map is not 
plasticized, it can be backed up by glass or Lucite. 



CHAPTER 13 

Finding Directions 

Anyone laying out a fixed directive array does 
so in order to put his signal into certain parts of 
the world; in such cases, it is essential to be able 
to determine the bearings of the desired points. 
Too, the amateur with the rotatable directive 
array likes to know where to aim if he is trying 
to pick up certain countries. And even the 
amateur with the single wire is interested in the 
directive pattern of the lobes when the wire is 
operated harmonically at the higher frequencies, 
and often is able to vary the direction of the wire 
to take advantage of the lobe pattern. 

• FINDING DIRECTION 
It is probably no news to most people nowa¬ 

days that true direction from one place to another 
is not what it appears to be on the old Mercator 
school map. On such a map, if one starts “ East” 
from central Kansas, he winds up in the neighbor¬ 
hood of Lisbon, Portugal. Actually, as a minute’s 
experiment with a strip of paper on a small globe 
will show, a signal starting due East from Kansas 
never hits Europe at all but goes into the southern 
part of Portuguese West Africa. 

If, therefore, we want to determine the direc¬ 
tion of some distant point from our own location, 
the ordinary Mercator projection is utterly use¬ 
less. 

True bearing, however, may be found in several 
ways; by using a special type of world map that 
does show true direction from a specific location 
to other parts of the world; by working directly 
from a globe; or by using mathematics. 

• AZIMUTHAL MAPS 
While the Mercator projection does not show 

true directions, it is possible to make up a map 
which will show true bearings for all parts of the 
world from any single point. Three such maps 
are reproduced in this chapter. Fig. 13-1 shows 
directions from Washington, D. C., Fig. 13-2 
gives directions from San Francisco and Fig. 
13-3 (a simplified version of the ARRL 30" X 40" 
amateur radio map of the world) gives directions 
from the approximate center of the United 
States — Wichita, Kansas. 

For anyone living in the immediate vicinity 
(within 150 miles) of any of these three reference 
points, the directions as taken from the maps 
will have a high degree of accuracy. However, 

one or the other of the three maps will suffice for 
any location in the United States for all except 
the most accurate work; simply pick the map 
whose reference point is nearest you. Greatest 
errors will arise when your location is to one side 
or the other of a line between the reference point 
and the destination point; if your location is near 
or on the resulting line, there will be little or no 
error. 

By tracing the directional pattern of the an¬ 
tenna system on a sheet of tissue paper, then 
placing the paper over the azimuthal map with 
the origin of the pattern at one’s location, the 
“ coverage ” of the antenna will be readily evident. 
This is a particularly useful stunt when a multi-
lol>ed antenna, such as any of the long single¬ 
wire systems, is to be laid out so that the main 
lobes cover as many desirable directions as pos¬ 
sible. Often a set of such patterns will be of con¬ 
siderable assistance in determining what length 
antenna to put up, as well as the direction in 
which it should run. 

Anyone who uses the CRPL-D series, “ Basic 
Radio Propagation Predictions,” issued by the Na¬ 
tional Bureau of Standards, can get the bear¬ 
ing from his hometown to any spot in the world 
by using the special maps used in the prop¬ 
agation predictions. By using the base map (a 
modified cylindrical projection) in conjunction 
with the great-circle chart, a map can be made to 
show the path of radio waves for every 30° (or 
less) around the compass from one’s location. 
Anyone not subscribing to the service can obtain 
the map and chart from Circular 465 of the 
National Bureau of Standards, entitled “In¬ 
structions for the Use of Basic Radio Propaga¬ 
tion Predictions,” available from the Super¬ 
intendent of Documents, U. S. Government 
Printing Office, Washington 25, D. C., price 25 
cents (foreign, 35 cents). It is a simple matter to 
trace the necessary great-circle paths on a piece 
of transparent paper and then transfer these 
lines to the world map. Photographic methods 
can be used to enlarge the map and adapt it to 
direction-finding or beam-bearing indication. 

9 WORKING FROM A GLOBE 
Entirely satisfactory bearings for beam pur¬ 

poses can be taken from an ordinary globe with 
nothing more complicated than a small school 
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protractor of the type available in any school¬ 
supply or stationery store, as illustrated in Fig. 
13-1. For best results, however, the globe should 
be at least eight inches in diameter. 

From a piece of thin paper, cut out a small 
circle — something like a three-inch circle for use 
with an eight-inch globe. Put a pin through the 
center and draw a straight line from the center to 
any point on the circumference. Now, put the 
paper circle on the globe, sticking the center pin 
into your location. Using the edge of a sheet of 
plain paper as a straightedge, line up the straight 
line on your paper circle so that it points North; 
t his is done by laying the straightedge against the 
center pin and running it up to the North Pole at 
the top of the globe, then turning the paper circle 
until the straight line on it coincides with the 
straightedge. When you have done this, stick an¬ 

other pin through the paper circle into the globe 
to hohl it in position with this line pointing 
North. 

Now all you have to do is to use your paper 
straightedge from the center pin to such points 
as you wish, drawing short lines on your paper 
circle and labeling them as required. These lines 
may be extended later to the periphery of the 
circle. 

With your protractor it is now a simple matter 
to determine the bearing, in degrees from North, 
of any of the points. 

If your problem is to lay out a long wire to best 
advantage, make a diagram from the data in 
Chapter Two, showing the angular direction of 
the lobes, and superimpose this on your direction 
chart, adjusting it until the theoretical power 
lobes seem to take in the points in which you are 
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interested. The direction of the wire can then be 
determined with the protractor. 

• DIRECTION AND DISTANCE 
BY TRIGONOMETRY 

The method to be described will give the 
bearing (and distance) as accurately as one cares 
to compute them. AU that is required is a table 
of latitude and longitude, such as may be found 
in the World Almanac, and a set of trigonom¬ 
etry tables. For most purposes, the latitude and 
longitude can be taken from maps of the areas 
in question. Two formulae are used: 
cos D = sin A sin B + cos A cos B cos L. . . ( 1 ) 
and, sin C = cos B esc 1) sin L.< 2) 
where A = your latitude in degrees 

B = the other location in degrees 
(positive for N latitude, nega¬ 
tive for S latitude) 

L = longitude difference between 
you and the other location 

C = the direction of the other loca¬ 
tion from yours, in degrees 
East or West from North 

I) = distance along path, in nautical 
miles or minutes of arc (1 min. 
= 1 nautical mile = 1.152 
statute miles) 

The following example will show how the 
formular* are used. 1 o find the bearing and 
distance of Cairo from Chicago: 

From the Almanac or map: 
Chicago = 41° 52' N, 87° 38' W 
Cairo = 30° 00' N, 31° 14' E 

A = 41° 52' 
B = 30° 
L = 87° 38' + 31° 14' = 118° 52' 
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< opyrlglil by Hand McNally * Co.. Chicago. Reproduction License No. 3941 
Fifi. 13-3 — Azimuthal map centered on % ichita, Kansas. 

Substituting in (1); 
eos /) = sin(41° 52') X sin(30°) + cos(41° 52') 

X cos(30°) X cost! 18° 52') 
= .6774 X .5 + .7447 X .8660 X (-.4828) 
= .3387 - .3141 
= .0246 

11 = 88° 35' = 35 + 88 X 60 = 35 + 5280 
= 5315 nautical miles 

= 5315 X 1.152 = 6123 statute miles 
Substituting in (2): 
sin C = cos(30”) X eseiN8“ 35') X sind 18° 52') 

= .7585 
C = 49° 20' 

Thus the true bearing of Cairo is 49° 20' from 
Chicago and, by inspection of a globe, this direc¬ 

tion is seen to be Ea»t of North. Wit h t he antenna 
in Chicago pointed 49° 20' East of North, a 
maximum signal should be pumped into Cairo, 
<>123 miles away. Similarly, the direction and 
range between any two points on the earth can 
lie computed. 

