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PREFACE

The purpose of the “Antenna Manual” is to present in a single volume
a comprehensive compilation of antenna, transmission line, and propagation
data of vital interest to those associated with the more practical aspects of
radio broadcasting and communication. The term “radio” in this case em-
braces television and certain navigational aids which employ the same basic
techniques.

The book is more concerned with such things as good engineering
practice and how to arrive at or choose an antenna type, site, or dimensions
for a particular practical application than it is with such relatively abstruse
and academic things as the method of calculation of the radiation resistance
of an antenna of unusual configuration. The book is primarily intended
for the man who is more interested in the answer than in the method of
arriving at it, but who nevertheless realizes that in many cases a certain
familiarity with or appreciation of the method greatly facilitates evaluation,
exploration and solution of his own problem.

The reader will find that the emphasis has been placed on engineerin
approximations and physical reasoning, rather than rigorous mathematica%
treatment. While more is desirable, no background other than elementary
electric circuit theory and a familiarity with the simpler technical aspects
of radio communication is essential. This was done in order to make the
book useful to the greatest possible number of readers. It is felt that the
qualitative discussion method of presentation does not make the data con-
tained therein any less useful to the advanced engineer, should he find
need for any of the information. On the other hand if the presentation
relied upon mathematical developments to the extent of requiring, say,
calculus as a prerequisite, many technicians who came up the hard way
and (successfully) rely upon rule of thumb, cause and effect, and trial and
error would not be able to assimilate readily all the data contained therein.
The same would apply to many of the younger students.

The book does not treat wave guides, electromagnetic horns, and
other techniques employed almost exclusively above approximately 1000
megacycles, as the author considers the techniques and applications of
microwaves to be sufficiently different as to justify—if not actually require—
a different and somewhat more advanced approach than is employed in
this book, with more attention paid to fields and less to ordinary electric
circuit theory.




Much of the content is simp}:‘y a codified compendium of information
c

available in technical and scientific periodicals and journals (particularly
the Proceedings of the Institute of Radio Engineers), various general elec-
tronics texts, numerous publications of the Central Radio Propagation Lab-
oratory of the National Bureau of Standards, and publications of the Federal
Communications Commission. Except in a very few instances, no claim
towards originality can be made other than choice, correlation, and pre-
sentation of material. Because of the wide scope of the source of material,
embracing almost all currently available literature bearing on the subject
(both American and British), it is felt that an attempt to give specific
credits throughout would unduly clutter up the book.

Woobrow Smrra
Santa Maria, California

June, 1948



CHAPTER ONE

Radiation and Propagation of Radio Waves

INDUCTION vs RADIATION

In ordinary alternating current theory
when the “action at a distance” effect of a
field is considered, the effect is considered
as taking place instantaneously, and as far
as such applications go this is to all intent
and purposes true. However, it does take
a finite time for the effect of the field to
be felt, the speed with which the effect of
a disturbance of the field travels being the
same in empty space as the speed of light.

This is not of pertinent interest as re-

ards normal applications of the induction
geld to transformers, motors, etc., but it is
important as regards propagation of radio
waves, because if the action of a field were
everywhere instantaneous, there could not
be electromagnetic radiation, and without
such radiation, a prohibitive amount of
power would be required to induce, by in-
duction alone, a signal in a receiving ap-
paratus more than a few miles away. It is
true that the induction field is employed in
certain signaling apparatus, particularly re-
mote control devices, but they seldom are
designed or intended for use over distances
of more than a few hundred feet.

It is obvious that signaling by means of
an oscillating induction field cannot be ac-
complished over a distance any farther than
it is possible to transmit a detectable sta-
tionary magnetic or electric field. Either an
electric or magnetic field of force in the
static form represents energy which is stored
in space. When the current or charge is
removed, the field collapses, and the energy
is returned to the circuit which produced
the field.

. lpEEEEE

The strength of a stationary field falls
off very rapidly (inversely as the square of
the distance, to be specific). Therefore, an
enormous amount of current would be re-
quired in the generating coil, or “prima s
to produce by induction alone a detectable
amount of current in the receiving coil, or
“secondary”, at distances of a few thousand
yards. And as previously mentioned, the
resistance loss in the wire carrying such a
heavy current would represent a prohibi-
tive amount of power.

If alternating current were fed to a large,
single turn coil of wire well removed from
surrounding objects, and the inductance of
the wire were at all times effectively neutral-
ized by means of a power factor correcting
capacitor so that the coil acted as a urely
resistive (non-reactive) load on the alterna-
tor, and if the power dissipated in the wire
as rtesistance loss could be measured, it
would be found that at very low frequen-
cies the power delivered by the generator
would apparently equal the power dissi-
pated in the coil as heat.

However, if the frequency were raised
sufficiently, a point would be found where
not all of the power delivered by the alter-
nator or oscillator showed up as heat; there
would be a measurable difference. If the
frequency were raised still more, it would
be found that less and less of the output
of the alternator shows up as heat, until
eventually (assuming a well insulated coil
of high conductivity) only an insignificant
percentage of the alternator output shows
up as heat loss in the conductor.

Where is the power from the generator
going? It has to go someplace, and it does.
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It is radiated, in the same manner as heat
or light. It leaves the coil never to return,
and when traveling through empty space
the amplitude of the wave is attenuated
only by simple dispersion. This means
that in empty space the amount of radiation
arriving at a distant point (strength of the
radiation field) varies directly as the reci-
procal of the distance. This attenuation is
much less than the previously mentioned
attenuation for an induction field, and
causes the radiation field to predominate at
distances beyond a small fraction of a wave
length.

The attenuation of the radiated wave
through normal atmosphere will be slight-
ly higher than through a vacuum, but until
t};e frequency of the alternations begins to
approach that of radiant heat, the loss
through ordinary air is negligible and the
attenuation may be considered essentially
that which would occur in free space.

If the wire in the single turn loop is
stretched out into a straight line and fed
either in the center or at one end, the per-
centage of the alternator or oscillator out-
put which shows up as heat loss in the
wire is still less. This indicates that the
linear conductor is a better radiator, or
antenna, than the coil, which is explained
by the fact that a coil—even a single loop—
tends to confine the field.

As it is difhcult by ordinary circuit analy-
sis to conceive of electrical power, fed to a
wire, vanishing into empty space, a ficti-
tious term, radiation resistance, is used to
represent a load of equivalent resistance and
is a measure of the radiating effectiveness
of an antenna. To minimize the amount
of power dissipated as heat in an antenna,
the radiation resistance should be high and
the loss resistance low, the ratio determining
the percentage of power which is wasted
as heat. Radiation resistance will be treated
in more detail later in the book.

WHY AN ANTENNA RADIATES

What causes some of the energy fed to
an antenna to be radiated, to be projected
indefinitely into space and continue on its
way even after the antenna may be taken
down? A rigorous and comprehensive dis-

cussion of the phenomenon of electromag-
netic radiation is highly complex, and not
within the scope of this book. However, by
simplified physical analogies an attempt
will be made to give the reader some idea
of what transpires when a wave train of
energy leaves a radiator on a one-way ticket
for points known and unknown.

First, it will be necessary to assume that
the reader is acquainted with the elementary
principles of magnetic and electrostatic in-
duction; if he is not, it is suggested that he
refer to the subject in any standard text on
basic electricity or radio before attempting
to proceed further.

One law of magnetic induction states, in
effect, that an e.m.f. is induced in a con-
ductor which is moved in a magnetic field
in such a way as to cut “lines of force”.
It is interesting to note that if a higher and
higher resistance conductor is substituted,
there still will be an e.m.f. induced in it
under these conditions of relative motion
between the magnetic field and conductor.
The only difference is that relatively little
current can be drawn from the conductor
having high resistance. In fact, the e.m.f.
even will %e induced in an insulator, though
virtually no current could be made to flow
by closing the circuit. The insulator may
even be free space, a perfect insulator, and
still the e.m.f. is induced, in the form of
a field.

The same statements apply to a changing
magnetic field. A changing magnetic field
induces an electric force not only in a con-
ductor, but in an insulator, and empty space
as well.

The reverse also is known to be true:
a changing electric field, such as exists be-
tween the two plates of a vacuum dielectric
capacitor across which the potential dif-
ference is made to vary, creates a displace-
ment current, which in turn creates a mag-
netic field. Therefore we can say that not
only does a disturbed magnetic field pro-
duce an electric field, but that conversely
a disturbed electric field produces a mag-
netic field. But keep in mind that these
two fields do not produce each other in
space instantaneously. A changing magnetic
field creates a changing electric field, which
then in turn creates a changing magnetic
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field, and so on; but there is a finite time
lag. The action is said to be retarded. Next
consider that a field which is generated by
another does not exist in exactly the same
place but an infinitesimal distance beyond.

Thus we sce that when an antenna is fed
from an oscillating source of power, the
oscillating fields which are set up near the
antenna in accordance with ordinary electric
circuit theory do not return all their energy
to the antenna, but spend some of it in in-
ducing other fields farther out in space,
which in turn induce other fields still far-
ther out, and thus are detached or “shaken
loose” from the antenna, never to return
their energy to the parent circuit.

In this way does the energy permanently
detached from the antenna propagate itself
through space, the resultant effect being
that of wave motion. Thus we speak of pro-
pagation of radio waves.

If the reader has difficulty in visualizing
the action of retarded fields, in view of the
fact that they have no physical actuality, it
may be some comfort to know that even the
best mathematicians and physicists have
never met one in person, and usually con-
sider them simply as a mathematical con-
venience in explaining observed effects and
predicting results. As hard as they are to
visualize, the author finds them easier to
accept than the premise of an omnipresent

conducting medium, or “ether,” having no
mass. Rather than worry about the matter
Cor just matter) too long, it is suggested
that the reader accept the existence of re-
tarded fields on faith the same as he accepts
that of the Creator whom he also cannot
see. It is simpler that way, because it is
then possible to proceed without further
ado to the practical aspects of radiation,
where we are concerned more with the
effects of a field than we are with the fact
that you can neither see it nor weigh it and
that it takes finite time to go places.

RECEPTION

The radiation of power into space would
be of academic interest if something were
not done to utilize the power. The strength
of the field at a distance of even a few
wave lengths removed from the radiator is
too attenuated to be useful for anything but
signalling purposes, and it is for such pur-
poses that much money is spent in radiating
intelligence-carrying radio-frequency power
into space.

It is reasonable to assume that any device
which is an efficient radiator of radio-fre-
quency power should also be highly effec-
tive in extracting or intercepting power
from a passing wave of the same wave-
length, and such is the case. This recipro-

Frequency Range

Under 30 ke.

30 kc. to 300 ke.

300 kc. to 3000 ke.
3000 kec. to 30 Mc.

30 Mc. to 300 Mc.

300 Mec. to 3000 Mc.
3000 Mc. to 30,000 Mc.

TABLE I

STANDARDIZED CLASSIFICATION OF RADIO WAVES BY FREQUENCY

Designation

Very low frequencies
Low frequencies
Medium frequencies
Righ frequencies

Very high frequencies
Ultra high frequencies
Super high frequencies

Abbreviation

V.L.F.
L.F.
M.F.
HF.
V.H.F.
U.H.F.
S.H.F.
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city characteristic and special considerations
pertaining to receiving antennas will be
dealt with in detail later on. For the time
being let us concern ourselves with the pro-
blem of radiation and propagation of the
wave to the point where it is desired to
intercept or “receive” it, without worrying
too much about how it is intercepted and
utilized.

WAVELENGTH AND FREQUENCY

In many respects a train of radio waves
in space can be compared to a wave train
in water. The radio wave has what corres-
pond in water to peaks and troughs. Fre-
quency describes the number of wave cycles
which pass a given point in one second.
Wavelength is a measure of the distance
between two successive peaks or troughs,
which also is the distance the wave travels
during one cycle of oscillation of the parent
circuit. Normally it is expressed in meters
except when a small fraction of a meter is
involved, in which case the centimeter is
more common.

It is apparent that the more waves there
are passing a fixed point in a second, the
closer together are the peaks and troughs.
Also, the distance between succesive peaks
or troughs for a given frequency will de-
pend upon the speed of propagation, because
the greater the velocity, the farther apart
the peaks and troughs. For propagation in
empty space (or for all practical purposes
in normal air) the velocity is very close to
300,000,000 meters (186,000 miles) per
second. The relationship between wave-
length and frequency for such a propaga-
tion medium may be expressed as follows:

300,000
A
where F is the frequency in kilocycles

ch=

and

A is the wavelength in meters.

The relationship between frequency in
kilocycles and free space wavelength in feet
is shown in simple chart form in figure 3-2
(Chapter 3). The curves are for one quar-

ter and one half wavelength, as these are
more useful. For a full wavelength, simply
multiply the length given for a half wave-
length by two.

POLARIZATION

Radio waves, unlike sound waves, are
transverse. This means that the stress ex-
erted by the traveling wave is in a direction
at right angles to the direction of travel.
Also, the electric stress is at right angles to
the magnetic stress, so that the electric field,
the magnetic field, and direction of travel
are mutually perpendicular.

Like light waves, which also are electro-
magnetic waves and therefore transverse,
radio waves may be definitely polarized.
Light waves as emitted normally are random
polarized, and must be passed through a
polarizing medium before assuming a de-
finite or linear polarization. With radio
waves, on the other hand, the reverse is
true: the radiated wave tends to have
linear polarization as it leaves the antenna,
unless special means are employed to pro-
duce eliptical polarization. The latter types
of complex polarization always can be
broken down into two component waves
having definite but different polarization
and not exactly in phase in space. If the
two components were in phase, then the re-
sultant would have linear polarization, in-
stead of being eliptical.

Arbitrarily, the polarization of a radio
wave has been defined as the orientation
of the electrostatic component. This is con-
venient, because the electrostatic component
is in the same plane as a linear radiator (the
most common form of radiator). Thus it is
seen that a simple linear radiator oriented
horizontally with respect to the earth will
emit horizontally polarized waves. It is for
this reason that antennas themselves often
are referred to as being “horizontally polar-
ized” or “vertically polarized”.

WAVE FRONTS

If a “point” on one cycle of a wave train
is followed from the time it leaves a radia-
tor, it will be seen to occupy a rapidly ex-
panding sphere. Because of the directional
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Figure 1-1.

GRAPHICAL REPRESENTATION OF AN
ELECTROMAGNETIC WAVE FRONT.

The wave is travelling AWAY from the reader.
A half cycie of time earlier or later the direc~
tion of both fields of force would be reversed.
1f the diagram is viewed from the opposite side
of the paper by holding it to the light, the
effect of an APPROACHING wave front is ob-
tained. Note that ONE field is then reversed.

properties of most radiators, there probably
will be two or more directions in which the
amplitude of the wave is zero, but never-
theless any finite amplitude of radiation,
regardless of how small, will at any instant
be contained in an imaginary perfect sphere
so long as the transmission medium is homo-
genious.

The imaginary expanding sphere may be
considered as a wave front. For this reason
radiated radio waves are correctly termed
spherical waves, even though at consider-
able distance a section of an imaginary
sphere will resemble a plane surface. For
practical purposes such as designing a di-
rectional antenna array for reception, an ad-
vancing wave front may be considered as
lying in a plane surface if it is a large num-
ber of wavelengths removed from the radia-
tor, just as a very small section of the earth’s
surface may be considered flat.