• DETERMINING TRUE NORTH 

Determining the direction of «listant points is 
of little use to the amateur erecting a directive 
array unless he can put up the array itself in the 
desired direction. This, in turn, demands a 
knowledge of the direction of true North (as 
against magnetic North), since all our directions 
from globe or map are worked in terms of true 
North. 
A number of ways may be available to the 
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Fig 13-4 — A direction indicator made from a semi¬ 
circle of thin metal can be fitted easily to a small globe. 
Pins at the ends permit fastening one end to the home 
location, the other to the antipodes. The paper »<-ale >s 
marked in miles to show approximate distances (12,500 
miles to the semicircle). 

amateur for determining true North from his 
location. Frequently, the streets of a city or 
town are laid out, quite accurately, in North-
South and East-West directions. A visit to the 
office of your city engineer will enable you to 
determine whether or not this is the case for 
the street in front of or paralleling your own lot. 
Or from such a visit it is often possible to locate 
some landmark, such as factory chimney or 
church spire, which lies true North with respect 
to your house. 

If you cannot get true North by such means, 
three other methods are available: compass, 
Pole Star and Sun. 
By Compass: Get as large a compass as you 

can; it is difficult, though not impossible, to get 
satisfactory results with the “pocket- *typc. In 
any event, the compass must have not more than 
two degrees per division for satisfactory results. 

It must be remembered that the compass points 
to magnetic North, not true North. 1 he amount 
by which magnetic North differs from true North 
in a particular location is known as variation. 
Your local weather bureau or city engineer’s office 
can tell you the magnetic variation for your lo¬ 
cality. When correcting your “compass North,” 
do so opposite to the direction of the variation. 
For instance, if the variation for your locality is 
12 degrees West (meaning that the compass 
points 12 degrees West of North) then true North 
is found by counting 12 degrees East of North as 
shown on the compass. 

When taking the bearing, make sure that the 
compass is located well away from ironwork, 
fencing, pipes, etc. Place the instrument on a 
wooden tripod or support of some sort, at a con¬ 
venient height as near eye level as possible. Make 
yourself a sighting stick from a flat stick about 
two feet long with a nail driven upright in each 
end (for use as “sights”) and then, after the nee¬ 
dle of the compass has settled down, carefully lay 
this stick across the face cf the compass — with 
the necessary allowance for variation — to line it 
up on true North. Be snre you apply the variation 
correctly. 

This same sightin_g-stick-and-compass rig can 
also be used in laying out directions for support¬ 
ing poles for antennas in other directions — pro¬ 
vided, of course^-that the compass dial is gradu¬ 
ated in degrees. 

By the Pole Star: Many amateurs use the Pole 
Star in determining the direction of true North. 
An advantage is that the Pole Star bears true 
North, so that no corrections are necessary. Dis¬ 
advantages are that some people have difficulty 
identifying the Pole Star, which is none too bright 
at best, and that because of its comparatively 
high angle above the horizon it is not always easy 
to “sight” on it accurately. 

In any event, it is a handy check on the direc¬ 
tion secured by other means. 

By the Sun: With some slight preparation, the 
sun can easily be used for determination of true 
North. One of the most satisfactory methods is 
described below. The method is based on the fact 
that exactly at noon, local time, the Sun bears due 
South, so that at that time the shadow of a ver¬ 
tical stick or rod will bear North. The resulting 
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shadow direction, incidentally, is true North. 

Two corrections to your standard time must be 
made to determine the exact moment of local 
true noon. 

The, first is a longitude correction. Standard 
Time is time at some particular meridian of longi¬ 
tude: EST is based on the 75th meridian; CST 
on the 90th meridian; MST on the 105th merid¬ 
ian; and PST on the 120th meridian. From an 
atlas, determine the difference between your own 
longitude and the longitude of your time merid¬ 
ian. Getting this to the nearest 15 minutes of 
longitude is close enough. Example: West Hart¬ 
ford, which runs on 75th meridian time (EST) is 
at 72° 45' longitude, or a difference of 2° 15'. 
Now, for each 15' of longitude, figure 1 minute of 
time; thus 2° 15' is equivalent to 9 minutes of 
time (there are 60 "angle” minutes to a degree, so 
that each degree of longitude equals 4 minutes of 

time). Subtract this correction from noon if you 
are East of your time meridian; add it if you are 
II est. 

Io the resulting time, apply a further correc¬ 
tion for the date from Table 13-1. The resulting 
time is the time, by Standard Time, when it will 
be true noon at your location. Put up your verti¬ 
cal stick (use a plumb bob to make sure it is 
actually vertical), check your watch with Stand¬ 
ard 1 ime and, at the time indicated from your 
calculations, mark the position of the shadow 
That is true North. 

(In the case of W est Hartford, if we wanted cor¬ 
rect time for true noon on October 20th: First, 
subtracting the longitude correction — because 
we are East of the time meridian — we get 11:51 
A.M.; then, applying the further correction of 
-15 minutes, we get 11:36 a.m. as the time of 
true noon at West Hartford on October 20th.) 
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Receiving Antennas 

For the amateur engaged in traffic work or gen¬ 
eral rag-chewing, where operating convenience 
overshadows any other factor, a separate straight¬ 
wire antenna of random length is normally quite 
satisfactory for reception. This should preferably 
be as far removed from the transmitting antenna 
as possible, so that a minimum of energy from 
the transmitter will be picked up. If a short wire 
picksup too much “man-made noise” in the form 
of hash and interference from motors and other 
electrical appliances, it is advisable to use a 
half-wave antenna cut for the frequency band 
most often used and fed by low-impedance twisted 
pair such as is sold for “all-wave” broadcast 
antennas and television receivers. The folded 
dipole with 300-ohm feeders is a very good 
receiving antenna. By placing the antenna at a 
point removed from the source of noise, the noise 
will be reduced and, since the line is balanced, 
the low-impedance line will run back through 
the noisy area but will not pick up any noise. 
This is shown in Fig. 14-1. Low-impedance line 
will not in itself reduce noise, but it allows the 
antenna to be placed at a distance and still feed 
its signal back to the receiver. If a half-wave 
antenna is used, it should be placed at right 
angles to the transmitting antenna and as far 
away as possible. 

• RECEIVING WITH DIRECTIVE 
ANTENNAS 

tenna system for transmitting and receiving 
during break-in operation, and still retain the 
directional characteristics of the antenna while 
receiving. 

If two or more directive systems are available, 
some provision should be made for quick switch¬ 
ing from one to the other or others, so that when 
listening one can identify the direction of the sig¬ 
nal even before the station signs. Even with an¬ 
tennas with no marked directional characteristics, 
switching will show which one yields the loudest 
signal and hence should be used for transmitting 
as well. The coupling to the receiver should 
duplicate the transmitter coupling, however, to 
insure that the antenna system works the same 
for transmitting and receiving. 

Many stations operate with a d.p.d.t. switch 
hand-operated by the operator to switch the 
antenna from the transmitter to the receiver and 
back again. However, it is far more satisfactory 
to use one of the antenna change-over relays now 
available on the market. They are made with 
good insulation and work from the 115-volt a.c. 
line, so that it is only necessary to connect them 
across the primary of a plate transformer and 
every time the transmitter is switched on the 
antenna relay operates and switches the antenna 
from the receiver to the transmitter. The relay 
should preferably be mounted on the wall where 
the antenna feeders come in the shack. If un-
tuned-line feed is used to the antenna, the line 

The amateur fortunate enough to own a direc¬ 
tive antenna, or even the one who is content to 
work without break-in, should always use his 
transmitting antenna for receiving. The reason 
is obvious: signals that an* loud when the trans¬ 
mitting antenna is used for receiving indicate 
that the antenna is favorable for that direction 
and consequently will put a signal there. If sepa¬ 
rate antennas are used, a signal might be heard 
for a direction where the transmitting antenna 
has a null, and all the calling one could muster 
probably wouldn’t result in a QSO. With rotary 
antennas, one can rotate the array until t he signal 
peaks up and the operator can then feel assured 
that his antenna is aimed correctly at the station. 
Unfortunately, no simple broad-band system has 
yet been devised to permit using the same an-

Fig. 14-1 —The doublet antenna with low-impedance 
line is used for noise reduction by placing the antenna 
outside or away from the noisy area and running a low-
imiH-dance line to it. The line itself doesn’t reduce the 
noise but, because it has no pick-up itself, it enables tins 
antenna to be fed through an interference-generating 

area. 
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Tuned feeders or 

low-impedance line 

To — 
Transmitter 
antenna, 
tuner 

To receiver 
antenna 
tuner 

DP D T SWITCH OR 

RELAY 

(A) 
(B) 

Tuned feeder 

Antenna Tuner No. I Antenna Tuner No 2 

D.PDT. SWITCH OR RELAY 

(D) 

O P M SWITCH OR RELAY D.P.O.T SWITCH OR RELAY 

(E) (F) 
I ifl. It-2 Antenna sw > idling st stems. A — E or t lined or untuned lines with 
separate antenna tuners. II — Eor voltage-fed antenna. A series-tuned circuit 
will be required with some lengths. See Chapter Six. C — For timed line with 
single tuner. I> — E or voltage-fed antenna with single tuner. See B above. El — 
E or two tuned-line antennas w ¡th tuner for each antenna or for low -impedance 
lines. E — Eor several twn-wire lines. 

inside the shack should be made of the same 
impedance as the line that runs outside the sta¬ 
tion to the antenna. The line inside the shack 
doesn’t have to have the same dimensions, but 
the wire size and spacing should be such that 
the impedance of the line is the same as that 
outside the station. The same applies to the line 
running to the receiver, but this is not too im¬ 
portant and can be disregarded if it seems to be 
too much trouble. However, for maximum signal 
into the receiver, the line impedance should re¬ 
main as nearly constant as possible and the line 
should be matched at the receiver. 

The change-over relay (or switch) does not 
necessarily have to be connected in the antenna 
feedline. If an antenna tuning unit is used, link-
coupled to the transmitter, the relay can be 
placed in the link line, and the receiver will then 
be able to take advantage of the signal build-up 
in the tuning unit. The various ways in which 

the change-over relay (or 
switch) can be used are shown 
in Fig. 14-2. 
Using the same antenna 

tuning unit for both transmit¬ 
ting and receiving is advan¬ 
tageous in that it reduces the 
amount of equipment needed; 
furthermore, the greatest re¬ 
sponse to incoming signals is 
automatically secured at and 
near the frequency to which 
the transmitter is tuned. How¬ 
ever, the separate tuner is 
more convenient in that it is 
possible to listen on other 
frequencies, and on other 
bands, without loss of signal 
strength and without disturb¬ 
ing the tuning for transmis¬ 
sion. 

The circuits of Figs. 14-2E 
and 14-2F show no coup¬ 
ling device to the receiver. 
\\ hile in many cases this is 
|x-rfeetly satisfactory, and par¬ 
ticularly at frequencies below 
10 Me., additional signal 
strength at the receiver can 
often be obtained by match¬ 
ing the receiver to the line. 
Several methods of doing this 
are shown in Fig. 14-3. The 
networks should be located 
fairly close to the receiver, 
in a position convenient for 
occasional adjustment by the 
operator. 

In some instances it will be 
found that a rotary beam used 
for receiving does not show t he 
rejection to unwanted signals 

off the side that might be expected from such an 
antenna. In most of these cases, it will be found 
that the receiver is coupling in some of the parallel 
components on the transmission line, and the line 
itself is acting as a vertical or semi vertical an¬ 
tenna. To make sure that the receiver is not at, 
fault, connect a 3- or 4-foot length of the feedline 
to the receiver, to see if signals can be picked up 
on the feedline alone. If a balanced line such as 
300-ohm Twin-Lead is used, connect it to the two 
antenna terminals of the receiver, leaving the 
ground post open. If a shielded two-wire line, or 
two pieces of coaxial line, are used, connect the 
inner conductors to the antenna terminals and 
the outer conductor(s) to the ground post. With 
single coaxial line, connect the inner conductor 
to one antenna terminal and the outer conductor 
to ground ami the other antenna terminal. No 
signals should be heard, even with the receiver 
running at maximum gain. 



264 CHAPTER 14 

(C) 
Fig. 14-3 — Three types of circuits for coupling the 
antenna to the receiver. A — Balanced pi-section network 
for use w ith balanced lines of any kind. B —Single-ended 
pi-section network for use with single wires or coaxial 
line. C— Tuned circuit for use with any balanced line. 
Ci, C2, C3 — lOOWd. midget variable. 
Li, L2, La — 30 turns No. 28 d.c.c. close-wound on 

J^-inch diameter form, tapped at 2J^, a”^ 
14^ turns. . 

C4 — Proportioned to resonate with C3 in the desired 
band. 

L5 — 2- or 3-turn swinging link at center of L4. 
Si—2-circuit 5-position single-section ceramic wafer 
switch. . 

S2 — 1-circuit 5-position single-section ceramic wafer 
switch. 

If signals are heard, an antenna coupler as 
shown in Fig. 14-3C will help to eliminate them if 
a single length of coaxial line is run from £5 to the 
receiver and connected as described above for the 
test with single coaxial line. However, the re¬ 
ceiver must be capable of passing the test for 
single coaxial line. If it won’t, but is satisfactory 
with shielded two-wire line, use shielded two-wire 
line from £5 to the antenna terminals on the 
receiver. 

• GROUNDS 
Most modern receivers do not require an ex¬ 

ternal ground, since they are grounded through 
the power supply by the capacity of the trans¬ 
former windings. However, in some instances a 
direct ground to the receiver will boost the signal 
pick-up and, in the case of regenerative receivers, 
reduce the body capacity. The direct ground can 

be made by running a wire to a radiator or water 
pipe or directly to a pipe in the ground. 

• LOOP ANTENNAS 
Loop antennas can be used on any amateur 

band, but they find their greatest usefulness 
below 4 Me. In the usual location, the pick-up 
inside a house at the high frequencies is not too 
good, and metallic objects in the vicinity, such 
as house wiring and transmitter control wires, 
tend to confuse the directional characteristics of 
the loop. However, it is sometimes very useful in 
rejecting unwanted signals, and two types of 
loops are shown in Fig. 14-4. The loop at A is 
a little less elalxiratc than that of B and will 
not give quite as good results, but it is still useful 
in rejecting signals. 

In either case, the loop should be made from 
not more than about 20 feet of flexible insulated 
wire (stranded No. 18 aircraft wire or equivalent), 
formed in a square of from 12 to 20 inches on a 
side or a circle of from 12 to 20 inches in diameter. 
It can be mounted on the face of a large sheet of 
plywood, and it should be hinged in both the 
vertical and horizontal planes, so that it can be 
pointed in any direction. The tuning condenser 

(B) 
F¡H. 14-4 —Two types of loop antennas for 3.5-Mc. 
reception. The loops are made of not more than about 20 
feet of No. 18 stranded wire formed in a circle or square 
of 3, 4 or 5 turns. 
Ci — 150-Mpfd. variable. 
C2 — 100 MMÍd. each section. 
Li, L3 — 17 turns No. 20, wound on 1^-inch diameter 

form and spaced to occupy %-inch winding 
length. . . 