For the same reason a comparatively small
area of wave front is considered to be not
only of equal phase but of equal amplitude,
though strictly speaking this would be true
only in the case of an isotropic radiator (one
radiating equally well in all directions).

Thus we see that (1) an ultimately ex-
tended wave front in a uniform medium
forms a spherical surface, on which all
points are of the same phase but not neces-

sarily of the same amplitude, and (2) in
actual practice a relatively small section of
the wave front is consid);red as being an
equiphase, flat surface or plane wave of uni-
form amplitude.

If we could for a moment look through
a magic telescope attached to a radiator of
electromagnetic waves and somehow manage
to see such a “flat” section of wave front as
it travelled away from the radiator through
empty space it would look at times liie
figure 1-1. If, as long as we are assuming
supernatural powers, we could instantly
transport ourselves to the moon and watch
the wave front approach instead of recede,
the direction of one set of the lines would
appear reversed, just as they do if you hold
figure 1-1 to the light and view it from the
back side of the paper. Reversing both sets
of lines simply represents an earlier or later
time, or a 180 degree rotational change in
the orientation of the viewer, and not a re-
versal of direction of travel.

REFLECTION

From a previous statement that an elec-
tromagnetic wave consists at one instant of
an electric field and at the next instant of
a magnetic field as it propagates itself
through space, it might be assumed and
correctly so that half the energy resides in
the electric field and half in the magnetic
field.

Thus when a plane wave strikes a flat
surface of infinite conductivity (zero re-
sistance) at normal incidence, the electric
field cannot exist in the plane of the con-
ductor, because otherwise infinite current
would flow, an obvious impossibility with a
finite amount of power. If an clectric field
cannot exist on the surface of a perfect con-
ductor and there can be no resistance loss
because of the perfect conductivity, one
might wonder what happens to the energy
contained in the electric field when the
wave strikes the conducting sheet. It is con-
verted into a magnetic field by virtue of the
conduction current induced in the reflector
by the incident electric field, thus causing
the strength of the magnetic field at the
surface of the conductor to be doubled.

This oscillating conduction current acts
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as a radiator of electromagnetic waves and
radiates in the only direction it can: away
from the conducting sheet. Thus we have
an electromagnetic wave travelling in the
opposite direction, away from the sheet, and
with the same amplitude as that arriving
at the sheet. No energy has been dissipated;
it is all accounted for. In effect the electric
component of the incident wave is reflected
with a reversal in phase and the magnetic
component is reflected with no change in
phase, the result being an electromagnetic
wave travelling in the opposite direction in
accordance with the explanation of figure
1-1. As will be described later, the reflected
waves combine with the incident waves to
produce a most interesting resultant or in-
terference pattern called a standing wave.

If the intercepting sheet is not a perfect
conductor, or if it is a dielectric or leaky
dielectric, not all of the energy will be re-
flected. A sheet consisting of or plated with
silver or copper or aluminum is a nearly
perfect conductor, and reflection will be
almost complete, For most other materials,
however, some of the energy will be reflect-
ed and some transmitted, the ratio being
determined by the permeability, resistivity,
and dielectric constant of the material as
compared to that of the first medium. The
transmitted portion will suffer attenuation
as a result of absorption by the new medium
unless the new medium is a perfect dielec-
tric having infinite resistance.

If, instead of an abrupt change or sharp
boundary in the properties of the propaga-
tion medium, there is a gradual change, then
the amount of reflection is reduced; in fact
the reflection will be quite small if the
transition is so gradual as to occur over a
distance of many wavelengths.

The foregoing discussion assumes that
the wave strikes the reflecting surface or
plane at normal incidence. If the wave
strikes the plane at oblique incidence, re-
flection still occurs, and as in optics the
angle of reflection is equal to the angle of
incidence.

REFRACTION

The transmitted portion of a wave strik-
ing at oblique incidence (the portion that

penetrates the new medium) is bent or
refracted in the same manner as light waves.
In fact, the index of refraction as applied to
optics is applicable also to radio waves,
which is not so surprising when it is re-
membered that they both are electromag-
netic waves.

While a sharp boundary condition is ne-
cessary for strong reflection, such is not the
case for refraction. A change in the charac-
teristics of the propagation medium too
gradual to produce appreciable reflection
will still do an excellent job of refraction if
the total change is sufficiently great. It
should be noted that the path or direction
taken by the wave front, sometimes called
the wave normal, will in such cases curve
upon entering the zone of gradient, rather
than make the sharp angular change in di-
rection observed in the case of a sudden
discontinuity in the medium.

Variations in the temperature, density,
and water vapor content of the earth’s at-
mosphere cause variations in the dielectric
constant which, though of small magnitude,
are sufficient to refract radio waves when
they strike the gradient at an angle suffi-
ciently near grazing, and thusly cause them
to follow a slightly curved or bent path.
This will be treated later in detail.

DIFFRACTION

Radio waves, like light waves, tend to
follow a more or less straight path when
travelling through a uniform medium. How-
ever, when either light waves or radio
waves impinge upon an opaque object, the
shadow is not complete and sharply defined
unless the object is large in terms of wave-
length. Also, for an object of given trans-
verse cross-sectional area, the siladow will
be more sharply defined if the surfaces
forming the silhouette outline are compara-
tively smooth and “deep” in terms of wave-
length. For instance, if a point source of
light is used, the cutting edge of a sharp
knife will not cast as sharp a shadow as the
back edge, because the “depth” of the sharp
edge is more comparable to the wavelength
of light.

This is an important consideration in the
study of the propagation of radio waves, be-
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cause we are vitally concerned with “shad-
ows” or areas of no reception caused by
mountains or other obstructing objects. This
will be treated in detail later on.

STANDING WAVES

Under “Reflection” it was shown how a
wave reflected from a large, perfectly con-
ducting sheet at normal incidence causes the
strengi of the resultant electric component
to be zero at the surface of the conductor
and the strength of the resultant magnetic
component to be doubled at the surface of
the conductor, because in one case the phase
is such as to cancel and in the other to add.
If the primary source of radiation is suffi-
ciently far away that attenuation due to the
difference in path length between the direct
and reflected waves can be ignored, then the
same condition will be found to exist at
exact integral numbers of half wavelengths
from the perfect reflector, Thus, if we
should walk away from the reflecting sheet
towards the source of radiation with a de-
vice for indicating the strength of the
oscillating electric Ee]d, we would find the
amplitude of the resultant to be zero at
distances an integral multiple of a half
wavelength from the reflecting sheet, and
maximum half-way between these points,
because at the halfway points the two fields
are in phase. The points of zero feld
strength are called nodes; the points of maxi-
mum strength, loops.

At the electric field loops, which are seen
to be odd multiples of a quarter wavelength
from the reflecting sheet, the magnetic com-
ponents of the two waves are in phase op-
position, causing nodes in the resultant
magnetic component. Likewise the resultant
magnetic component will be maximum at
the electric field nodes.

If the distance from the primary source
of radiation to the reflector is considered
finite, then, except at the surface of the
reflecting sheet, the amplitude of the re-
flected wave will be weaker than that of the
direct wave, even though we assume a per-
fect reflector. If the reflector is not perfect,
which is of course the case in actual prac-
tice, the amplitude of the reflected wave will
be still further reduced. The result is that

the resultant field will not drop to zero
at a “node”, but rather to a minimum, be-
cause there cannot be complete cancellation
when the direct and reflected components
do not have the same amplitude.

The periodic variation in electric and
magnetic field strength with distance as a
result of reflection and recombination is
known as a standing wave. When they re-
sult from oblique reflections from imperfect
conductors or dielectrics, of irregular shape,
the standing wave pattern becomes quite
complex. However, we need not concern
ourselves with this complexity except to
appreciate how the standing waves are form-
ed and why the problem becomes complex
when such factors are involved. Complex
standing wave patterns are more correctly
termed “interference patterns”, because in
many such cases they do not conform to the
simple idealized example previously cited.
But in every case a standing wave is fixed
in space even though oscillating in magni-
tude (assuming a Exed radiator and fixed
reflecting objects or media).

Standing waves are of pertinent interest
in connection with radio frequency trans-
mission lines, and will be treated in more
detail in a chapter devoted to them.

INTENSITY INDEX FOR
RADIATION FIELD

The yardstick commonly used to measure
or specify the amount of energy in a radio
wave is the intensity of the electrostatic
component expressed in “microvolts per
meter” or “millivolts per meter”, the term
referring to the dielectric stress existing be-
tween two points in the wave front 1 meter
apart and lying on a line parallel to the
electric lines of force. R.M.S. values are
assumed unless otherwise specified.

Because the electric and magnetic field
intensities are always equal in free space,
the intensity of an undisturbed radiation
field is proportional to either the electric
field or the magnetic field component. This
of course assumes that the distance to the
radiator is great enough that the induction
fields can be ignored. It also assumes no
reflected wave components, because the re-
sulting standing wave or interference pat-
tern may show large variations in the elec-
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tric field intensity between two points only
a fraction of a wavelength apart, while in
fact there is no such variation in the effec-
tive field strength of the wave or radiation
field when both electric and magnetic com-
ponents are considered. The same naturally
applies to the magnetic field intensity under
the same conditions,

An ideal electromagnetic field strength
meter for use in areas of standing waves
would respond equally well to the magnetic
and electric components, and be calibrated
in terms of an equivalent electric component
in free, undisturbed space. Unfortunately
the instruments usually employed do not
have equal response to the two component
fields, and therefore are strictly accurate
only where reflections are insignificant.

RADIO WAVE PATHS

Radio waves of a very low frequency do
not behave the same as radio waves of a
very high frequency. The waves are basi-
cally the same, but the effect of physical ob-
jects and variations in the propagation
medium upon the wave depends upon their
relative size, size in the case of the wave
referring to the wavelength and not to the
amplitude.

In empty space the waves would act alike,
but in radio communication we have to deal
with the effect of a spherical earth which
doesn’t even have a smooth surface—the lat-
ter characteristic being aggravated by man’s
construction efforts—as well as refracting
gradients and reflecting media in the carth’s
atmosphere. For these reasons certain por-
tions of the electromagnetic spectrum are
better suited than others for certain appli-
cations, and frequencies or “channels” are
allocated by the regulating authority in ac-
cordance with a master plan which takes
these things into consideration in the public
interest,

Even the simplest practical radiator will
exhibit some inherent directivity, which
means that it will not radiate equally well
in all directions even in empty space. In
fact, radiators usually are deliberately de-
signed so as to increase the directivity, either
in the vertical plane or horizontal plane or
both, in order to avoid the waste of power

and the interference represented by radia-
tion in useless or undesired directions.
Because the basic directivity of the anten-
na system proper is a function of the anten-
na design rather than the presence of sur-
rounding objects, it therefore will be treated
in detail under antenna systems rather than
under propagation. By divorcing the two
and studying them separately, a better ap-
preciation can be obtained of the directivity
due to surrounding objects and variations
in the propagation medium as contrasted to
the basic or “free space” directivity due to
the configuration of the radiating system.
For the present, while studying the effect
of the medium and surrounding objects, we
shall assume a hypothetical isotropic radiator
(one which in free space radiates equally
well in all directions), but it is well to keep
in mind that the directivity obtained in
actual practice is modified by the inherent
or basic directivity of the radiating system.
Radio wave paths useful for communica-
tion are grouped into three* main cate-
gories:
(1) Ground waves
(2) Sky waves, often called “ionospheric”
waves for reasons which will become
apparent
(3) Low frequency or “guided” waves,
applying to frequencies below about
300 kilocycles
It should be kept in mind that in the
following discussion of waves (1) and (2),
frequencies well above 300 kilocycles
(wavelengths below 1000 meters) are as-
sumed in order to facilitate the explana-
tions. Obviously there is no exact frequency
where propagation by means (1) and/or
(2) suddenly ceases and propagation by
means (3) begins, but rather a gradual
transition in the mode of propagation in the
range of frequencies between 100 and 600
ke.

THE GROUND WAVE

A “ground wave” is a radio wave which

*A tropospheric wave, when it exists, may
possibly be considered as a fourth category, or
it may be considered as a spurious component
of the ground wave.




THE SURFACE WAVE

travels along or over the earth and is sub-
stantially affected by the presence of the
ground.” It consists of a surface wave, a
direct wave, and a ground reflected wave,
the latter two producing a resultant known
as a space wave.

The predominant component of the
ground wave depends upon the wave-
length of the radiations and also the height
of the radiating and receiving antennas
above the earth in wavelengths. Soil or
water of given resistivity acts like a better
conductor at long wavelengths than it does
at short wavelengths. This is understand-
able when it is considered that the effective
conducting or reflecting surface of the earth
has finite thickness, and that this thickness
is a function of wavelength, rather than
being a fixed dimension. If the wavelength
is ten times as long, the effective layer is
several times as thick, and it is apparent
that the thicker layer of soil or water has
the lower resistance. At sufficiently short
wavelengths even salt water acts more like
a dielectric than it does a conductor.

THE SURFACE WAVE

At frequencies between approximately
300 and 3000 ke., where the antenna usual-
ly is but a fraction of a wavelength above
effective earth, the chief component of the
ground wave is a component that is guided
along by the sudden discontinuity at the
juncture of earth and atmosphere. Because
it exists only close to the surface of the
earth, it is called a surface wave.

A typical surface wave has predominantly
vertical polarization, but the wave front is
given a slight forward tilt as a result of the
slower propagation constant of the earth.
The amount of tilt depends upon the wave-
length and upon the resistivity, permeabil-
itv, and dielectric constant of the earth
over which the wave is passing. In the
AM broadcast band, where propagation of
the surface wave is of prime importance,
the tilt usually runs between approximately
6 and 12 degrees. At very high frequencies,
over soil of poor conductivity the wave can
have a tilt of more than 20 degrees; while
at verv low frequencies, over salt water the

tilt will be hardly perceptible.

Figure 1-2.

SIMPLIFIED PHYSICAL REPRESENT-
ATION OF A SURFACE WAVE

The wave front assumes practically full tilt by

the time it has travelled one or two wavelengths,

then maintains this tilt so long as the earth

constants remain unchanged. The intensity of a

surface wave decreases rapidly with height, be-

coming lInsignificant a few wave lengths above
ground.

The effect of the tilt is both good and
bad: the tilt assists the surface wave to
follow the curvature of the earth, but on
the other hand it causes a part of the energy
contained in the surface wave to be contin-
ually deflected downward into the earth
and absorbed by virtue of the earth’s im-
perfect conductivity. As this energy must
continually be replenished from the upper
portion of the surface wave, the absorption
represents an undesirable loss of energy.

It should be noted that only a very small
amount of tilt, corresponding to a?;action
of a degree, is all that is required to facili-
tate the travel of a surface wave around
the earth’s curvature. A wave will get down
close behind a high range of hills better,
however, if the wave has considerable tilt.
This means that under certain conditions
of wavelength and topography the strength
of the surface wave at a shadowed location
might actually be increased by poor soil
conductivity. For this condition to obtain,
the increased bending would have to more
than offset the effects of the increased ab-
sorption.

Because of the tilt of a surface wave trav-
elling over the earth, the electric vector
(and therefore the polarization) has a small
component in the direction of propagation
and horizontal to the earth’s surface. These
two components, vertical and longitudinal,
are not exactly in phase, with the result
that the longitudinal component causes the
wave to be eliptically polarized rather than
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linearly polarized. The phase difference of
the two components is small under typical
conditions, and usually is not of any great
consequence from a practical standpoint.

Surface wave propagation (attenuation)
formulas and charts have been worked out
which combine theory with experimentally
observed results, and are surprisingly ac-
curate in determining what field strength
may be expected from a transmitter of given
power and frequency over various types of
terrain. Such data, available from the Fede-
ral Communications Commission and the
National Bureau of Standards, is widely
used to predict the coverage of AM broad-
cast stations.

EARTH CHARACTERISTICS

It was noted under the discussion of ab-
sorption of the surface wave by the earth
that the dielectric constant and conducti-
vity of the soil or water determined how
a wave of certain frequency will be affected
by the presence of the earth. Even at fre-
quencies low enough that the earth acts
like a nearly perfect conductor, earth cur-
rents of substantial magnitude will flow well

beneath the surface of typical soil, or more
specifically at depths on the order of o.05
to o.5 wavelength. The o.o5 figure applies
to the longer wavelengths.

Thus the character of the topsoil is no
more important than the nature of the sub-
soil, 10, 25, or even 50 feet down, depend-
ing upon the wavelength and characteristics
of the soil. Currents will not flow as deeply
in a soil of high conductivity as in a soil of
low conductivity; for this reason it is better
to have a layer of high conductivity soil over
a layer of low conductivity soil than the re-
verse condition. Another way of stating it
would be to say that the importance of the
character of the soil 25 feet down becomes
less as the conductivity of the soil above
this level goes up.

An idea of the order of dielectric con-
stants and relative conductivities of various
types of terrain may be obtained from
table II. Soil with a conductivity greater
than 10X10-*¢ em.u. is considered good.
Soil with a conductivity of less than 5X10-14
e.m.u. is considered poor. The exact value
of dielectric constant is not important at
frequencies for which surface wave propa-
gation predominates, because it is small com-

TABLE II

Effective ground constants (approximate) in the AM broadcast band for typical
types of terrain.

Conductivity Dielectric

Terrain (X 10-14 e.m.u.) Constant
Sea Water, normal salt concentration 4600 81
Flat farm land or low rolling hills, 10 to 20 17

rich soil

Average soil, flat 5t 10 15
Fresh water ponds and lakes 6 80
Rocky New England hills 2 14
Flat, dry, sandy country 2 10
Towns, city residential area 2
Large City (industrial area) 1 or less

(widely variable)
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Figure 1-3.

PATHS TAKEN BY DIRECT AND
GROUND-REFLECTED COMPONENTS OF
A SPACE WAVE

The resultant amplitude of the space wave at C

depends upon the amplitudes and relative phase

of the two components, which in turn are

affected by antenna elevation and ground
constants,

pared to the conductivity in any case.

The foregoing discussion is concerned pri-
marily with the effect of earth constants
upon the propagation of the surface wave,
particularly the attenuation. However, as
will be seen later, these constants also have
a material influence upon the vertical-plane
directivity of an antenna system, particu-
larly when vertical polarization is used, and
therefore are of importance even under con-
ditions where propagation by means other
than the surface wave is employed.

THE SPACE WAVE

For ground wave communication at fre-
quencies above approximately 30 Mc., the
radiating and receiving antennas usually are
placed several wavelengths above earth. Un-
der these conditions, the amplitude of the
surface wave is quite small, partly due to
the height of the antennas and partly due
to the high absorption of the surface wave
by the earth at these frequencies.

The predominant wave under such con-
ditions is the space wave, which comprises
a direct wave and a ground-reflected wave as
illustrated in figure 1-3. The same type of
wave is the predominant wave at much
lower frequencies (say 3 Mc.) when one
end of the circuit happens to be a nearby
airplane, because under such conditions of
elevation there either is but little surface
wave or else the receiving antenna is not
within the zone of the surface wave. The
term “nearby” is used to qualify the state-
ment because, as will be taken up later,
communication over long distances in the

wavelength range 3 to 30 Mc. is by neither
the surface wave nor the space wave, but
by a sky-reflected space wave. But that is
getting ahead of our story. For the present
discussion of the space wave component of
the ground wave we shall assume frequen-
cies in the range 30 to 1000 Mc.

QUASI-OPTICAL CONCEPTS

Waves in the ultra high frequency
(u-h-f) range (300 to 3000 Mc.) and in
the upper portion of the very high frequency
(v-hf) range (30 to 300 Mc.) have a
length small in comparison to commonly en-
countered objects such as buildings, trees,
etc., and therefore such everyday objects
cast noticeable shadows. The kinship of
such waves to visible light is apparent, and
therefore they often are referred to as “quasi-
optical” in their behavior, and ascribed rec-
tilinear or “line of sight” characteristics.
This is only an approximation, because even
visible light waves do not stick strictly to
rectilinear paths when dimensions compar-
able to the wavelength are considered.

Just as the use of geometrical ray con-
struction can be applied to most problems in
optics without introducing appreciable error,
so it can be applied to most v-h-f and u-h-f
wave propagation problems so long as cer-
tain limitations are observed and the reader
appreciates that use of the method consists
of making simplifying assumptions in order
to avoid almost insurmountable calculations.
As an example, it was assumed in the dis-
cussion of figure 1-3 that the ground-re-
flected component reaching point C was
reflected entirely from point B. Strictly
speaking the reflection from an area (called
a “zone plate”) extending for some distance
on either side of point B is instrumental in
producing a reflected wave at point C. This
is because a point in space is “illuminated”
or excited at any instant not by a remote
radiator of light or radio waves, but by the
wave front or field immediately adjacent at
the moment, and so on all the way back to
the radiator (Huygens’ principle).

Fortunately, calculations based on recti-
linear or “ray” propagation will in the case
of most problems give an answer in close
agreement with the exact (and more com-
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plicated) treatment in which interference
effects are considered in detail. Also, ray
propagation is more easily visualized, the
mind being somewhat at a loss when it
comes to conjuring up a mental picture of
an almost infinite number of wave fronts
simultaneously acting upon each other to
give interference effects resulting in reflec-
tion and other phenomena associated with
electromagnetic wave propagation,

There is one catch to leaning entirely
upon geometrical optics for explanations and
solutions: we cannot ignore diffraction,
which illuminates areas which the geometri-
cal ray construction will show to be dark.
To keep matters reasonably simple, let us
keep the rays but assume that even in a
homogenious medium they can be coaxed
away from straight lines by a small amount
by the mere presence of objects of certain
size and configuration.

SPACE WAVE PATTERNS

Referring to figure 1-3, it is apparent that
the phase difference between the direct com-
ponent and ground-reflected component ar-
riving at C will cause either cancellation® or
reinforcement, and also that the phase dif-
ference is dependent upon the difference in
path length and also upon the phase shift
caused by reflection. For a given distance
between A and C, the difference in path
length will vary with the height of either
A or C or both. The phase shift encoun-
tered at B, the reflection point, depends
upon the ground constants, the wavelength,
the polarization, and the angle of incidence.

For zero angle of elevation, which is the
case when two vertical antennas are at the
surface of the earth and are short in terms
of wavelength, the phase shift always is 180
degrees. Because the difference in path
length in this case is effectively zero, it may
be seen why the surface wave is the pre-
dominant wave in AM broadcasting; the
two components of the space wave virtually
cancel out, being effectively of equal ampli-
tude and opposite phase.

Actually there is a reduction in ampli-

*Cancellation does not necessarily mean com-
plete cancellation; it may be either partial or
complete.

tude at the reflection point, except in the
hypothetical case of a perfectly conducting,
perfectly smooth earth. However, the reduc-
tion in amplitude for small angles of inci-
dence, say a degree or less, is very small
even under the worst conditions of conduc-
tivity and dielectric constant encountered
in actual practice, and for either vertical or
horizontal polarization, provided that the ter-
rain is reasonably smooth in terms of wave-
length. This means that when points A and
C are separated by a distance which is very
large compared to the antenna heights, the
direct and ground-reflected waves are effec-
tively of the same amplitude, and the re-
sultant is entirely a function of the phase
angle and can approach zero for a phase
difterence of 180 degrees.

For angles not approaching zero, the
magnitude of the reflection coefhcient varies
with polarization, with the angle of inci-
dence, with the conductivity and dielectric
constant of the reflecting surface, and with
frequency.

If one or both of the antennas should be
raised sufficiently it is obvious that the dif-
ference in path length eventually would
reach a point where the phase shift due to
this difference plus that occurring at the
reflection point would equal 360 degrees,
giving maximum signal strength. If the
magnitude of the reflection coefficient ap-
proaches 1, then the field strength is sub-
stantially twice that which would occur if
there were no reflection from the ground.
If the antenna or antennas should be raised
still further, the resultant would then get
weaker, unti] eventually a null* point would
be reached which corresponded to a total of
180 degrees phase angle.

While it is true that with either vertical
or horizontal polarization a wave which
strikes the earth at a grazing angle is re-
versed in phase without a reduction in am-
plitude, regardless of the ground characteri-
stics (so long as the ground is perfectly
smooth), the similarity ends there.

For horizontal polarization the magnitude

*The term “null” as applied to radiation pat-
terns, standing waves, etc., is commonly em-
ployed to indicate a minimum which may either
be zero or have a finite value. Maxima are
sometimes called loops.
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Figure 1-4.

POLAR DIAGRAM SHOWING VERTICAL

DIRECTIVITY OF A HYPOTHETICAL

ISOTROPIC RADIATOR, HORIZONTALLY

POLARIZED, ELEVATED SEVERAL

WAVELENGTHS ABOVE TYPICAL SOIL

WHICH IS LEVEL IN TERMS OF WAVE-
LENGTH

Any vertical directivity contributed by the radi-
ator itself would modify this basic pattern. Only
one quadrant of the hemisphere is shown, the
other being a mirror image. In comparing with
figure 1-5, note that the nulls are more pro-
nounced than is the case with vertical polariza-
tion, particularly at low angles. Except over
water, the regularity and depth of the nulls
are much less pronounced In actual practice
because of terrain irregularities. As explained
in the text, the number of lobes is a function of
the height of the radiator above ground.

FIELD STRENGTH ——&=

Figure 1.5.

POLAR DIAGRAM SHOWING VERTICAL

DIRECTIVITY OF THE HYPOTHETICAL

ISOTROPIC RADIATOR OF FIGURE 1-4
WHEN VERTICALLY POLARIZED

Vertical directivity contributed by the radiator
itself will modify the basic pattern. In com-
paring with figure 1-4, note particularly the
severe irregularity or distortion of the lobes
at what corresponds to the Brewster angle in
optics. Also observe that the angle of the
lowest lobe corresponds closely with that of the
lowest lobe of figure 1-4, but that the highest
lobes coincide approximately with the high angle
nulls of figure 1-4. This is explained by the fact
that with vertical polarization the phase angle
of the reflection coefficient changes from 180
degrees at grazing angles to O degrees at the
normal, while for horizontal polarization the
phase angle is substantially constant

of the reflection coefficient falls off graduall
and smoothly as the angle is increaseg,
until it reaches a value at vertical incidence
which is determined by the frequency, and
b¥ the dielectric constant and conductivity
of the ground. This value usually will be
between o.5 and about 0.98 for typical
types of earth (including sea water) at
v-h-f and uh-f frequencies. The phase
angle gradually decreases, but for all types
of terrain it is so small that for practical
purposes it may be ignored, and the wave
may be considered to be reflected with no
change in phase for all vertical angles.
The result, for a well-elevated, horizon-
tally-polarized antenna over all types of

smooth earth encountered in actual prac-
tice, is a series of nulls in the vertical direc-
tivity pattern, nulls which are very pro-
nounced and follow a simple formula as re-
lated to the elevation of the radiator in
wavelengths: The number of nulls between
o and go degrees is equal to the number of
half wavelengths of radiator elevation plus
1. Thus, with an ultra high frequency
radiator 50 half wavelengths above earth
(not uncommon at very high frequencies),
there will be 51 nulls rgetween zero and 9o
degrees angular elevation. This assumes
level terrain.

Actually the “effective elevation” is not
easily predicted under conditions of un-
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level terrain, where for instance the height
of the reflection point varies with the angle
CAB of figure 1-3. Also, for irregularities of
certain configuration in the terrain there
will be scattered reflections which prevent
substantial cancellation and thus obscure or
reduce the magnitude and regularity of the
nulls.

An example of the pattern of lobes and
nulls obtained with a horizantally polarized
isotropic radiator located many wavelengths
above terrain that is level for considerable
distance in every direction is shown in
figure 1-4*. The representation is not strict-
ly accurate, because it ignores the curvature
of the earth, refraction (bending) due to
atmospheric gradients, and also ignores the
fact that the angle made by the two rays
converging at the receiving point varies with
distance. These factors, which will be dis-
cussed in more detail under v-h-f and u-h-f
propagation and practice, tend to make the
angle of elevation at which a null occurs
vary slightly with distance from the radia-
tor. This condition cannot be depicted in a
simple polar diagram of the type illustrated,
but the curvature is sufficiently small be-
yond the immediate vicinity of the radiator
that it may for the purpose of this discus-
sion of nulls be ignored.

When a vertically polarized radiator is
employed, conditions are somewhat more
complex. The phase shift and the magni-
tude of the reflection coefficient are much
more dependent upon the angle of inci-
dence and the characteristics of the earth at
the reflection point. Instead of falling away
from unity gradually and only moderately
as the angle is increased from o to go de-
grees elevation, as is the case for horizontal
polarization regardless of terrain, the mag-
nitude of the reflection coefficient drops
rather rapidly to a comparatively low value

*The vertical or horizontal plane directivity of
an antenna ordinarily is illustrated by means
of a polar diagram. Such diagrams show field
strength vs. direction or angle for a constant
distance, as in figures 1-4 and 1-5, or else
show range vs. direction or angle for a con-
stant field strength. In free space the curves
are the same, because the field strength in free
space is inversely proportional to distance. For
ground distance at constant antenna heights,
the curves will not be the same.

at an angle corresponding to the Brewster
angle in optics, then increases again to the
same value as for horizontal polarization at
9o degrees elevation.

The phase shift at the reflection point
drops from 180 degrees at zero elevation to
approximately go degrees at the pseudo
Brewster angle previously mentioned, then
more slowly to o degrees at vertical eleva-
tion. For a given wavelength the elevation
of the pseudo Brewster angle varies widely
with the type of terrain, being much lower
over sea water than over poor soil. How-
ever, the variation in the angle with dif-
ferent ground characteristics tends to become
less as the frequency is raised.