La —4-tum link winding, 1^-mch diameter, movable 
between Li and L3. 
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is adjusted for maximum signal and, in the case 
of the loop of Fig. 14-4B, the coupling between 
¿2 and L\Lz should also be adjusted for best 
results. 
Although the signal strength with a loop 

antenna is smaller than from a regular antenna, 
the sharp null of a properly-constructed loop 
often makes possible reception through noise or 
interference which could not be carried on with 
a conventional antenna. Except for the null, the 
directional characteristics are not very marked, 
so that the response to an interfering signal or 
source of man-made noise may be reduced to a 
very low value without affecting materially the 
response to the desired signal, providing only 
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that the desired signal is not in exactly the same 
direction as the QRM. 

In using any loop, it is essential to make sure 
that other antennas in the vicinity are detuned 
from the receiving frequency, since reradiation 
from regular antennas may be as strong or 
stronger than the direct signal received by the 
loop. In such case, of course, good nulls cannot 
be secured because of the supplementary fields of 
the reradiating wire or wires. 

\\ hen a good null cannot be obtained even 
under ideal conditions, it indicates pick-up on the 
line from the loop to the receiver, and the shield¬ 
ing of this line ami the symmetry of the loop 
should be investigated. 
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Selsyns as Direction Indicators.254-255 
Series Matching. 113 
Series Tuning.183-185 
Shielded Link.135-136 
Shielding. 10 
Short-Element 28-Mc. Beam. 238 
Single-Wire Feed.83-84 
Six-Element Array.207-208 
Sixteen-Element Arrays. 209 
Skin Effect.10, 66 
Skip Distance.17-18 
Skip Zone.17, 23 
Sky Wave.16-24 
Sleeve, Detuning.97-98 
Slip-Ring Feed.246-248 
Spacers, Line. 80 
Space Wave.13-14 
Spacing, Line.65-66, 80 
Sporadic-.® Layer. 23 
Spreaders, Feeder. . 231-232 
Square Mast.226-227 
Stacked Arrays.143,206-207 
Standing-Wave Ratio. 75 79, 87-88, 

92, 96, 105, 127-134 
Standing Waves 26, 68-73, 127-134 
Sterba Array.155-156 
Stubs, Corrective. 136 
Stubs, Matching.102-105, 111 
Sun, Determining North by.260-261 
Sunspot Cycle.16, 17, 19, 22, 51 
Supports, Antenna.223-235 
Surface Wave. 12 
Surge Impedance.66-67 
Switching Directive Antennas. 262 
Switching Systems.262-264 
“T” Match.100, 110, 197, 201-202 
“T”-Section Mast.226-227 

PAGE 
Telephone Poles. 223 
Temperature Inversion. 15 
Terminated Rhombic.178-182 
Terminating Resistance.180-181 
Three-Element Arrays.144-145, 205-206, 

236 238, 243-246 
Tilt Angle, Rhombic-Antenna. 178 
Tilted-Wire Antenna. 170 
Top-Folded Antennas.60-62 
Top-Loaded Antennas.60 62, 190, 218 
Trails, Meteor. 24 
Transmission Distance.19-21 
Transmission Lines (see “ Feeder Systems”) 
Transmitter Coupling (sec “Coupling to 

Transmitter”) 
Transportable Rotary Beam.236-238 
Traps, Linear. 136 
Troposphere. 12 
Tropospheric Propagation.14-15 
Tropospheric Refraction. 14 
True North.259-261 
Tuned Lines.87-95 
Tuning (see “Adjustment and Tuning”) 
Twelve-Element Array.208-209 
Twenty-Four Element Arrays. 210 
Twin-Lamp S.W.R. Indicator. 132 
“Twin-Lead”.83, 96 
Twisted-Pair Lines. 84 
Two-Band Rotary Beam.249-252 
Two-Element Arrays. . 143, 146-147, 149-150, 

157-160, 204, 214 215, 238 
Two-Wire Lines. 66 
Ultrahigh-Frequency Antennas.200-216 
Unequal-Conductor Folded Dipole. 102 
UlllUlim tlltlliU aiiajB. . IdV-ldl, ¿VI ¿IV, 

236 239, 242 246, 249-252 
Untuned Lines.87-88, 95-111 
“V” Antenna. . .172-175, 186, 195-196, 206-207 
Variation, Compass. 260 
Velocity Along Line. 86 
Velocity Factor.84, 86, 97 
Velocity of Propagation.9 10, 18,25,27 
Vertical Antennas.186, 189, 217, 236 
Vertical Polarization.11, 14, 59 
Vertical Rotary Beams. 236 
Very-High-Frequency Antennas.200-216 
Virtual Height.18-19 
Voltage Distribution.26, 60, 89 
Voltage Feed.88-91 
Voltage Gain. 43 
Voltage Loop.26, 70, 88-89 
Voltage Node .26, 70 
W8JK Array. 152 
Waterproof Seal. 249 
Wave Angle . . 14 15, 19-20, 23, 50 54, 168 169 
Wave Bending.11, 14, 18 
Wave Front. 9,11 
Wavelength.10-11, 25 
Wavemeter.127 128 
Wave Propagation. 9 21 
Waves: 
Characteristics of. 9 
Diffraction of.11-12 
Electromagnetic. 9 
Ground.12-15 
Plane. 9 
Reflection of.11-12 
Refraction of.11-12 
Sky.16-24 
Space.13-14 
Standing. . . x. 26 
Surface. 12 
Width, Beam. 139 
Windmill Towers. 229 
“Y” Match .99-100,201 
Zepp Feed.87-88, 184-185, 187 
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WOULDN'T UaCC LIKE TO KNOW MORE 
' ABOUT THE AMERICAN 

RADIO RELAY LEAGUE, 
THE AMATEUR'S ASSOCIATION WHICH PUBLISHES 

THIS BOOK? 

These are but 

a few of the 

benefits that 

come to the 

amateur who 

belongs to 

the League. 

For further 

information on 

the American 

Radio Relay 

League, write 

to the 

address below. 

The American Radio Relay League, Inc., 
founded in 1914, is a national non¬ 
commercial association of radio ama¬ 
teurs who have banded for the promotion 
of interest in amateur radio communica¬ 
tion and experimentation. The A.R.R.L. 
coordinates amateur operating activities, 
holds relays and contests, looks after the 
amateur's interests in legislation, and 
maintains a headquarters for assistin g 
members. 

The League publishes QST, oldest ra¬ 
dio magazine in America, a monthly 
devoted exclusively to the kind of ama¬ 
teur radio which has been talked about 
in this book. It is to be found every¬ 
where in the world that short-wave radio 
is known. Truly "of, by and for the ama¬ 
teur," it is a treasure-house of monthly 
information on amateur technical devel¬ 
opments and amateur activities. Dues in 
the League include a subscription to 
QST. 

The League maintains a Technical In¬ 
formation Service for answering the ques¬ 
tions of members and helping them in 
difficulties encountered in practical ama¬ 
teur operation. 

American Radio Relay League, Inc. 
' Wes/ Hartford 7, Connecticut, U.S.A. 
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AM PH E N ou 

ROTARY BEAM 

The DX "Champ” 
on 7 0 and 20 Meters 

Extremely effective for reception as well as 
transmission, the Deluxe Dual-Three Signal 
Squirter is the first rotary beam offering full 
performance on both 10 and 20 meters. 
Each of the two three-element arrays is coupled 
to the line with a separate Inductostub 
inductive coupling. Match between antenna and 
line is so simplified that the Signal Squirter 
can be assembled, installed and operated without 
tedious, complicated adjustments. 

300 OHM 
TRANSMITTING AND RECEIVING TWIN-LEADS 

Tubular construction holds surface moisture out of the concentrated field between the 
conductors which in 14-076 are 7 strands No. 26 copper wire adequate to handle a 
kilowatt of power with low losses. Ideal for transmission at highest efficiency. 
Conductors of 14-271 are 7 strands of #28 copper wire. Specify Am¬ 
phenol's 14-076 for a low cost kilowatt radio frequency transmis¬ 
sion line, and Amphenol's 14-271 for an airspaced 
Twin-Lead for TV and FM lead-in and me¬ 
dium power transmitting . . . top 
performance assured! 