An example of the pattern of lobes and
nulls obtained with a vertically polarized
isotropic radiator located many wavelengths
above terrain that is level for considerable
distance in every direction is shown in
figure 1-5. It will be noted that the null
depth varies with elevation angle, becoming
less pronounced as the magnitude of the re-
flection coefficient becomes lower. As with
the illustration for horizontal polarization,
figure 1-4, figure 1-5 is not a true repre-
sentation because of the impractability of
showing on such a diagram how the vertical
angle at which a null occurs changes slight-
ly with distance between points A and C of

figure 1-3.

TROPOSPHERIC REFRACTION
AND REFLECTION

In a normal, well-mixed or “standard” at-
mosphere the refractive index decreases very
gradually with height at a substantially con-
stant rate. This causes space wave com-
ponents radiated at low angles of elevation
(below approximately one degree) to be
bent downward in a slightly curved path,
the curvature being constant regardless of
height under the aforementioned conditions.
The effect is to cause v-h-f and u-h-f waves
to be propagated beyond the optical horizon
without benefit of diffraction.

Under these “standard” conditions the
curvature is such as to extend the effective
horizon to where it would be if the atmos-
phere were homogenious (no curvature of
the wave path) and the earth’s radius were
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increased by a factor of 1.33. This means
that the refractive index of a “standard”
atmosphere has a gradient such as to cause
the wave path to follow a curve having a
radius four times that of the earth. The
extended horizon is called the “radio path
horizon”.

Actually the factor of “standard” refrac-
tion varies slightly with latitude, but the
variation is so smal){ that the figure of 1.33 is
generally used without regard to latitude.

It should be kept in mind that “stand-
ard” refraction is an average or mean and
that usually the variation in refractive index
with height will be greater or less than that
of “standard” atmosphere, being dependent
upon meteorological conditions in the tro-
Eosphere. The distance to the radio path

orizon then will be greater or less than
that obtained under conditions of standard
refraction. However, so long as the curva-
ture of the path is substantiaﬁy independent
of height, the propagation is known as
ground wave propagation.

Under some conditions, which occur
rarely in some geographical areas and often
in others, the variation in dielectric con-
stant with height is not substantially con-
stant, but tends to be stratified. In some
cases the stratification is very pronounced,
being caused by relatively sharp discontinui-
ties which represent the boundaries of dis-
similar air masses. In the case of a suffi-
ciently sharp discontinuity the mechanism
whereby the wave is returned downward
resembles reflection more than it does refrac-
tion, there being no sharp line of distinction
between the two.

A wave refracted or reflected back to
earth by a stratified layer in the troposphere
(lower atmosphere) is called a tropospheric
wave. The curvature of the path of such a
wave is not substantially constant at all
heights and throughout its length, but
rather tends to be concentrated at one or
more points.

A tropospheric wave may exist in combi-
nation with the regular ground wave (with-
in the radio path horizon or on into the
diffraction region), or may exist alone at
distances so great that the regular ground
wave is too weak to be of significance.
When both a tropospheric wave and the

regular ground wave exist in combination,
the two will add or subtract (depending
upon the relative phase, which is constantly
changing). When the two components are
of the same order of magnitude, interference
fading will result. The same condition can
exist beyond the regular ground wave range
when there are two or more tropospheric
paths.

Under certain conditions of tropospheric
propagation variously known as “guided”
propagation, “duct” transmission, or “trap-
ping”, a u-h-f tropospheric wave will travel
far beyond the distance at which the regular
ground wave no longer can be received.
This will be treated in further detail under
a discussion of v-h-f and u-h-f practice, along
with other aspects of tropospheric propaga-
tion at v-h-f and u-h-f.

Even though tropospheric waves may
travel far beyond the regular ground wave
range, the field strength varies with air
turbulence and weather conditions, result-
ing in a fading or fluttering signal even
when there is but one tropospheric wave
present and no significant ground wave ex-
ists. Thus, it may be seen that while tro-

spheric waves may permit reception well
E:yond the distance at which the regular
ground wave ceases to be useful, they usual-
ly produce an unsteady, unreliable signal
and therefore are of no great benefit or use-
fulness from the standpoint of commercial
broadcast or communication applications.
On the contrary, the fading effects produced
by them within the range of the regular
ground wave makes their existence unde-
sirable in most instances. Generally speak-
ing, the effects tend to increase in magni-
tude slowly with increased frequency.

Tropospheric waves sometimes are con-
sidered components of the regular ground
wave, and at other times classed separately
as a form of sky wave that is not an iono-
spheric wave. If bv arbitrary definition
they are not part of the ground wave, they
at least should be considered as closely
associated with the ground wave, because
they seldom reach a height of more than
8000 feet and usually do not exceed 4000
feet.

It is true that at times it is difficult to
draw the line or make a distinction between
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an “extended” ground wave and a tropo-
spheric wave, the designation being deter-
mined by arbitrary and unstandardized
limits with regard to variations in the cur-
vature over the wave path. However, to
avoid confusion, waves which unquestion-
ably are refracted or reflected from a strati-
ﬁe! “layer” of atmosphere or the interface
between two dissimilar air masses will be
considered as falling in a separate category,
neither strictly ground wave nor sky wave,
and will be referred to specifically as trop-
ospheric waves.

SKY OR “IONOSPHERIC” WAVES

Radio waves which leave the earth at too

eat an angle to be reflected or refracted
Eack to earth by gradients or discontinuities
in the troposphere are not al“’:l?‘ﬁs destined
for points in outer space. ere is an
ionized region called the ionosphere start-
ing about 30 miles above the earth and ex-
tending out to the limits of the earth’s
atmosphere at about 300 miles, a region
which reflects or refracts radio waves, often-
times sufficiently well to return a usable
signal to earth at great distances from the
transmitter.

The manner in which the waves are sent
back towards earth by the ionosphere is not
a matter of simple refraction or reflection,
but the end result is the same, and there-
fore for all practical purposes the wave is
considered to be reflected as though from a
conducting mirror. However, to understand
and appreciate some of the peculiar effects
which occur, it is desirable that the reader
at least be familiar with the rather complex
manner in which radio waves are bent by
the jonosphere. Such bending is responsible
for medium and long range transmission in
the approximate range 2 to 30 Mc., While
sky waves are not as reliable or predictable
as ground waves, they are much more so
than tropospheric waves, and are widely uti-
lized for long range communication.

THE IONOSPHERE

The ijonosphere consists of stratified
“layers” of ijonized atoms and molecules
(particularly nitrogen and oxygen) in the
earth’s upper atmosphere. The primary

source of this ionization is solar radiation,
particularly ultra violet radiation, though
there are other factors contributing to tﬁe
ionization.

When an atom of nitrogen or oxygen
is struck by electromagnetic energy from the
sun in the form of ultra violet radiation of
a “sympathetic” frequency, some of the elec-
trons in the atom or molecule are set into
such violent oscillation that an electron is
shaken loose, resulting in a “free” electron
and an ion. This free electron will eventu-
ally collide or recombine with a positive ion,
the “mean free path” or distance it travels
and the time it takes to recombine being
much greater at high elevations where the
atmosphere is less dense and the atoms,
molecules, electrons, and ions are farther
apart.

Until it does recombine with a positive or
“heavy” ion, or temporarily attach itself to
an atom, the electron is capable of being
set into oscillation by radio waves, some of
the energy from the passing radio wave
being expended in setting the electron into
oscillation. The electron then reradiates the
energy, with little loss, provided it has time
to do so before recombining with a heavy
ion or hitching a ride with a passing atom.
If not, the energy imparted to the electron
by the radio wave is largly dissipated and
randomly scattered in the collision, thus
reducing the reradiated energy. The man-
ner in which a radio wave representing the
energy reradiated by oscillating free elec
trons gets deviated from the course of the
exciting wave will be taken up later; first let
us examine the nature of and reasons for the
ionization at different altitudes.

At a height of about 300 miles where it
begins (or ends) the earth’s atmosphere
consists primarily of molecular and possibly
atomic nitrogen. As the altitude is reduced,
this gas becomes more dense, and at about
100 miles some atomic oxygen begins to
occur. The gases continue to become more
dense with decreasing altitude, and at about
60 miles the oxygen begins to take molecu-
lar rather than atomic form. At about 40
miles a layer of ozone is encountered.

The ionizing radiations (and possibly
particles) from the sun have a selective ef-
fect, so that the particular type of gas exist-
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ing at a certain altitude is susceptible to
certain radiations (and possibly particles)
but not to others. Thus when the energy
from the sun enters the earth’s atnosphere,
certain portions of it are spent in ionizing
the gases present at that altitude, As what
is left proceeds towards the earth, other
portions are successively spent in ijonizing
the particular gases through which the radi-
ations must pass.

Because of this selective effect and the
variation in temperature, composition and
density of the atmosphere with altitude, the
rate at which free electrons are formed does
not change uniformly and gradually with
altitude, ngut rather tends to Ee stratified.

The rate at which free electrons recom-
bine with heavy ions is just as important in
determining the number of free electrons
existing at a certain altitude as is the rate
at which they are formed. The variation in
the rate of recombination with altitude tends
to accentuate the stratification of the density
of ionization, and also to make the height
of maximum density of free electrons in
each “layer” slightly higher than the height
of maximum production of free electrons.

To get a better idea of how the ionized
strata are formed, let us examine the forma-
tion of one of the principle “layers”. When
the sun’s radiations first strike atoms of
nitrogen about 300 miles above the earth,
rays within a certain band of wavelengths
ionize these particular atoms. As the rays
travel towards the earth, the density of the
nitrogen (atoms per unit volume) increases
and therefore the rate of ionization (free
electrons formed per unit volume in a given
time) also increases at first. However, be-
cause the “resonant” rays expend energy in
ionizing the nitrogen atoms, the ionizing
energy becomes weaker as the density of the
gas becomes greater. Consequently, below
a certain altitude the formation or produc-
tion of free electrons decreases rapidly to
zero even though the density of the gas is
still increasing.

The result is a distribution of free elec-
tron formation or production similar to the
curve of figure 1-6. This Chapman curve,
as it is called, is for but one narrow band
of ionizing frequencies and one type of gas,
and is a representation of the rate at which

ALTITUDE —&

IONIZATION RATE —
Figure 1-6.
TYPICAL CHAPMAN CURVE

Graphical representation of the variation with

altitude of the production of free electrons in

the earth’s atmosphere by solar radiation. This

curve applies to but one type of atom and one

kind of radliation, and does not take recombina-
tion into account.

the free electrons are formed. It should be
kept in mind that the number of free elec-
trons existing depends not only upon the
rate at which they are formed, but also upon
the rate at which they recombine.

It also should be appreciated that there
is a similar curve for each type of atom
and ionizing wavelength, and that a com-
posite curve for all radiations and existing
gases which takes the recombination rate
into consideration is necessary for a true
picture of the stratification of ionization in
the atmosphere. Such a composite curve is
shown in figure 1-7, which represents ioni-
zation density on a typical summer day.
Four distinct maxima or “humps” will be
observed. These are the principal layers of
the ionosphere in the daytime during sum-
mer, It is apparent that the layer whose
formation we just studied is the F, layer,
also that there is no zone of zero ionization
or well defined dividing line between the
ionized regions; they overlap.

It might seem that, if the principal ioniz-
ing ag:nt is solar radiation, then the ioniza-
tion density of all layers might drop to zero
or nearly so when the sun went down. If
there were rapid recombination at all alti-
tudes and if the sun were the only ionizing
agent, this would be true, and there would
be no ionosphere after sunset. However, at
high altitudes, where the gas is rare and
atoms are far apart, and the mean free path
is therefore long, recombination is so slow

that a fairly high electron density still is
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Figure 1-7.

TYPICAL DAYTIME DISTRIBUTION OF
FREE ELECTRONS IN THE ATMOS-
PHERE

The E and F, layers are the only permanent

layers in the ionosphere. The D and F, layers

appear only in daytime, and during part of the
solar cycle only in summer.
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DENSITY OF FREE ELECTRONS (AABITRARY UNITS)
Figure 1-8.

TYPICAL NIGHTTIME DISTRIBUTION
OF FREE ELECTRONS IN THE AT-
MOSPHERE

The D and F, layers (fig. 1-7) disappear at sun-
down and the density of the E layer drops to a
low value, where it remains all night long. Un-
der normal conditions, the F, layer slowly
decreases in density during the night.

present just before sunrise. So the F, layer
exists all night long; but because the free
electrons forming the F, layer have recom-
bined, the F, layer disappears or merges into
the F, layer,* as is illustrated in figure 1-8.
The same condition sometimes prevails dur-
ing the daytime in midwinter; the F, layer
does not always appear because the free
electrons may recombine as fast as they are
formed, leaving only the F, layer.

At the level of the E layer, recombination
is very rapid, and this layer would disap-
pear shortly after sunset except for other
ionizing factors which maintain a low but
effective magnitude of ionization all night
long. The nighttime E layer is “splotchy”
or “porous”, and therefore rather ineffective
at angles of incidence approaching the nor-
mal. The causes of this nighttime ioni-
zation at the level of the E layer are not de-
finitely known, though there is evidence to
indicate that meteorites are one contributing
factor. For equatorial regions the nighttime
E has a steeper gradient, or sharper boun-
ary, on its underside and therefore will re-
turn higher frequencies to earth than in
higher latitudes,

It will be noted from figure 1-8 that the

*The nighttime F: layer was formerly desig-
nated the F layer.

D layer completely disappears at night.
Recombination at this comparatively low al-
titude is very rapid, and the sun seems to
be the sole ionizing agent.

To summarize, the two permanent layers
or ionized regions are the F, layer, and the
E layer. Under normal conditions the for-
mer is strong at all times, but the latter
is strong only in the daytime. There are
two layers that are present only under
certain conditions: the F, layer, which is
just under the F, layer and weaker, and the
D layer, which is just under the E layer
and weaker.

The height of the F, layer usually is
between 125 and 250 miles, and varies ap-
preciably from year to year, season to season,
day to day, and even hour to hour. The
height of the E layer is ve';{l constant at ap-
proximately 70-75 miles. e height of the
D layer varies between 20 and 55 miles
when it is present, and usually is between
40 and 50 miles.

It should be kept in mind that the fore-
going discussion is for normal or “undis-
turbed” conditions, and that, as will be
discussed later, there are occasional times
when the foregoing picture does not apply
at all. Also bear in mind that the magni-
tude as well as the height of maximum
density of free electrons can vary with time.
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Before going deeper into the character
and behavior of the stratified regions com-
posing the ionosphere, let us first examine
the manner in which a “layer” in the iono-
sphere effectively acts like a reflecting mir-
ror to radio waves.

“BENDING” PROPERTIES OF AN
IONIZED MEDIUM

There are two ways to explain how a
radio wave gets bent back to earth by the
ionosphere. The first explanation, whiK: not
strictly accurate, is simple and may satisfy
the reader who is not too curious and is
more interested in effects than causes.

It is a well known fact that ions are a
good conductor of electricity. Under “re-
flection” it was shown how a radio wave
is reflected from a conducting sheet by set-
ting up conduction currents in the sheet. A
layer of the ionosphere, containing many
ions, acts as a conducting sheet to the radio
waves and reflects them back to earth in
accordance with the laws of reflection. It
is such a simple explanation that it is a
shame that it isn’t strictly accurate except
possibly for very long wavelengths, where
the “thickness” of an ionized layer is negli-

ible in terms of wavelengths.