Ready cut to your choice of four bands — a real 
inexpensive and rugged DX Antenna. The folded dipole 
antenna section is Amphenol Twin-Lead No. 14 022. 
Conductors are "copper-clad" steel for strength 
to withstand wind, ice-loading, etc. 

TWIN-LEAD 

AMATEUR ANTENNAS 

Band 
10 Meter» 
20 Metei» 
40 Meters 
80 Meter» 

Amphenol Number 
139 813 
139 815 
139-81 ó 
139 817 

AM PHENQI- AMERICAN PHENOLIC CORPORATION 
1830 SO. 54TH AVENUE • CHICAGO 50, ILLINOIS 
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NBFM-CW 

*359 50

Slightly Higher 
West of Rockies 

• Designed for the modern-minded Ham. Maximum flexibility on 5 Bands—3.5, 
7, 14, 21, and 28 MC. High stability, low FM distortion (measured at less than 
5%). Provisions for applying AM from external modulator. 125 watts output. 

Oscillator—reactance modulator with speech amplifier—buffer—and final. The 
4-65A in. output stage is air-cooled by a 1000-rpm fan! 5 Tubes plus 2 Voltage Regu¬ 
lators and 3 Rectifiers. 

See if at your Hallicrafters Dealers! 

the hallicrafters co. 
4401 W. Fifth Ave., Chicago 24, III. 

World leading manufacturers of precision radio and television equipment 
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ANTENNAS 
fey. 

The Workshop Associates 
The name WORKSHOP has become synonymous with fine high- — 
frequency antennas — amateur, television, FM, parabolic, 
tower, beacon, and many other highly specialized types. Dur¬ 
ing the war and ever since, the WORKSHOP research and test 
laboratories — the finest in the industry — have pioneered 
many new types of antenna equipment that today are widely 
copied and referred to as the criterion of design and perform¬ 
ance. When you buy a WORKSHOP antenna, you know you are 
getting the best. 

the WORKSHOP ASSOCIATES, Inc. 
Specialists in High-Frequency Antennas 

54 NEEDHAM ST., NEWTON HIGHLANDS 61, MASSACHUSETTS 
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NTERNATIONAL RESISTANCE CO 
401 N. Broad St., Philadelphia 8, Pa'. 

IN CANADA: 

WHEREVER THE CIRCUIT SAYS -%-

INTERN ATlON AL RESISTANCE GO., LTD., TORONTO, LICENSEE 

FLAT POWER 
WIRE WOUNDS 

For vertical or horizontal 
mounting, singly or in 
stacks. High space-power 
ratio. 

RHEOSTAT 
AN3155 

Type PRT 25 and 50 watt. 
Meets rigid Army-Navy 
aircraft specifications. 

ADVANCED COMPOSITION 
RESISTORS AND 

IRC WIRE WOUNDS 
New Type BT Insulated Compo¬ 
sition 73, Yi, 1 & 2 watt. 
Type BW Insulated Wire Wound 
%, V2, 1 & 2 watt. 

VOLTMETER 
MULTIPLIERS 

Type MF consists of IRC Pre¬ 
cisions interconnected and en¬ 

cased in sealed ceramic tube. Com¬ 
pletely impervious to moisture. 

WIRE WOUND 
RESISTORS 

Type MW, completely insulated 
and protected. Encased in 
molded bakelite. 

PRECISIONS 
Scientifically designed re¬ 
sistors offering maximum 
accuracy. 1% tolerance 
standard. 

FINGER-TIPCONTROLS 
Compact, wafer-thin controls 
with "molded-in” element. 
Combines small size with 
dependability. 

HIGH VOLTAGE 
RESISTORS 

Type MV for high voltage 
applications where high 
resistance and power are 
required. 

-vVWV 
WIRE WOUND 

POTENTIOMETERS 
2 watt controls, ITi" diameter 
features Silent Spiral Spring 
Connector. 

-MW 
POWER RHEOSTAT 
Type PR 25 and 50 watt. 
All-metal construction utilizes 
heat dissipating qualities of 
aluminum. 

-vWvV 
WATER-COOLED 

RESISTOR 
Power dissipation up to 5 K.W. 
35 ohms to 1500 ohms. Resistor 
elements interchangeable. 

-TVvW 
POWER WIRE WOUNDS 
Full range of sizes, types & 

terminals. Two types of 
coatings for varied service 

' requirements. 

VOLUME 
CONTROLS 

1’/." diameter rated at 
watt over entire element. Fixed 
or Tap-In Shafts. 

-MW-

HIGH FREQUENCY 
RESISTORS 

Type MP for frequencies 
above those of conven¬ 
tional resistors. to 90 
watts. 
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the original JOHNSON Q ANTENNA AND JOHNSON Q BEAM 

For ease in installation, matching and radi¬ 
ation efficiency, the JOHNSON Q Antenna 
and JOHNSON Q Beam have never been sur¬ 
passed. The popularity of these antennas has 
continued unabated because the system usu¬ 
ally results in a substantial increase in radi¬ 
ated power. These antennas are easily in¬ 
stalled and adjusted. Applications include 
half-wave doublet, horizontal, vertical, har¬ 
monic or long wire radiator, radiator-reflector, 
director. "V" Beam. JOHNSON Q Beam and 
others. 

The JOHNSON Q Beam is a special appli¬ 
cation of the Q system. It consists of two 
half-wave Q antennas spaced 1/5 wave with 
Q sections connected in parallel at the bot¬ 
tom. In ordering, specify two Q antennas for 
the lower frequency of the two bands desired. 
For example, if you want a Q Beam to operate 
on 10 and 20 meters, order two JOHNSON Q's 
for 20 meters. 
Antennas include all necessary aluminum 

tubing, suspension assemblies, spacing bars, 
hardware and detailed instructions. 

Order your JOHNSON Q Beam or antenna ai your dealer 
or write for brochure entitled "The JOHNSON Q In Popular 
Antenna Applications". 

136-122. -124. -126 

inn. coat-136-31 
PV«t COPPfR WE 10» 10 C0*(- 136-107. 136-112 

LOW LOSS ANTENNA ACCESSORIES 

ENAMELLED COPPERWELD 
ANTENNA WIRE 
Ideal for any system where 
wire must not stretch or 
sag. Steel core provides al-
most three times the 
strength of ordinary copper. 
Copper provides low RF re-
sistence and enamel pre¬ 
vents corrosion. 

FEEDER INSULATORS 
Available in two, four and 
six inch lengths. High 
grade, low absorption, sili¬ 
cone impregnated for water 
repellency. 
The transposition insulator 
prevents radiation and pro-
V vides 2" line spacing. 

ANTENNA INSULATORS 
Long leakage path, low ca¬ 
pacity and freedom from 
moisture absorption result 
in exceptional efficiency. 
Available in four, seven 
and twelve inch lengths. 
All are 1" in diameter ex¬ 
cept the Model 104 which 
is ¥»"• 

i JOHNSON . a {amoM name in 

E. F. JOHNSON CO. WASECA, MINNESOTA 



TRADE MARK REGISTERED U S. PATENT OFFICE 

Standard Insulators 

ARE NOW MADE IN L-5 MATERIAL 

Higher frequencies in communications 

and electronic equipment require a ma¬ 

terial with an improved loss factor. AlSi-

Mag Standard Insulators shown in their 

Bulletin No. 143 were formerly made in 

an L-4 material—AISiMag 196. These in¬ 

sulators are now made in an L-5 material 

—AISiMag 228 (Glazed). 

The added usefulness of the better material is 
shown by these significant characteristics: 

Material Material 
formerly used. now used 
AISiMag 196 AISiMag 223 

(L-4) Glazed (L-5) 
Dielectric Constant IMC... 5.8 6.3 
Power Factor 1 MC. .0021 0012 
Loss Factor 1 MC.012 .0076 

These improved insulators are supplied at no 
increase in price. American Lava Corporation 
does not sell at retail. 