What actually transpires is much more
complex. Upon striking the fringe of an
ionized region the velocity of the electro-
magnetic energy is slowed down, because
the propagation constant of the ionized
medium is slower than that of atmosphere
which is not ionized. It might seem that
under these conditions the tranmitted por-
tion of a wave striking at oblique incidence
would be refracted towards the normal, or
upwards. Fortunately this does not occur.

Instead the electric component of the
wave sets the free electrons into oscillation,
oscillation of the same frequency but not in
phase with the exciting wave. The result is
that while the travelling electromagnetic
disturbance or bundle of energy actually has
been slowed down, the phase at a given
point in the medium has been shifted until
it is the same as it would be if the propa-
gation had been speeded up. The result is
that the wave reradiated by the free elec-
trons acts as though it had been speeded up,
and the net effect is the same as refraction

away from the normal. In one sense the
wave has been speeded up, even though the
velocity of a “bundle” of energy (such as a
short spurt or pulse of radiation) has been
slowed down. By definition a wave front
is an equi-phase surface, and by shifting the
phase of a portion of a wave front with re-
spect to the remainder, we can effectively
advance or retard that portion of the wave
front with respect to the remainder. This
brings up the distinction between phase
velocity and group velocity.

PHASE VELOCITY AND GROUP
VELOCITY

It is impossible for electromagnetic energy
to travel faster than the characteristic velo-
city of space (the speed of light in a vacu-
um). The velocity of an infinitesimally
short pulse, or unit function, can never ex-
ceed V., or about 186,000 miles per second.

If the pulse is lengthened to include
several cycles, the wave train or group of
wave fronts taken as a whole will travel at
the same speed as the unit function or in-
finitesimally short pulse. However, it is pos-
sible under some conditions for the indivi-
dual wave fronts comprising the pulse to
“move up through the pulse” as though the
pulse were equipped with caterpillar tractor
treads and the wave fronts were the cleats
on the top half of the tracks. The cleats
on the top portion of the tracks may be
travelling faster than the caterpillar, but
they don’t get any place ahead of the trac-
tor. The tractor (including cleats as a
group) may be said to be travelling at group
velocity, while an individual cleat may be
said to be travelling at phase velocity.

In free space, the group velocity and
phase velocity of a wave train are the same.
In a complex medium such as the iono-
sphere, they differ and the phase velocity
may even exceed V.. Just as the lateral
direction of travel of a tractor is determined
by the relative speed of the left and right
hand tracks rather than the speed of the
tractor as a whole, so the direction of travel
of a bundle of electromagnetic disturbance
or energy is determined by the relative
phase velocity of different portions of the
disturbance. When a wave strikes the jonos-
phere at oblique incidence it is effectively
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deflected downward as it passes into pre-
gressively denser ionization and greater
phase velocity. If the density of free elec
trons reaches a sufficiently high magnitude,
the wave will be “turned over” and sent
back towards the earth.

The density of free electrons required to
bend the wave back to earth is a function
of the wave frequency and the angle of
incidence. The higher the frequency or the
steeper the angle, the greater the required
density of free electrons. This is explained
by the fact that for a given electromagnetic
field strength, a free electron will vibrate
with less amplitude at high frequencies,
because of the mass or inertia of the elec-
tron. Also, less bending is required to re-
turn a grazing wave than is required to re-
turn one of less oblique incidence.

To summarize: as the frequency is raised,
a point finally is reached where the free
electrons are not excited sufficiently to cause
the wave to be refracted back to earth. The
frequency above which this occurs is deter-
mined by the density of free electrons and
the angle of incidence of the exciting wave,
Conversely, the elevation angle above which
this occurs (or the angle of incidence below
which this occurs) is determined by the
wave frequency and the ionization density;
or, the magnitude of ionization density be-
low which this occurs is determined by the
wave frequency and the angle of incidence.

TERRESTRIAL MAGNETIC EFFECTS

The electric component of a plane-polar-
ized electromagnetic wave will cause a free
electron to oscillate in a line parallel to the
electric field. Once the electron is moving,
it is subject to influence or deflection by a
magnetic field, in accordance with the basic
laws of electricity . For this reason the
earth’s magnetic field, when it is acting in a
transverse direction on the electron, will
cause it to deviate from a straight line. The
pulling effect of the magnetic field is pro-
portional to the velocity of the free electron.
The velocity of the free electron is greater
at low frequencies, because a cycle lasts
longer and the electron has a longer time in
which to accelerate before the direction of
the exciting electric field reverses. Hence,
the effect of the earth’s magnetic field on

an oscillating free electron becomes greater
as the frequency is lowered.

At very high frequencies the transverse
pull of the magnetic field on the moving
electron is small compared to the force ex-
erted by the exciting wave. The resultant
path of a free electron subjected to the two
forces is a rather flat elipse, which becomes
more circular as the frequency is lowered.

At low frequencies the pull is so great
that the electron makes several tight loops
during one back-and-forth journey or cycle.
These loops are made only when the trans-
verse pull due to the magnetic field is
strong enough, just as a reed which vibrates
in a strong wind will only bend over slight-
ly into a steady position when the wind is
not sufficiently strong.

At some intermediate frequency the elec-
tron doesn’t seem able to make up its mind
whether to travel in an elipse (}()me loor
or to make two loops per excitation cycle.
The result is that it makes a spiral, gather-
ing momentum until it finally collides with
an atom or ion. Because of the high speed
it reaches under these conditions, it is very
effective in absorbing power from the excit-
ing wave, but because of the spiral nature
of the path the reradiation tends to be ran-
dom and therefore comparatively ineffective;
also, because of its continual accelleration,
it will collide with an ion and dissipate its
energy much sooner than a free electron of
slightly different frequency which does not
spiral and therefore is limited in its velocity.

The frequency at which a free electron
is disposed to take a spiral path is termed
the gyro frequency, and the frequency at
which this resonant effect occurs varies with
geographic location, being dependent upon
the earth’s magnetic field. The frequency
is that at which free electrons tend to rotate
around the lines of magnetic force of their
own accord when accellerated with an in-
finitesimally short “kick”. For Washington,
D.C. it is approximately 1400 ke., but else-
where may ge anything between 700 and
1600 kc., depending upon the strength of
the magnetic field at the particular location.

The earth’s magnetic field, by the action
just described, affects not only the absorp-
tion and polarization of radio waves travel-
ling in the ionosphere, but by a complex
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rocess causes an ionosphere layer to exhi-
Eit two refractive indexes. This means that
a wave entering an ionosphere layer will be
split into two components, one travelling
more deeply into the layer than the other.
The one travelling more deeply is called
the ordinary ray, and at vertical incidence
(but not oblique incidence) acts as though
the magnetic field were absent . The com-
ponent which is more readily bent is called
the extraordinary ray and suffers the greater
absorption, particularly near the gyro fre-
quency. The two merge into a single signal
having random polarization upon leaving
the ionosphere, provided that the density is
sufficient to refract the ordinary ray at the
particular frequency and angle of incidence
involved. The splitting is more pronounced
and of more import in the F, and F, layers,
particularly the latter, than in the D and E
layers.

ABSORPTION

It is obvious that a very important factor
in the propagation of electromagnetic energy
through the ionosphere is absorption, be-
cause the bending of a radio wave back to
earth is of academic interest if the absorption
is so great that the ionosphere-reflected sig-
nal has been attenuated to the extent that it
cannot be utilized by a sensitive receiver.

When a free electron which has been ex-
cited by a radio wave collides with a par-
ticle, some of the kinetic energy which the
electron received from the wave is reradiated
in random phase and the rest is dissipated
as heat. The energy which is reradiated
from free electrons in random phase con-
tributes nothing to the orderly reradiated
wave induced by those free electrons which
are oscillating rythmically and have not yet
collided or recombined. The random radia-
tion produced by collision therefore repre-
sents wasted energy.

It was previously stated that when a free
electron is excited by a passing wave, its
oscillation is not in phase with that of the
exciting wave. If the free path of the elec-
tron (distance it travels before collision or
recombination) is such that the electron
has had time to absorb considerable energy
from the wave but has not had time to re-
radiate it, absorption will be maximum.

Thus, for a high frequency wave in a
given medium, the absorption per unit of
time will vary with frequency, becoming
less as the frequency is raised because it
takes less time for a free electron to pick up
and reradiate some energy, and its chances
of reradiating appreciable energy before col-
liding with an atom, molecule or ion are
improved.

The regular variation in absorption with
frequency is disturbed, however, by the
effect of the earth’s magnetic field. We have
already noted how the gyro or “precession”
effect causes almost complete absorption of
a wave at the gyro frequency. At very low
frequencies, below the gyro frequency, the
geo-magnetic field tends to reduce absorp-
tion by slowing down the mean velocity of
the free electrons as a result of the looping
action previously described under the dis-
cussion of the effects produced by the
earth’s magnetic field. Therefore, below
some frequency near the gyro frequency,
the absorption decreases with frequency.

Because of the comparatively high den-
sity of nonionized particles in the lower por-
tion of the E region and on down through
the D region, absorption is greatest at those
levels, particularly in the daytime. Thus it
may be said that the major portion of the
absorption suffered by an ijonospheric wave
occurs at the lower fringe of what is com-
monly called the ionosphere. It is readily
apparent that for effective high frequency
communication via the ionosphere it is ne-
cessary to use a frequency sufficiently high
that the wave can reach and leave the main
refracting portion of the ionosphere without
excessive attenuation. Under normal con-
ditions there is little absorption below the D
region because while the particle density
(gas pressure) is comparatively high, there
are no free electrons present to extract
energy from the passing wave and dissipate
it by premature collision.

VIRTUAL HEIGHT

We have referred at various times to the
height of an ionosphere layer. Yet we have
indicated, as is apparent from figures 1-7
and 1-8, that the “layers” of jonization do
not have sharply defined boundaries. Also,
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Figure 1-9.

VIRTUAL VS. ACTUAL HEIGHT OF
IONOSPHERE LAYER

The wave takes the actual path TAR, but the
angles of arrival and departure, and the time
taken for the energy to reach point R, are the
same as though the ionized layer were not pres-
ent and the wave were reflected from a mirror
surface at point V. Distance AE is the maximum
height actually reached by the wave; distance
VE Is the ‘“‘virtual height” of the layer, some-
times called equivalent height or effective height,
and abbreviated h'. The layer illustrated is the
E layer

it was pointed out that as the frequency
of a wave is increased, it penetrates more
deeply into a layer before being refracted
back to earth.

Fortunately we are more concerned with
effects than with causes; so it is expedient
to ascribe to a layer a virtual height, which
is the equivalent or effective height if the
wave is considered as being reflected from a
sharp boundary rather than refracted by a
gradient. Figure 1-9 illustrates the relation-
ship between virtual and actual heights. In
travelling from transmitter T to receiver R
the wave takes the actual path TAR, but the
angles of departure and arrival are the same
as though tEe wave had taken the virtual
path TVR by virtue of mirror reflection at
point V. By a coincidence or plan of na-
ture, the time taken for electromagnetic
energy to travel the path TAR is for all
practical purposes the same as it would take
to travel the path TVR if the latter path
were all through a nonionized medium.
This is explained by the fact that the re-
duction in group velocity of the wave while
it is travelling through the ionized layer is
just sufficient to make up for the shorter
path length. The distance VE is the virtual
height of the layer for the frequency in-

volved; AE is the maximum height reached
by the wave.

The height a wave penetrates into an
ionosphere layer before being refracted
downward depends upon the frequency of
the wave and the angle of incidence. The
less the angle of incidence (the closer to
vertical or normal incidence) and the higher
the frequency, the deeper the maximum
penetration. For reasons of standardization
and common reference, ionosphere virtual
heights are based upon the wave striking at
vertical incidence. The height either is
given graphically as a function of frequency
or else the lowest observed critical height
is assumed.

At vertical incidence, the wave connot be
visualized as being bent back to earth by
refraction in accordance with the physical
picture of refraction presented in figure 1-9.
The wave is returned to earth at vertical
incidence if the density of ionization is high
and the frequency is sufficiently low; it
doesn’t at some angle closely approaching
vertical incidence suddenly Kave difficulty
deciding which way to bend and therefore
keep right on going. The return at vertical
incidence can be explained by an optical
analogy by simply saying that the wave
penetrates the layer until it reaches an ioni-
zation density having an index of refraction
equal to zero. The following simplified phys-
ical picture may assist in understanding what
transpires when a wave is returned vertically.

When a wave penetrates an jonized layer
at vertical incidence, the wave reradiated
by the oscillating free electrons travels in the
same direction (vertical) as the incident
exciting wave and combines with it. But
after the wave penetrates to a certain ioni-
zation density, the phase shifted wave which
is reradiated by the free electrons reaches
an amplitude sufficiently great that, when
combined with the exciting wave, the re-
sultant electromagnetic wave has its electric
component shifted in phase with respect to
its magnetic component to the extent that
the direction of wave travel is reversed.
(Refer back to the discussion of figure 1-1.)
In some respects this may be a specious ex-
planation, but the process is not one which
is easily explained in everyday terms or by
simple physical analogies.
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Figure 1-10.
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CRITICAL FREQUENCY

If the frequency of a wave striking an
ionosphere layer at vertical incidence is
raised, a frequency finally will be reached
where the wave penetrates to the maximum
ionization density of the layer before its
direction is reversed. This frequency is
called the critical frequency. A higher fre-
quency will pass the region of maximum
density without being reversed in direction,
and therefore on out the upper side of the
layer.

At a frequency about 8o or 85 per cent
of the critical frequency, the virtual height
is equal to the height of maximum ijoniza-
tion density, assuming a normal distribution
of ionization density in the layer and negli-
gible retardation of the wave while passing
through lower layers. Below this frequencz
the virtual height falls off very slowly wit
frequency, which means that the virtual
height is never greatly different from the
actual height until the critical frequency
is approached.

The earth’s magnetic field will cause a
layer to have two critical frequencies, one
for the ordinary ray and one for the ex-
traordinary ray. The effect is particularly
noticeable in the case of the F, layer. For
critical frequencies well above the gyro fre-
quency, the difference between the critical

frequency for the ordinary ray and the criti-
cal frequency for the extraordinary ray will
be approximately half the gyro frequency.

Thus it is seen that the critical frequency
is primarily a function of the ionization den-
sity, but also is affected by the strength of
the geomagnetic field. The critical frequen-
cy of the ordinary ray, which is not affected
by the geomagnetic field at vertical inci-
dence, will be found to vary as the square
root of the number of free electrons.

It will be noted in figures 1-7 and 1-8
that the maximum density of ionization of
any layer is greater than the maximum den-
sity of all lower layers. This always is the
case under normal or “undisturbed” condi-
tions, and it means two things: first, that
the critical frequencies of the layers increase
in the same order as their heights, and
secondly (as a result of the foregoing) a
wave having a frequency just barely too
high to be returned by one layer will in all
probability be returned by a higher layer,
provided there is a higher layer.

Obviously a wave which is sent straight
up and comes directly down is of little use
in long distance communication. However,
vertical incidence data are more readily ob-
tained than oblique incidence data, because
the transmitting and receiving apparatus
composing the ionospheric measuring or
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“sounding” equipment are more readily
handled when located together. And the
data obtained at vertical incidence can be
applied to oblique incidence propagation by
means of factors which in practice have
withstood the test of time, as will be dis-
cussed under the practical aspects of high
frequency propagation. Suffice it to say for
the moment, the vertical incidence data per-
mit an accurate estimation of the lowest
“perforating” frequency for any layer and
angle of departure

In the vicinity of the critical frequency,
the virtual height of a layer increases rapidly
to a comparatively high value before the
wave finally penetrates the layer completely,
or “perforates” it. It might first appear that
near the critical frequency a slight increase
in frequency greatly increases the depth of
penetration into a layer. This is not the
case; the depth of actual penetration is in-
creased only slightly, but the retardation of
the wave (reduction in group velocity) be-
comes great at frequencies which permit the
wave to penetrate to the region of maximum
electron density before being bent back to
earth. Because of the increase in the length
of time the wave spends in the ionized re-
gion, there is a sharp increase in absorption
at or near the critical frequency.

IONOSPHERE MEASUREMENTS

The importance and utility of compre-
hensive data on the jonosphere at different
points in the world is obvious, When suf-
ficient data are available, it is possible to
predict the performance of long distance
communication circuits with a high degree
of accuracy.

Because of its many advantages, one me-
thod of “sounding” the ionosphere is em-
ployed almost exclusively. It is the “pulse-
echo” system, developed by Messrs. Breit
and Tuve many years before the advent of
radar but utilizing the same principles.

A pulse of radio frequency power, so
short that it is measured in microseconds, is
sent skyward. The time taken for it to re-
turn to earth is observed visually on a cali-
brated cathode ray oscillograph, or else re-
corded on a recording oscillograph.

For most of its ionospheric data the Na-
tional Bureau of Standards employs fully

automatic, multi-frequency recorders which
plot the virtual heights of the layers against
frequency. The transmitter and receiver
move automatically in small increments over
the band of frequencies to be observed, so
that a substantially continuous plot of height
vs. frequency is ogtained every few minutes.
From these data, charts can be made up
showing the variation in the nominal virtual
height or the critical frequencies of the var-
ious layers with time, the time scale being
hours, days, years, or whatever is desired.
If years are used, for example, the values
of course are averages, or daytime averages,
or summer daytime averages, or whatever
will best illustrate the information it is de-
sired to convey. By means of such plots it
has been possible to establish the existence
of definite correlations between the behavior
of ionospheric propagated waves and cer-
tain regular cycles of nature, as well as cer-
tain sporadic phenomonon.

Typical frequency sweep curves (called
h'f curves) showing virtual height plotted
against frequency are shown in figure 1-10.
Critical frequencies are indicated by f, with
the superscript indicating the ordinary (o)
or the extraordinary (x) ray, and the fol-
lowing character(s) the layer. Thus fxF,
indicates the critical frequency of the ex-
traordinary ray of the F, layer.

Typical curves showing the variation in
virtual heights and critical frequencies with
time are shown in figure 1-11. These par-
ticular graphs illustrate the diurnal (daily)
variations encountered in the USA during
summer and during winter for both the peak
and bottom of the sunspot cycle. These
variations, as well as others, will now be

discussed in detail.

NORMAL VARIATIONS IN THE
IONOSPHERE

Because the characteristics of the iono-
sphere are so dependent upon the amount
of solar radiation falling upon it, it is to be
expected that there will be cyclic variations
in the heights and critical frequencies of the
various layers which correspond to diurnal
(daily) and seasonal variations in the
amount of radiation striking any particular
portion of the ionosphere. There also are
recurrent variations which correspond to the
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27-28 day solar rotational cycle and to the
11.1 year sunspot cycle. It is also to be
expected that the character of the ionosphere
at the equator will differ from that in the
polar regions.

Diurnal Variations

Diurnal variations are most pronounced
in the D, E, and F, layers. The density
and therefore the critical frequency of the
E layer and of the F, layer follows the alti-
tude of the sun quite closely because of the
rapid recombination in these regions, but
the E layer does not die out completely at
night because of other ionizing factors. The
critical frequency of the E layer is maxi-
mum at high noon, as would be expected.
The critical frequency of the D layer is not
considered because the frequency is so low,
and because the D layer is primarily an ab-
sorbing layer.

Because of the slow recombination of the
F, layer, the diurnal variations in critical
frequency may lag behind the altitude of
the sun by as much as several hours. In
the winter the maximum is reached shortly
after noon, but in summer it is not reached
until late in the afternoon.

Diurnal variations in the virtual heights
of the layers are not as pronounced as the
variations in critical frequency. The virtual
height of the E layer remains practically
constant over a 24 hour period, while the
F, and F, virtual heights vary only slightly
over a like period, the greatest diurnal varia-
tion in the Northern Hemisphere being that
of the daytime increase of the F, in summer.

It should be kept in mind that the fore-
going applies only to normal or “undis-
turbed” conditions.

Solar Rotational Cycle

All portions of the sun’s surface are not
equally effective in emitting ionizing radia-
tions or particles. “Quiescent” (stable) sun
spots have an appreciable effect upon the
ionosphere and tend to occur in patches,
the distribution of the patches varying over
a long period of time but being fairly con-
stant over a few 27 day solar rotational
cycles. This means that superimposed on
all other variations there is a tendency for

ionosphere conditions to repeat every 27 or
28 days.

It should be kept in mind that the fore-
going applies only to normal or undisturbed
conditions.

Seasonal Variations

There is considerable variation in the
critical frequency of the F, layer with season
and appreciable variation in the critical
frequency of the E layer with season. The
F, layer may even appear and disappear
with change of season. There is consider-
able variation in the virtual height of the
F, layer with season, but the virtual height
of the E layer remains substantially constant.

Seasonal variations in the F, layer do not
follow the same pattern in both hemis-
pheres, though the variations in the lower
layers do. A possible contributing factor in
the case of the F, layer is the fact that due
to the eliptical character of the earth’s orbit
around the sun, the earth is some 3 million
miles closer to the sun on January 1 than
it is on July 1. This causes the rays in the
northern hemisphere to be more slanting
when the earth is closest to the sun, while
in the Southern Hemisphere they are more
slanting when the earth is farthest from the
sun, thus possibly affecting either directly
or indirectly the outer regions of the ionos-
phere.

The critical frequencies of the E and F,
layers tend to be higher in the summer than
in the preceding or succeeding winter.
This applies to both hemispheres.

The critical frequency of the nighttime F,
layer tends to be lower in the winter in both
hemispheres, except for a pre-dawn rise or
“hump” which sometimes reaches consider-
able proportions and is not fully understood.

The critical frequency of the daytime F,
layer tends to be higher in winter in the
Northern hemisphere, and in the spring and
fall in the Southern hemisphere. This is
another one of the anomilies of the iono-
sphere which has not been satisfactorily ex-
plained, but must be accepted because of
its regularity.

Unlike the weather, ionosphere condi-
tions tend to follow the sun’s season position
with no lag. Another interesting fact is
that in the Northern hemisphere, conditions



NORMAL IONOSPHERE VARIATIONS 35

tend to be definitely “summer” or definitely
“winter” most of the year. During the rela-
tively short transitional periods at the time
of the equinoxes, conditions tend to be
somewhat erratic.

It should be kept in mind that the
foregoing discussion of seasonal variations
applies only to normal or undisturbed con-
ditions.

The Sun Spot Cycle

Ionizing radiation is increased by (or at
least occurs at the same time as) maximum
sunspot activity. The intensity of ionization
varies with the intensity, number, and solar
latitude of sunspots, and the aggregate effect
shows a pronounced 11.1 year periodicity.
High frequency propagation also may be
affected indirectly by the sunspot cycle;
ionospheric waves are affected somewhat by
the earth’s magnetic field, and the latter is
affected either by sunspots or by the same
force that causes periodic sunspot variations.
In any event there is a definite correlation
between magnetic activity and the sunspot
cycle.

The intensity of solar radiations does not
reach the same magnitude at the peak or
trough of each cycle, and sometimes a cycle
is slightly accellerated or decellerated, but
nevertheless the periodicity is very pro-
nounced. The minima tend to lag behind
the maxima by slightly more than 6 years,
rather than half the 11.1 year period. This
means that the sunspot activity dies out
somewhat more slowly than it builds up.

The most recent “bottom” occurred in the
spring of 1944, and the next peak probably
will occur in the spring of 1948 and be
more intense, with the next bottom in 1954
or 1955. Because of minor fluctuations in
the periodicity, predictions are necessarily
approximations or estimates, particularly
when made many years in advance. Short-
time predictions (three months or less) are
comparatively accurate.

The critical frequencies of all of the iono-
sphere layers tend to follow the sunspot
cycle, being highest at the peak of the
cycle. The variations due to the sunspot
cycle can be isolated from those due to other
factors by taking the yearly mean critical
frequencies for normal (undisturbed) condi-

tions. When this is done, it is seen that the
sunspot cycle has been responsible for a vari-
ation of about 1.25 to 1 in the critical fre-
quency of the E layer, 1.5 to 1 for the
summer daytime F,, and about 2 to 1 for
the F, at other times. The variations during
the next sunspot cycle may be greater or less
than these values, but they do give some
idea of the relationship and magnitude to
be expected.

Effect of Solar Eclipse

A complete solar eclipse produces an
effect on the E layer which is much the
same as the diurnal effect except that it is
more rapid. This is a logical expectation,
and therefore the effect is considered “nor-
mal”, in spite of the rather rare occurence
of a solar eclipse at any particular locality.
Because of the short duration of the eclipse,
little effect is produced upon the F, layer.

Geographical Variations

When the zenith angle of the sun is low,
the ionizing effect of solar radiations is re-
duced. This causes a latitude effect, which
results in higher critical frequencies in equa-
torial regions than in polar regions. Also, as
would be expected, there is less seasonal
variation near the equator.

There is also a longitude effect; iono-
sphere characteristics are not the same at all
points on a degree of latitude for the same
local time. The effect is related to geo-
magnetic latitude, which varies considerably
from regular latitude because of the appreci-
able geographical distance between the mag-
netic poles and the true poles. Thus the
close relationship between terrestrial magne-
tism and solar radiation as regards iono-
spheric propagation again is brought to our
attention.

The variation with longitude is not ap-
preciable in the case of the regular E layer.
It is the critical frequency of the F, layer
which is considerably affected by geomag-
netic latitude, and thercfore subject to a
“longitude effect”.

ABNORMAL IONOSPHERE VARIATIONS

The variations discussed up to this point
are the normal variations which occur with
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regularity as a result of nature’s cyclic ten-
dencies, and can be predicted well in ad-
vance as to approximate time, magnitude,
etc.

But in addition to her cyclic tendencies,
nature gives us some very vexing sporadic
phenomona to cope with. While some of
these effects can be predicted as more likely
to occur at certain times than others, they
nevertheless occur with little or no warning,
and because the magnitude oftentimes is
sufficient to cause a complete cessation of
sky wave communication, it is important
that one know a little about them even if
nothing can be done about them.

Days during which abnormal ijonosphere
variations occur are called “disturbed”, and
when none occur, “undisturbed”.

The Dellinger Effect

Sporadic solar eruptions of light gasses,
called hydrogen flares, result in solar radia-
tion containing frequencies which pass
through the upper layers of the ionosplfere
with little absorption but have a particularly
strong ionizing effect on the earth’s atmos-
phere in the D region near the top of the
ozone layer, at about 38 miles. Tiis ioni-
zation causes very high absorption of high
frequency waves, but reduced absorption in
the very low frequency range where the
waves are reflected rather than refracted.
The effect is more pronounced the more
perpendicular the sun’s rays, and does not
occur in the hemisphere which is not illu-
minated by the sun at the moment. If the
entire wave path is in total darkness, little
if any effect will be noted.

The onset is very sudden, which is re-
sponsible for the ez:ct being clasified as a
“sudden ionosphere disturbence”, commonly
referred to as a “drop out” or “fade out”.
High-frequency signals drop to a very low
intensity or out altogether within a fraction
of a minute. The eruption itself seldom
lasts more than a few minutes, but the ef-
fects are prolonged for a total time of from
15 minutes to an hour (or occasionally
longer) because of the time taken for re-
combination of the absorbing ions.

Above the gyro frequency range, the ab-
sorption by the flare-activated absorbing
screen varies inversely with frequency, with

the result that the higher frequencies are
the first to penetrate the screen when it
starts to subside. Thus, after the initial
eruption of the flare, communication some-
times can be restored immediately by shift-
ing to a higher frequency.

Prolonged Excessive Absorption

The same type of ionizing radiation some-
times is emitted from so%ar disturbances
which build up and die out gradually, un-
like the sudden burst of a hydrogen flare.
The deleterious effect upon the D layer and
high frequency propagation is identical to
that of a “drop out”, but the onset and de-
cay are more gradual and the maximum
absorption usually does not reach as high a
peak value. Quite often frequencies near
the perforation frequency of the F, layer
will not be affected appreciably, and com-
munication can be maintained during one of
these prolonged periods of low-layer abso
tion by utilizing a frequency sufficiently
high that absorption is not excessive.

Ionosphere Storms

Certain types of solar disturbances appar-
ently cause the emission of “clouds” of elec-
trified particles or corpuscles which travel
at very high velocity and sometimes reach
the ionosphere. These clouds have been
detected by pulse measurements, approach-
ing at very high speed well beyond the
maximum height of the F, layer.

Upon reaching the ionosphere, they pro-
duce erratic effects upon the layers of the
ionosphere, and at the same time appear to
create fluctuations in the earth’s magnetic
field, which abnormalities are called a “mag-
netic storm”,

The particles enter the ionosphere some
30 hours after emission by the sun, travel
through the F, and F, layers, under some
conditions creating violent turbulence in
these layers, and finally spend themselves in
the E layer, which also becomes disturbed
and erratic under some conditions. The
necessary conditions in each case are a suf-
ficiently dense particle cloud and sufficiently
high geomagnetic latitude.

An ionosphere storm may be light, moder-
ate, or severe, and the effects may last from
a few hours to several days, depending upon
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the severity of the storm and the frequency
of the wave,

While the Dellinger effect (drop out) is
more pronounced in the equatorial regions,
where the sun’s rays are more perpendicular,
the effects of an ionosphere storm are much
more pronounced in the regions of the mag-
netic poles, because of the relationship be-
tween ionosphere storms and terrestrial dis-
turbances. When a signal path lies entirely
in the equatorial region, the signal will not
be appreciably affected during ionosphere
storms.

While a severe ionosphere storm is in
pmf:ss, the regular ionosphere layers tend
to become diffused, shift in height and
density erratically, and demonstrate a gen-
eral turbulence which increases with geo-
magnetic latitude. The F, layer is most
strongly affected, and it will show wide and
rapid variations in virtual height and critical
frequency during the storm, sometimes even
disappearing entirely for short periods at
the peak of the storm in the higher latitudes.
At other times the F, layer appears to have
not a single virtual height, gut a band of
virtual heights. These anamalous reflec-
tions are called “spread echoes” and are
responsible for severe distortion of a signal,
as well as an ambiguous critical frequency.