AMERICAN LAVA CORPORATION 
CHATTANOOGA 5 , TENNESSEE 
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Andreu builds a complete line of antennas, 
coaxial transmission line and antenna equip¬ 
ment for the communications and broadcast 
fields. 
COAXIAL ANTENNA-TYPE 704-A 
Designed for transmitting or receiving in the 
108.to 186 vic band, type 704-A is vertically-
polarized and omnidirectional in the horizontal 
plane. It is recommended for use in the amateur 
2 meter band. 

FOLDED UNIPOLE 
ANTENNAS 

TYPES 900-902-925 
Ground plane antennas 
ideally suited for mobile 
communications in the 30-44 
me, 72-76 me and ¡52-162 
me ranges respectively. The 

simulated ground plane re¬ 
sults in greatly improved 
signal strength. Provides ex¬ 
cellent impedance match to 
70 ohm line. 

CORNER REFLECTOR ANTENNA 
TYPE 3605 

A high gain, highly directional antenna 
for 152-162 me range. The corner rertector 
has a power gain of 6. Can be adapted to 
2 meter band. 
Write Today for Complete Descriptive Literature 

K  CORPORATION 

363 East 75th STREET, CHICAGO W 

Eastern Office: 421 Seventh Avenue, New York City 

TRANSMISSION UNES FOR AM. FM. TV ANTENNAS. OIREC 

TIONAL ANTENNA EQUIPMENT. ANTENNATUNING UN TS. TOWER 

LIGHTING EQUIPMENT. CONSULTING ENGINEERING SERVICE. 

HARVEY has 
ADVANCE coaxial antenna relays 
AMPHENOL a n t e n n as, Signal, 

Squirter, Twinlead coaxial cable, 
connectors, etc. 

BARKER & WILLIAMSON antenna 
coils and condensers 

CHANNEL MASTER tv and fm 
antennas 

ELINCOR ham beams, TV and FM 
antennas 

GORDON ham beams, rotators, etc. 
HY-LITE ham beams, TV and FM 

antennas 
M. C. JONES Micro-Match 
MOSLEY antenna fittings 
OHMITE dummy antennas 
PREMAX beams and accessories 
PRICE coaxial antenna relays 
PYREX antenna insulators 
RIG-FAST TV and FM antennas 
SHUR antenna mounts and antennas 
TRIG towers 
Vee-D-X TV and FM antennas 
VERTROD antennas 
WARD TV and FM antennas 
WORKSHOP beams, TV and FM 

antennas 

and all standard antenna developments 
since this ANTENNA BOOK went to press. 

Complete stock of ham gear: parts, 
tubes, receivers, transmitters, etc. 

103 West 43rd St., New York 18, N. Y. 
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Sangamo 

Browning 

Simpson 
Tobe 
Bogen 
Bliley 

Recordisc 
Sigma 
Trimm 
Turner 
Kwikheat 
Kester 

Barker-Williamson 
Amperite 
Mu-Switch 

Hallicraffcrs 
Guardian 
Cardwell 
Eimac 
Hickok 
Burgess 
Collins 
IRC 
Jensen 
Meissner 
Ohmite 
National 
Raytheon 
Potter & Brumfield 
Ohmite 
Universal 

Heintz and Kaufman 
Kato 
Lenk 

Advance 
Stancor 
Abbott 
Struthers-Dunn 
Triplett 
Centralab 
Gammatron 
ESICO 
Dunco 
Dumont 
Dialco 
Coto 
Cetron 
Cannon-ball 
Brandes 
Bimbach 
ATR 

Mallory 
H & H 
Belden 
Hammarlund 
General Electric 
Cornell-Dubilier 
Brush 
Astatic 
Hytron 
Johnson 
Millen 
RCA 
Shure 
Thordarson 
UTC 
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& W ANTENNA INDUCTORS 

W3DGP 

Effective coupling at the “head end’’ of the circuit means 
a lot! That’s why B&W Antenna Inductors are designed 
to give you all those extra features that mean so much 
when you’re working on your “rig’’—features that mean 
still more in dependable, trouble-free performance when 
you flip on the power switch! 

B&W Antenna Inductors, for instance, are wound with 
tinned copper wire for ease in tapping feeders to coils. 
They feature fixed center links for coupling to either 

fixed or variable linked final tank circuits, and 
two tinned clips are furnished with each coil. 

Who but B&W would foresee all these important 
details and provide for them in advance? It’s all 
part of B&W’s regular policy to make it easier 
for you to enjoy your hobby and get the results 
you’re after! 

W3GC 

Write Dept. AB-48 for your copy of the B&W Catalog for Amateurs 

BARKER & WILLIAMSON, Inc. 
237 Fairfield Avenue Upper Darby, Pa. 
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FM, TELEVISION & TRANSMITTING 

ANTEN NAS 

UY-LITE ROTARY BEAMS 
Hy Lite Rotary Beams feature all aluminum construction for 
light weight and all-weather durability. 
The 4 and 10-11 meter beams use %" and %", telescoping 
aluminum tubing; 20 meter beams have I" and %" telescoping 
aluminum tubing. Elements are fitted with locking clamps for 
securing the setting after *uning. Heavy steatite insulators 
with heavy rubber covered clamps hold elements firm and 
straight. Strong aluminum castings support reflectors, directors 
and elements. Each antenna is supplied with a, 4 foot mast. 
These antennas are designed with the future in mind. Any 
beam can be purchased and later a beam of a different 
frequency added to the original. Stacked arrays can be had 
in any combination on order. Shpg. 
' Wt. Net 

Type No. Style Band lbs. Price 
3E4 3 Element 4 Meter IB $27.60 
4E6e 4 Element 4 Meter 21 33.35 
3E6 JR 3 Element 4 Meter 14 23.30 
4E6 JR 4 Element 4 Meter 14 27.60 
3E1O 3 Element 10-11 22 36.40 
4E1O 4 Element 10-11 24 45.95 
3E10 JR 3 Element I0-II I? 28.60 
4ET0 JR 4 Element 10-11 20 34.95 
2E20T 2 El. (incl.T Match) 20 M. 22 47.95 
3E20T 3 El. (incl. T Match) 20 M. 21 64.95 
4E10-20T 2 El. 10 II and 2 El. 20 74.95 

Meter Stacked with 2 T Matches 42 
6E10-20T 

6E10S 
3E10-2E20T 

3 El. I0-II and 3 El. 20 98.95 
Meter Stacked with 2 T Matches z8 
Two 3 El. I0-II Meter Stacked 42 69.95 
3 El. I0-II and 2 El. 20 84.90 
Meter Stacked with 2 T Matches 45 

FOLDED DIPOLE for 4 and 10-11 meter beams, add 6.00 
T MATCH TOR 4, 10-11 and 20 meter beams, add 5.40 

AM PHENOL ANTENNA 
EQUIPMENT 

14-056 300 ohm twin lead, per 100 ft. $2.29 
14-079 ISO ohm twin lead, per 100 ft. 2.12 
14-080 75 ohm twin lead, per 100 ft. 1.96 
10-076 30C ohm kilowatt twin lead, tubular, ,07 

constant impedance, per ft. 
14-023 75 ohm kilowatt twin lead, per ft. .07 
FOR TWIN LEAD, »crew eye standoff .06 
FOR COAXIAL, screw eye standoff .06 
FOR TWIN LEAD, polystyrene clip standoff .06 

Polystyrene Feeder Spreaders 
2" — 9c 4" — 12c 6" — 15c 

SOLID ENAMELED Antenna Wire, per 100 ft. 
No. 14 — 95c No. 12— 1.35 No. 10 — 2.10 

ELINCOR 2OO-EA 5 ELEMENT 
2 METEB BEAM 

High gain broad band parasitic array uses folded dipole 
driver element, 3 directors and I reflector. Directors spaced 
.1 wavelength, reflector spaced .15 wavelength. This all¬ 
aluminum beam is pre-tuned to the center of the 2 meter 
band. Furnished w th swivel bracket for horizontal or vertical 
plane mounting. May be fed with RG8/U 52 ohm cable. 
Complete with hardware and instructions g ̂ 3 

ROTENNA Remote controlled beam rotator. 2 RPM, 
with automatic stop to prevent twisting of antenna feed line. 
Requires 115 volts AC to rotation control box which supplies 
24 volts to antenna rotator. Positive, powerful — ideal for 
television and not-too-heavy ham beams. Complete jq 

AMPHENOL TWIN-LEAD Folded Dipole Antennat 

4.50 

SIGNAL SQLTRTER" 

NEWI Amphenol 300 

Wbmimal 
under 15.00. 25% 

krvown lines. 