Usually there is increased absorption of
hi%.h frequency waves in the lower iono-
sphere regions during an ionosphere storm.
The absorption generally will increase with
latitude until in regions near the magnetic
poles there oftentimes is complete absorp-
tion, just as in a “drop out”. These polar
regions in which complete absorption is
likely to occur are the auroral zones, or re-
gions in which aurorae occur. The aurorae
seem to be activated by the same solar parti-
cles which have such a disturbing effect
upon the ijonosphere. These regions are
called “magnetic blankets” during an jonos-
phere storm.

The maximum intensity of an ionosphere
storm will depend generally upon the char-
acter of the solar particle cloud and upon
geomagnetic latitude. The maximum effect
may be the extreme turbulence previously
mentioned, or the only observed effects may
simply be a slight reduction in critical fre-
quency and increase in virtual height of the

F, layer. During the climax of a mild
storm, conditions will be similar to those
existing towards the tail end of a severe
storm, the ionosphere disturbances going
through more or less the same phases before
subsiding.

Ionosphere storms are more frequent dur-
ing periods of high solar activity, which
means they are more numerous (and more
severe) during the peak of the sun spot
cycle. Also, they tend to recur in accordance
with the 27 day solar rotational cycle for a
few cycles, after which a new pattern
evolves.

The general effect of ionosphere storms
upon high frequency propagation is to in-
crease fading and absorption, increase vir-
tual heights, and lower the critical frequen-
cles.

At very low frequencies, below approxi-
mately 100 kc., the effect of the increased
ionization in the D layer during an iono-
sphere storm tends to reduce the absorption
of the wave, because waves of such low fre-
quency do not ordinarily penetrate the D
layer anyhow.

The effect on AM broadcast band signals
is not great within the ground wave range,
but causes erratic variations in signal
strength at distances large enough that the
sky wave ordinarily predominates. At times
the sky wave signal may actually be in-
creased, but ordinarily it is decreased by a
rapidly varying amount.

The ultimate intensity of an ionosphere
storm is not necessarily related to the rate
at which it builds up. A severe storm may
take from several minutes to several hours
to reach its maximum intensity. If the storm
is slow in developing, its approach is first
heralded by irregularities in the F, lagg in
the auroral region quite some time before
the effects are apparent elsewhere.

Sporadic E Region Ionization

Just slightly above the maximum height
to which waves ordinarily penetrate the E
layer before being bent earthward, there
occur at odd times and odd intervals very
dense patches of free electrons. These shal-
low clouds of free electrons comprise a re-
latively thin “layer” but have very sharply
defined lower boundaries, and tend to pro-
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duce reflection of waves in the lower high
frequency range, and refract waves at graz-
ing incidence well up into the v-h-f range
(50 to 70 Mc.) when the ionization reaches
peak values,

These patches may be from a few hun-
dred yards to several hundred miles across.
At times they appear to travel with consi-
derable velocity; at other times they are al-
most stationary. They may exist for only a
few minutes, or may last for hours. The
season and time of day of maximum occur-
ance vary with geographical location and
other factors, not all of which are known
or understood.

Whereas the virtual height of a normal
layer increascs rapidly when the critical fre-
quency is approached (due to greatly in-
creased retardation of the wave), no such
effect occurs in the case of sporadic E re-
flections; the waves act as though they were
returned by partial or complete regection
from a mirror surface. When the reflection
is partial, not all the wave is reflected. This
is more likely to occur the more normal the
incidence. Thus it is possible to have return
waves at normal incidence from both the
sporadic or abnormal E layer (E,) and the
regular F, layer simultaneously at the same
frequency. At oblique incidence it is pos-
sible to have waves reflected simultaneously
from the E, and from some other layer for
another reason: there may be a small patch
of E. fonization at the reflection point for
the E layer, but no patches to interfere with
the higher angle F}: or F, refracted wave
path to the same receiving point.

There seem to be two distinct types of
sporadic E reflections. They both occur at
the same height and both return waves to
earth having a frequency much higher than
the critical frequency for the normal E
layer, yet they differ somewhat in certain
other respects.

The first type, sometimes called the
blanketing type, appears to be impervious
to waves of all frequencies, producing com-
plete reflection. It is most prevalent in the
auroral zones, during periods of high sun-
spot activity, yet also occurs in temperate
latitudes during the peak of severe iono-
sphere storms. In all localities it occurs
almost exclusively at night. During the

daylight hours, it seems that sporadic E
ionization of this type takes on the nature of
an absorbing screen rather than a mirror,
and reflections are seldom noted in the day-
time.

The second type, sometimes called the
reflecting type, produces anything from com-
plete or almost complete reflection to partial
reflection in which only a very small pro-
portion of the wave is reflected, depending
upon the frequency. As the frequencir is
lowered, the reflection is more complete.
This type is the more prevalent in the
United States and localities of equivalent
latitude. It is more likely to occur during
periods of low sunspot activity, and unlike
the blanketing type, often occurs during the
day as well as at night.

Much remains to be learned about spora-
dic E ionization and its propagation charac-
teristics, but rapid progress is being made
as more and more data iecome available for
correlation.

PERTINENT IONOSPHERIC WAVE
PHENOMENA

There occur in connection with propa-
gation of waves via the ionosphere several
phenomena which can be considered neither
strictly “normal” nor “abnormal”, and in
some cases are so related that it is unfor-
tunate they must be taken up singly.

Polarization

A wave which has definite or linear
polarization will exhibit eliptical polariza-
tion (having both vertical and horizontal
components) after being reflected or refract-
ed by the ionosphere. This is caused by the
twisting effect exerted by the earth’s mag-
netic field upon a wave traveling oblique to
it when the wave strikes an ionized medium.
Ordinarily the relative magnitude of the
vertical and horizontal components, as well
as the phase difference between them, will
vary randomly with time because of the
unstable character of the ionosphere and the
carth’s magnetic field.

Skip Distance and MUF

There is a fairly exact relationship be-
tween the critical frequency for a given
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TARTHS SURFACE

Figure 1-12.

SIMPLIFIED PRESENTATION OF RE-
FRACTION IN THE IONOSPHERE, IL-
LUSTRATING SKIP DISTANCE AND
THE MANNER IN WHICH THE PATH
OF A WAVE IS DETERMINED BY THE
FREQUENCY

This ray representation indicates how a wave of
given frequency is bent back to earth only if
the angle of departure and the frequency are
fow enough. The distance between the trans-
mitter and receiver R5 is the skip distance for
a 16-Mc. wave, as it is not possible to refract
the wave from the F, layer at a steeper angle
and thereby return a 16-Mc. wave to earth at
shorter distances. The 16-Mc. wave arriving
at R5 has penetrated to the maximum electron
density of the F, layer. The ionosphere con-
ditions depicted are what might occur during a
winter day.

layer and the minimum “perforation” fre-
quency for any oblique angle. This will
be discussed in detail later under High-
Frequency Communication Practice.

Any wave is more readily bent as the
angle of incidence is increased, and a wave
which perforates an jonosphere layer at ver-
tical incidence may be readily refracted back
to earth at some smaller angle of departure.
Or, for a given angle of departure, it will
be found that waves below a certain fre-
quency Chere called the “lowest perforating
frequency”) are refracted back to earth by a
given layer while higher frequencies are
not. Obviously the lowest perforating fre-
quency at normal incidence is the critical
frequency, the latter expression being re-
served exclusively for normal incidence in
order to abide by convention and avoid
possible confusion.

It is apparent that a wave of a frequency
just a little too high to be returned from any

layer at normal incidence will in all pro-
bability be returned from the F, layer é)the
most dense) if the angle of departure is
lowered sufficiently. The angle at which
this occurs, together with the virtual height
of the refracting layer, determine the mini-
mum distance at which a direct sky wave of
this frequency can be retumed to earth
under these ionosphere conditions. This
distance is called the skip distance for that
frequency, and the area encompassed by the
skip distance in all directions but beyond
the ground wave range is called the skip
zone. Actually, as far as the sky wave is
concerned, the skip zone embraces every-
thing within the skip distance; but by con-
vention “skip zone” excludes the area
covered adequately by the ground wave, un-
less otherwise stated.

Skip distance is represented pictorially in
figure 1-12. The distance between the
transmitter and point Rs is the skip distance
for a 16 Mc. wave. For reasons to be dis-
cussed, the signal is not necessarily absent
in the skip zone, but it usually is from 50
to 100 db lower in intensity tgan the field
strength just beyond the skip distance, and
is subject to severe distortion.

Just as the distance T-Rs is the skip dis-
tance for 16 Mc., so 16 Mc. is the maximum
usable frequency for direct sky wave trans-
mission for the distance T-Rs. A higher
freci)uency will not be refracted sufficiently
to be returned at point R-5. Thus it may
be said that the maximum usable frequency
or MUF for a certain distance is the fre-
quency at which the specified distance be-
comes the skip distance.

Scattered Reflections

Scattered reflections are random, diffused,
substantially isotropic reflections which are
partly responsible for reception within the
skip zone, and for reception of signals from
directions off the great circle path.

In a heavy fog or mist, it is difficult to
see the road at night because of the bright
glare caused by scattered reflection of the
headlight beam by the minute droplets. In
fact, the road directly to the side of the car
will be weakly illuminated under these
conditions, whereas it would not on a clear
night (assuming flat, open country). This
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is a good example of propagation of waves
by scattered reflections into a zone which
otherwise would not be illuminated.

Scattering occurs in the jonosphere at all
times, because of irregularities in the medi-
um (which result in “patches” correspond-
ing to the water droplets) and because of
random-phase radiation due to the collision
or recombination of free electrons. How-
ever, the nature of the scattering varies
widely with time, in a random fashion.
Scattering is particularly prevalent in the E
region, but scattered reflections may occur
at any height, even well out beyond the
virtual height of the F, layer.

There is no “critical frequency” or “low-
est perforating frequency” involved in the
scattering mechanism, though the intensity
of the scattered reflections due to typical
scattering in the E region of the ionosphere
decreases with frequency.

When the received signal is due primarily
to scattered reflections, as is the case in the
skip zone or where the great circle path does
not provide a direct sky wave (due to low
critical or perforation frequency, or to an
ionosphere storm), very bad distortion will
be evident, particularly a “futter fade” and
a characteristic “hollow” or echo effect.

Deviations from a great circle path are
especially noticeable in the case of great
circle paths which cross or pass near the
auroral zones, because in such cases there
often is complete or nearly complete absorp-
tion of the direct sky wave, leaving off-path
scattered reflections the only mechanism of
propagation. Under such conditions the
predominant wave will appear to arrive from
a direction closer to the equator, and the
signal will be noticeably if not considerably
weaker than a direct sky wave which is re-
ceived under favorable conditions.

Irregular reflection of radio waves from
“scattering patches” is divided into two cate-
gories: “short scatter” and “long scatter”.

Short scatter is the scattering that occurs
when a radio wave first reaches the scatter-
ing patches or media. Ordinarily it is of no
particular benefit, as in most cases it only
serves to fill in the inner portion of the skip
zone with a weak, distorted signal.

Long scatter occurs when a wave has
been refracted from the F, layer and strikes

scatterin tches or media on the way
down. %NE:n the skip distance exceeds
several hundred miles, long scatter is pri-
marily responsible for reception within the
skip zone, particularly the outer portion of
the skip zone. Distortion is much less
severe tﬁan in the case of short scatter, and
while the signal is likewise weak, it some-
times can be utilized for satisfactory com-
munication.,

During a severe ionosphere disturbance
in the north auroral zone, it sometimes is
possible to maintain communication between
the Eastern United States and Northern
Europe by the following mechanism: That
portion of the energy which is radiated in
the direction of the great circle path is
completely absorbed upon reaching the
auroral zone. However, the portion of the
wave leaving the United States in a south-
easterly direction is refracted downward
from the F; layer and encounters scattering
patches or media on its downward trip at a
distance of approximately 2000 miles from
the transmitter. There it is reflected by
“long scatter” in all directions, this scatter-
ing region acting like an isotropic radiator
fes with a very small fraction of the original
transmitter power. The great circle path
from this southerly point to northern Europe
does not encounter unfavorable ionosphere
conditions, and the wave is propagated the
rest of the trip as though it had been radia-
ted from the scattering region.

Another type of scatter is produced when
a sky wave strikes certain areas of the earth.
Upon striking a comparatively smooth sur-
face such as the sea, there is little scattering,
the wave being shot up again by what
could be consifered specular or mirror re-
flection. But upon striking a mountain
range, for instance, the reradiation or re-
flected energy is scattered, some of it being
directed back towards the transmitter, thus
providing another mechanism for producing
a signal within the skip zone.

Meteors and ‘“‘Bursts’

When a meteor strikes the earth’s atmos-
phere, a cylindrical region of free electrons
is formed at approximately the height of
the E layer. This slender ionized column
is quite long, and when first formed is
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sufficiently dense to reflect radio waves back
to earth most readily, including v-h-f waves
which are not ordinarily returned by the
F, layer.

The effect of a single meteor, of normal
size, shows up as a sudden “burst” of signal
of short duration at points not ordinarily
reached by the transmitter. After a period
of from 10 to 40 seconds, recombination
and diffusion have progressed to the goim
where the effect of a single fairly large
meteor is not perceptible. However, there
are many small meteors impinging upon
earth’s atmosphere every minute, and the
aggregate effect of their transient ionized
trails, including the small amount of resi-
dual ionization that exists for several
minutes after the original flash but is too
weak and dispersed to prolong a “burst”, is
believed to contribute to the existence of the
“nighttime E” layer, and perhaps also to
sporadic E patches.

While there are many of these very small
meteors striking the earth’s atmosphere every
minute, meteors of normal size (sufficiently
large to produce individual “bursts”) do not
strike nearly so frequently except during
some of the comparatively rare meteor
“showers”. During one of these displays a
“quivering” ionized layer is produced which
is intense enough to return signals in the
lower v-h-f range with good strength, but
with a type of “flutter” distortion which is
characteristic of this type of propagation.

FADING

To a greater or lesser degree there always
are random fluctuations in the intensity of a
signal received via sky wave propagation.
Sometimes the variations will have com-
ponents which, for a short time, appear more
or less periodic; at other times no rhythm
will be apparent. When the fluctuation in
field intensity is rapid enough and great
enough to be readily noticeable, it is called
fading. Long time fluctuations (with a
period exceeding approximately one minute)
are more often called “variations in field
strength”, rather than fading. There is no
sharp dividing line, though any variation
rapid enough that the average eye or ear de-
tects at once that the intensity is changing

usually is called a fade (assuming no auto-
matic gain control at the receiver).

There are many types of fading when
classified subjectively as to aural characteri-
stics, and several types when classified ob-
jectively as to the condition, effect, or
phenomenon responsible for the fading.
Fading is variously described as “slow’,
“fast”, “rolling”, “Huttering”, “scintillating”,
and so on. Fading usually is classed as ab-
sorption fading, skip fading, polarization
fading, and interference fading.