C O R P O R ATION RADIO 

your mail orders. 
Please remit in 

( ,OD’s. Prices arc 
FOB New York. 

Band i 

10 meters 
20 meters 
40 meters 
80 meters 

MAIL ORDERS 
If unable to visit 

Net 
4.53 additional cost. 

FAMOUS 

Wide spaced beams (.15 Director—.2 Reflector) 
available on 3 element 6 and 10-11 meter beam only, 

AU above beams are close spaced (.1 Director—.15 Reflector) 
Except 3 element 20 meters (.075 Director, .1 Reflector) 

Distributors of Radio & Electronic Equipment 
85 CORTLANDT STREET 

NEW YORK 7, N. Y. Phone: WOrth 4-3311 

Folded dipole section twin-leod conductors ore • copper-clad steel 
for withstanding severe stress of high winds, ice-loodtng, etc. The 

specialists help you. 
A$4c for Frank Miller, 
W2BUS and Ed Man-
delberg, W20TV. 
Call or write for de¬ 
tailed literature of 

Antenna Length 
» 18 feet 
¡ 35 feet 
j 70 feet 
j 135 feet AMPHENOL 140-005—The ultimate in deluxe rotary beam 

antennas is Amphenol's famous Mims Signal Squirter, dual 
3 element beam for IO and 20 meters. Kit includes Rotator 
( 117 volts. 50/60 cycles) with double mounted pair Inducto-
stubs assembly, Direction Indicator, center section, elements, 
insulators and all hardware ready for installation, ^^g qq 

5.64 
7.94 

12.20 
ohm Twin-

Lead with Copperweld conduc¬ 
tors, #14-022. Per foot. .07 

75 ft. lead-in (300 ohm Twin-
Lead) is joined to tne antenna 
with a weatherproof molded 
polyethylene "T“ junction. 
Simply trim to your operating 
frequency in accordance with 
the simple instruct.ons fur¬ 
nished. add end inselators and 
go on the air with one of the 
best broad band antennas ever 
developed! 
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HY-LITE FOR A11 ANTENNAS 
AMATEUR InkLL TV and FM 
MANY STACKED 

COMBINATIONS AVAILABLE 
HY-LITE Beams are designed 
Io grow. Pile-up any combination 
you desire. 6, 10-11, 20. 2-3-4 
elements. 

Many hams are TV conscious today. HY-LITE has a complete line of TV antennas, only ONE OF THE MANY 
built of the same high grade material and strong aluminum castings found in jy COMBINATIONS 
their very popular Ham beams. HY-LITE TV antennas come in many designs and ' 
combinations, complete with 6 ft. mast, guy ring, hinge base, lugs and complete 
instructions for assembly. WRITE FOR OUR NEW TV CATALOG for determining ^ET 0UR NEW 
the antenna or combination best suited for your needs. Price list on request. CATALOG All-4 
JOBBERS: Many choice locations still open. ORDER NOW. NOW’ 

H Y- LI T 
Makers of Fine AnVnnos for AMATEUR • FM ■ TELEVISION 

528 TIFFANY ST., BRONX 59, N.Y. 

I 

LADDEROT0WERS 

Photo Courtetr 
W'iEAN 

Drexel Hill. Po. 

STURDY ROOF-MOUNTED 
SELF-SUPPORTING TOWER 

Install a neat, sturdy professional-looking tower. 
This lû-foot TRYLON ladder tower is only one 
of a complete line of guyed and self-supporting 
types manufactured by TRYLON. Write for in¬ 
formation on towers and antennas—including 
the new TRYLON Omnidirectional FM Receiv¬ 
ing Antenna and the Rotary Beam Support. 

TOWER AND ANTENNA DIVISION 
WIND TURBINE COMPANY. WEST CHESTER, PA. 

"Mtoát HAM RIGS 
ARE EQUIPPED WITH 

¿¿fatie MICROPHONES 

ytSTATIC takes extreme pride in 
preference among amateurs 

Astatic Crystal, Dynamic and Ceramic Microphones. 
The Astatic Corporation guards this acceptance zeal¬ 
ously, spares no effort to produce superior products 
that will warrant your continued approval. Illustrated are 
the most popular models. Write for more information. 
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Catalog Your 

is Radio’s Leading Buying Guide 
ALLIED 

FOR EVERYTHING 
IN ANTENNAS 

Whether you’re designing your 
own antenna system or plan¬ 
ning a ready-built installation, 
you’ll find the widest selec¬ 
tion of components and com¬ 
plete antennas in your AIDED 
Catalog. We stock all types: 
Amateur, TV, FM, AM and 
Auto — plus accessories and 
components for any require¬ 
ment. And remember always 
— ALLIED engineers will be 
glad to consult with you on 
your antenna problems. 

ALLIED RADIO 
EVERYTHING IN RADIO AND ELICTRONICS 

833 W. JACKSON BLVD. • CHICAGO 7, ILL. 

FOR EVERYTHING IN RADIO 
You’ll want it handy—the one complete 
Radio Buying Guide that’s used by thou¬ 
sands of Service Technicians, Engineers, 
Amateurs, Sound Men and Experiment¬ 
ers. Get every buying advantage at allied 

largest suppliers to the industry: widest 
selection of quality equipment at money¬ 
saving low prices speedy, expert ship¬ 
ment— personal attention — complete 
satisfaction on every order. Depend on 
allied and Radio’s Leading Buying Guide. 

SEND TODAY 

FOR YOJR FREE COPY OF 

ALLIED'S COMPLETE CATALOG 

FEATURING EVERYTHING IN 

RADIO AND ELECTRONICS. 

FREE 



The VESTO Co., 101 Main St., Parkville, Mo., Phone 258 

1949 NEWARK CATALOG 

ADDRESS 

■U E WARK 
t nitVIMON 

Newark Electric Co., ten. i v 
242 W. 55th SUN. Y. 1» 

WRITE FOR COMPLETE 
FREE INFORMATION AND 
PHOTOS OF INSTALLATIONS 

3 GREAT STORES 
at 115 West 45th Street, and 
212 Fulton Street, NEW YORK 
323 West Madison St., CHICAGO 

Pleose\end me FREE the Newark 1949 Calatos 

MY NAME___——-

MAU OROtR DIVISIONS 
242 W. 55 St., N. Y. 19. N.Y. 
323 W. Madison St., Chi. 6, III. 

24-hr. mail-order service 

MAU COUPON TODAY 

Here's all you do to obtain one of these easy-to-
erect towers: .lust select the size you want, note the 
price, and send the down payment shown. I »Per» 
for your signature will be sent by return AIR¬ 
MAIL. Your order will be handled oulckly. and 
the tower shipped from Kansas City. Mo., by 

Easy to move. Comes to your home knocked 
down, with easy-to-follow directions. Made of 
sturdy galvanized steel. Ladder to top. Built to 
withstand heaviest winds. 

At last, you are able to buy the famous Vesto 
towers on a monthly payment plan, and satisfy 
that desire for a good-looking, safe, permanent 
antenna tower. No guy wires. Simple to erect. 

Width at 
base equal to 
1 /5 height. 

CITY_STATE-

ORDER NOW-THIS NEW, CONVENIENT WAY -
Schedule of Prices Effective Sept. 15, 1948 

These payments include finance chg. 
Ch Wf ' Cash Price Down Py't Balance 6 mo. 9 mo. 12 mo. 

• Send your antenna 

and other ham problems 

to Bob Gunderson, W2J10, 

well known ham and consulting radio engineer. 

freight. collect. Sample freight rates from K, C. 
to various points are as follows: N. Y. area. »2.09 
per cwt.: Pacific coast. $4.37: Denver. $1.62; 
Cleveland. $1.50: Detroit. $1.44. Send your order 
now, or write for complete information. Prices 
subject to change. No C.O.D. shipments. 

all amateur gear for every rig . . . for 
beginner or old-timer . . . from flea 
power portable to “gallon” setup ... . 
plus everything in radio and television 
in the new 
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Uñu/I Famous VESTO ANTENNA TOWERS 
<V V”* Available hr Rotary Beams, FM, TV 

ON EASY MONTHLY PAYMENTS! 

The standard elementary guide 
for the prospective amateur. Fea¬ 
tures equipment which, although 
simple in construction, conforms 
in every detail to present prac¬ 
tices. The apparatus is of a thor¬ 
oughly practical type capable of 
giving long and satisfactory serv¬ 
ice — while at the same time it 
can lx? built at a minimum of 
expense. The design is such that 
a high degree of flexibility is 
secured, making the various units 
fit into the more elaborate station 
layouts which inevitably result as 
the amateur progresses. Complete 
operating instructions and reler 
enees to sources ol detailed in¬ 
formation on licensing procedure 
are given. 

25c 
Postpaid Anywhere 

AMERICAN RADIO RELAY LEAGUE, INC. 
WEST HARTFORD 7. CONNECTICUT 

22ft 355 lbs. 73.50 23.50 50.00 .... 6-16 ■ ■■•_ 
28 ft. 430 lbs. 92.25 32.25 60-00 10-75 7.42_5.75_ 
33 ft. 530 lbs._109.75_39.75  70.00 _12J0_8.47_6.53_ 
39 ft. 630 lbs._129.75 43.45 86.00 15.20_10.41 8.03_ 
44 ft 730 lbs 149.75 49.75 100.00 17^66 12.11 9.33 
50 ft. 860 lbs. 175J70 58.00 117.00_20j7__ 14.06 10.92-
61ft. 1260 lbs. 239.75 79.75 160.00 28.26 .9.37 14.93_ 
100 ft. 2925 lbs. Cosh Price $846.50. Terms on request. _ 

Tilt Top Head 21 lbs. 27.75 9.25 18.50 3x7 2.22 1-73 
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Henry Radio stores in Butler, Missouri and 
11240 West Olympic Blvd., Los Angeles, Cali¬ 
fornia have complete stocks of amateur, FM, 
Television, Short Wave, Communications, Re¬ 
cording, and other radio equipment. I promise 
you lowest prices, complete stocks, quick de¬ 
livery, easy terms, generous trade-ins. I 
promise that you will be satisfied on every 
detail. Write, wire, phone or visit either store 

today-

A FEW OF THE ITEMS I STOCK ARE: 
Co/An« 75A 
Co//íni 32V 

3 375.00 
475.00 

LOW PRICES 

I guarantee to sell io you as cheap as you cao buy any¬ 
where. 

COMPLETE STOCKS 

Hallicrafters, National, Hammarlund, Collins, Millen, 
RME, Meissner, Meek, Gordon, Amphenol-Mims, RCA, 
Vibroplexs, Sonar, all other amateur receivers, transmit¬ 
ters, beams, parts, etc. It it is amateur or communica¬ 
tions equipment —I can supply it. 

Collins 310B-1 190.00 
Collins 31OB-3 215.00 
Collins 30K-1 1450.00 
National NC-57 89.50 
National NC-173 189.50 
National NC-183 268.00 
National HRO-7T 292.50 
National HRO-7C 372.45 
National HFS 142.00 

QUICK DELIVERY 

Mail, phone, or wire your order. Shipment al once. 

EASY TERMS 

National NC240D 
Hallicrafters S38 
Hallicrafters S53 
Hallicrafters S40A 
Hallicrafters SX4 3 
Hallicrafters SX42 
Hallicrafters 5X62 
Hallicrafters S47 
Hallicrafters S51 
Hallicrafters 558 
Hallicrafters 555 
Hallicrafters 556 
Hallicrafters T54 
Hallicrafters HT18 
Hallicrafters HT19 
RME HF-10-20 
RME VHF-152A 

236.25 
49.95 
89.50 
99.50 
189.50 
275.00 
269.50 
189.50 
149.50 
59.50 
129.50 
110.00 
189.50 
110.00 
359.50 
77.00 
86.60 

I have the world’s best time sale plan because I finance 
the terms myself. I save you time and money. I cooper¬ 
ate with you. Write for details. 

LIBERAL TRADE-IN ALLOWANCE 

Other jobbers say I allow too much. Tell me what you 
have to trade and what you want. 

TEN DAY FREE TRIAL 

Try any receiver ten days, return it for full refund if 
not satisfied. 

FAIE DB22A 
Hammarlund HQ129X 
Gon-Set 10-11 converter 
Stancor ST-203-A 
Hunter Cyclemaster 

71.00 
177.30 

FREE NINETY DAY SERVICE 

169.50 I service everything I sell free for 90 days. At a reason¬ 
able price after 90 days. 

Millen, Sonar, Bud, Goo-Set, Silver, Premax, Workshop 
Amphenol-Mims,- Jensen, Meissner, Browning; I have 
everything. FREE TECHNICAL ADVICE 

Some prices slightly higher on the west coast. 
and personal attention and help on your Inquiries and 
problems. 

HENRY RADIO STORES 
"WORLD'S LARGEST DISTRIBUTORS OF SHORT WAVE RECEIVERS" 
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Our new catalogue contains all 
the latest Ham equipment. We 
feature all well known national¬ 
ly advertised brands at the low¬ 
est prices. 

PERSONAL SERVICE 

WRL is the World's Most Per¬ 
sonalized Radio Supply House 
for the amateur. Getting ac¬ 
quainted with Leo will help 
you get on the air faster and 
for less money. 

KIT FORM WIRED NBFM MODEL 

$27900 $29900 $19900 

RF Section a complete 
150 Watt XMTR — Pro¬ 
visions for ECO — Auto¬ 
matic Bias on Final & 
Buffer—Voltage regulat¬ 
ed Oscillator and Buffer 
—Class B Speech modu¬ 
lator — 150 Watt input 
from 10 thru the 80 
meter band — complete 
with tubes and meters 
including 1 set of coils— 
specially crated for safe 
shipment. 

WRL "GLOBE CHAMPION’’ 

GlWI wall- leodln< leading (OOM 

WORLD RADIO LABORATORIES 
AM—49 

□ List of Used Equipment. 

Name 

Address 

WRL offers the 
Payment Plan in 
Any responsible 
a steady job can 

lowest E-Z 
the country, 
person with 
buy on time 

O Send “Globe Cham¬ 
pion" information 

Please send me: 
O Radio Map 
Q New Catalog 

WRITE—WIRE F 
PHONE 7795 > 

Leo offers more—use your 
present equipment as a trade-
in. Tell me what equipment 
you have — what equipment 
you want—let's trade. from Leo. No red tape—no 

delays! Financing our own 
paper saves you money! 

Save Money On Recondi¬ 
tioned Equipment—Writ* 
For Our Big List! 

FAST SERVICE 
ON FOREIGN ORDERS 

E-Z PAYMENTS LIBERAL TRADE-INS 

RUMFORD PRESS 
CONCORD, N H. 