Quite often in the case of a sky wave
signal as many as three of the four classes
of fading listed are present to a significant
degree simultaneously, though the resultant
effect upon the ear usually can be aptly
described by one or two ad)j'ectives such as
those listed in the first category. Thus we
may have a slow, rolling fade er primarily
to interference effects; a scintillating fade
due to a combination of absorption, polari-
zation, and interference effects; and so on.

Some of the basic causes of fading are the
same in the case of sky waves, tropospheric
waves, guided (very low frequency) waves,
and combinations of the above. The follow-
ing discussion of fading is concerned pri-
marily with sky-wave propagation of high
frequency waves, but where noted also ap-
plies to other frequencies and modes of
propagation.

Absorption Fading

When there is a rapid variation in the
absorption coefficient of the transmission
medium (or part of it), the signal intensity
will fluctuate accordingly. Usually these
fluctuations do not occur rapidly enough to
be classed as fading, but when they do they
constitute probobly the simplest example of
the phenomenon of fading.

Skip Fading

At frequencies near the MUF (or at
distances near the skip distance), a very
slight change in the virtual height or critical
frequency of the F, layer can throw the
receiving point in or out of the skip zone.
As the critical frequency and virtual height
often do fluctuate slightly, due to turbulence
in the ionosphere, this condition can prevail
at certain times for certain distances from
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the transmitter. The resulting severe fluctu-
ation in signal intensity is called skip fad-

ing,
Polarization Fading

Under the previous discussion of polariza-
tion it was explained that a wave refracted
from the ionosphere is eliptically polarized,
and that the phase difference between and
amplitudes of the vertical and horizontal
vectors all vary randomly with time. This
causes polarization fading at the receiver, It
is particularly bad when a receiving antenna
having linear polarization is employed.
However, even with a circularly polarized
receiving antenna polarization fading still
can be present, because the direction of ro-
tation of the eliptically polarized wave re-
verses at random under some conditions,
while the sense of the circularly polarized
receiving antenna is fixed,

Interference Fading

So far the types of fading discussed can
be considered a type of amplitude modu-
lation wherein the modulation is accom-
glished by variation in the attenuation suf-
ered by the wave during its propagation,
even though in the case of skip and polariza-
tion fading the “attenuation” is an indirect
result.

The most common and the most deterior-
ating (and therefore the most serious) type
of fading is caused by a somewhat more
complex mechanism. It is called interfer-
ence fading because it is caused by the
varying interference patterns resulting from
unstable multiple wave paths. The energy
at a distant point seldom arrives via a single
path. In the case of sky-wave transmission,
the constantly changing ionosphere irregu-
larities previously discussed, together with
random fluctuations in the earth’s magnetic
field, ordinarily result in a received signal
comprising several components, with the
relative phases constantly changing due to
a fluctuating difference ‘in phase velocity,
group velocity, or path length. The same
applies, except for the magnetic effects, to
the troposphere and to tropospheric waves.

When energy arrives at the receiving
point via multiple paths, it is called multi-
path transmission. It exists at distances

where both ground wave and sky wave, or
ground wave and tropospheric wave, have
significant intensity. The sky-ground com-
bination readily occurs at frequencies in the
vicinity of soo ke. to 3000 kc., because the
skip zone is absent or short, and the ground
wave (assuming vertical polarization) is
strong. The troposperic-ground combination
readily occurs in the v-h-f and u-h-f range
at distances near the optical horizon, espe-
cially when the distance to the horizon is
great.

Multi-path transmission also exists when
refraction from more than one ionosphere
layer is contributing to the received signal.
For instance, a “one hop” F, layer signal
and a “one hop” E layer signal may exist
simultaneously at the same receiving point.
Due to the greater density and height of
the F, layer, together with the greater angle
of departure required for the F, layer path,
there is a narrow range of frequencies over
which the F, signal perforates the E layer
while the E signal does not,

Multi-path transmission also can exist
when energy can reach the receiving point
by making several “hops” between the earth
and the F, layer. For instance, under cer-
tain conditions of frequency, virtual height,
and critical frequency, energy may arrive via
three hops and four hops simultaneously.
This has been proved experimentally by iso-
lating the different components by means of
a receiving antenna which is both highly
directional and readily adjustable in the
vertical plane.

Another form of multipath transmission
occurs in the case of the ordinary and extra-
ordinary rays, the two rays taking different
paths to the receiver as a result of the ef-
fective difference in refractive index.

Scattering is a perfect example of an
extreme case of multi-path transmission.

There are other, less important causes of
multi-path ionosphere transmission, but the
examples cited will serve to illustrate how
highly improbable it is that the transmitted
energy will arrive at a distant point via
only one path,

Interference fading is more pronounced,
or “deeper,” when there are just two com-
ponents, of approximately the same ampli-
tude. If the amplitudes are exactly equal,
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the resultant intensity can vary from zero
to twice the intensity of one component as
the phase difference fluctuates at random
between o and 180 degrees. It is interest-
ing to note that the increases due to re-
inforcement are not so important as the de-
creases due to cancellation, because in the
case of reinforcement the ratio of the result-
ant to either component cannot exceed 2,
while in the case of cancellation the ratio
can be infinite.

When one of the two components is ap-
preciably stronger than the other, cancella-
tion never is so complete and the fading
therefore is less severe.

When there are more than two paths,
or components, the effects of integration
and laws of probability act to minimize the
severity of the fading, even though theor-
etically the fluctuation could be more severe.
Fortunately there is an averaging effect
when several paths exist, and the more
paths there are the less likelihood there
is of all the components being exactly in
phase or alternately out of piase at the
same instant. While fluctuations in the re-
sultant intensity may be more rapid when
several paths exist, the excursions are not
so great.

It should be noted that only one of two or
more paths need be disturbed for interfer-
ence fading to exist. Thus a ground wave,
which ordinarily is quite steady, may com-
bine with a disturbed sky wave or tropo-
spheric wave to produce interference fad-
ing which is quite severc when the two
components are of comparable magnitude.

Selective Fading

To this point the discussion of fading has
assumed the radiation of a continuous wave
of constant frequency and amplitude. It is
apparent that for a slightly different fre-
quency, the phase relationships between the
various components of a multi-path signal
will be different, and that if the difference
in path length is sufficiently great in terms
of wavelength, a small change in frequen
can change the phase difference by as mug\'
as 180 degrees, or from complete cancel-
lation to maximum reinforcement. Thus it
is seen that in the case of multi-path trans-
mission the intensity of the received signal

is highly sensitive to changes in the fre-
quency of the wave.

This means that in the case of a modulat-
ed signal, consisting of sidebands, or carrier
and sidebands, the various components of
the signal will not all add or cancel in ex-
actly the same manner when multi-path
transmission and interference effects exist.
The peculiar type of distortion produced
when a modulated signal is subjected to
interference fading is aptly referred to as
selective fading because at any particular
moment certain frequency components will
cancel, while others will add.

In the case of single sideband, sup-
pressed carrier, amplitude modulation trans-
mission, the predominant effect will be to
emphasize certain frequencies and suppress
others, producing frequency distortion but
no harmonic distortion. In the case of the
more common method of amplitude modu-
lation wherein carrier and both sidebands
are transmitted, both frequency distortion
and amplitude (harmonic) distortion will
be produced. This is explained by the fact
that the carrier can be one of the compon-
ents which is selectively suppressed or at-
tenuated by interference effects, and unless
the percentage modulation of the original
signal is very low, there will be times when
the carrier wave intensity at the receiving
point is not sufficient to “support” the side-
bands without overmodulation and conse-
quent amplitude distortion.

Phase dissymmetry of the upper and
lower sidebands with respect to the carrier
as a result of interference fading also will
produce amplitude distortion which contri-
butes to the characteristic aural quality of
“selective fading.”

GUIDED (LOW FREQUENCY)
WAVES

At frequencies below approximately 300
ke. the propagation picture presented for
medium and high-frequency ground and
skv waves becomes less and less precise.
The effective conductivity of even the poor-
est soil becomes quite high, because a much
thicker layer of soil is involved, and as the
frequency approaches the upper audio
range the earth begins to act like a nearly
petfect conductor as far as absorption and
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reflection are concerned. Thus the attenu-
ation of the ground wave due to earth losses
is quite small, and attenuation of a multi-
ple-hop sky wave due to earth losses likewise
is quite small.

As the frequency is lowered the effective
conductivity or coeflicient of refraction of
the ionosphere is increased to the point
where the lower edge of the ionosphere (D
or lower E region, depending upon frequen-
cy) acts like a reflecting mirror at a height
of from 35 to 60 miles, and for this reason
the wave is considered as being reflected
rather than refracted. The absorption is
very low, particularly at frequencies below
100 kec., because the wave is reflected
before it penetrates very far into the region
that ordinarily is responsible for most sky
wave absorption,

Another characteristic of low frequency
waves is that there is no skip distance for
the sky wave, because it always is returned
at all angles of incidence, including the
normal,

So we have a sky wave that travels great
distances with no skip and little absorp-
tion, the spreading of the sky wave being
confined to one plane after it once fills the
space between the two concentric conduct-
ingr;pheres which confine and guide it.

is sky wave or “guided wave” suffers
less absorption and therefore is stronger dur-
ing the night than during the day, during
the winter than during the summer, and
during the less active portion of the sunspot
or terrestrial magnetic cycle. These normal
variations, especially the diurnal variation,
become less pronounced with frequency,
until at frequencies in the neighborhood of
15 to 25 ke. the signal intensity is of the
same order of magnitude at all times, even
during severe ionospheric and magnetic
storms.

There is a pronounced dip in the intens-
ity of the sky wave at or slightly after sun-
set, and sometimes another, less pronounced,
around sunrise. Like other variations, the
magnitude of the dip decreases with fre-
quency, until at 20 ke. or so it is insignifi-
cant. The reasons for the dip in intensity
are not definitely known or fully understood,
though various theories have been advanced.

Like high-frequency sky-wave signals,

low-frequency sky waves are propagated dif-
ferently in different directions and at dif-
ferent geographical locations, though in
most cases the effects are not so pronounced,
and tend to become still less as the lowest
practical radio frequency (about 15 kec.)
is reached.

At distances close to a low-frequency
transmitter the surface wave predominates,
because the ionosphere reflected wave must
travel so much farther to reach the receiving
point. At extreme distances, the sky wave
predominates, because the ground wave trav-
els in more continuous and intimate contact
with the ground, and while the absorption
of the ground wave is low, it nevertheless
is greater than that of the sky wave.

At intermediate distances of from 200
to 1000 miles (depending upon the particu-
lar frequency and the ground constants
over the transmission path), the two com-
ponents will be of the same order of magni-
tude. However, instead of producing se-
vere inference-type fading as occurs at high
frequencies under the same conditions,
changes in signal strength occur gradually.
This is explained by the fact that at low fre-
quencies the sky wave path is relatively
stable in terms of wavelength. At a dis-
tance where the intensity is low because of
cancellation effects, the intensity an hour or
a few hours later may be maximum be-
cause of a gradual shift in the effective
height of the reflecting layer due to sunrise
or sunset. However, this cannot be classed
as fading.

The comparatively stable interference pat-
ten which is produced will resemble a
standing wave, and there will be locations
where the resultant intensity is only a small
fraction of the intensity a few miles closer
to or farther from the transmitter. At a
different time the phase difference may be
such that the intensity at the same location
is greater than that existing a few miles in
either direction along the signal path.

It should be noted that at the extreme
lower range of radio frequencies ordinarily
used, or about 15 kc., the height of the re-
flecting medium is only about four wave-
lengths. Under these conditions it is diff-
cult to make a distinction between the
“ground wave” and the “sky wave,” as they
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begin to lose their identity as such, and
combine to produce a resultant mode of
propagation which is more aptly described
is “guided” propagation. However, inter-
ference patterns and effects still exist.

NOISE

With an ideal receiver, one generating no
noise of itself, and with a hypothetical re-
ceiving antenna which generated no fluctu-
ation or random noise as a result of its ra-
diation resistance, the required field intens-
ity for satisfactory communication would
be determined only by the background noise
picked up by the receiving antenna from
cosmic, atmospheric, terrestrial and man-
made sources, because if this noise were not
present we could receive the signal on our
ideal receiver no matter how weak the sig-
nal.

OF course our idealized receiver is, unfor-
tunately, a physical impossibility. However,
below 50 or 100 Mc. it is possible to build
receivers with an inherent noise level low
enough that, with even a modest receiving
antenna, the noise picked up by the an-
tenna exceeds that generated within the re-
ceiver. In such cases, the required signal
field intensity for satisfactory communica-
tion is determined by the noise field in-
tensity just as would be the case for our
ideal receiver.

If the noise field intensity is going to
determine the distance over which we can
communicate with a given power, or de-
termine the power required to communi-
cate over a certain distance, it is a very
important factor and deserving of atten-
tion.

The main types of noise may be grouped
into the following categories: atmospheric
static; cosmic noise; precipitation static;
and man-made noise.

STATIC (ATMOSPHERICS)

The random electrical discharges which
occur naturally in the earth’s atmosphere
cause noise which is termed static, or some-
times, atmospherics. When the discharges
are of sufficient intensity, they qualify as
“lightning.” Because of the coungess num-
ber involved they also contribute to the

noise level when not of sufficient intensity
to cause the visible display known as a
“lightning flash,” provided they are close by.

Nearby thunderstorms will produce large
crashes of static, having very high intensity
but short duration, coinciding with light-
ning flashes. The large number of such
crashes occurring each second when a large
area is involved cause distant thunderstroms
to produce a constant “rattle” of lower am-
plitude. The numerous nearby random
discharges of low intensity also contribute
to this steady, crackling gackground noise
which serves as an accompaniment to the
intermittent crashes.

While lightning occurs at one time or
another at practically every point on the
globe, it is much more frequent in certain
more or less well-defined tropical areas in
which thunderstorms and hurricanes are
common. For this reason the “steady” static
observed at frequencies which are favorable
to long distance transmission tends to arrive
from certain more or less fixed directions.

A single pulse of static, while short in
terms of audio frequency, is long in terms
of radio frequency. For this reason the ener-
gy distribution is such that the intensity
of a wave produced by an atmospheric dis-
charge is greater at low frequencies, fol-
lowing an inverse law somewhere between
the first and 3/2 power. Thus, the intensity
of the noise field from a local thunderstorm
varies (approximately) inversely with fre-
quency, or directly with wavelength, be-
coming quite low at ultra high frequencies
and quite high at very low frequencies. At
frequencies in the vicinity of 15 to 25 kc.,
a wavelength is quite long, and during a
local thunderstorm many lightning dis-
charges may occur within a radius of a
small fraction of a wavelength. Under these
conditions the intensity of the disturbance
at the receiver (as compared to higher fre-
quencies) will be much greater than indi-
cated by the inverse first or 3/2 power law,
because of inductive effects. The first or
3/2 power relationship holds only for dis-
turbances occuring at a distance great
enough that the radiation field predomin-
ates.

The distribution of intensity vs. fre-
quency in the case of distant static dis-
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charges is altered by the effect of frequency
upon propagation characteristics. Thus, be-
low 300 kc. or so the intensity of static
caused by distant disturbances increases
much more rapidly than the inverse first or
3/2 power, because the lower the frequency
the less the absorption and the more efh-
cient the propagation. The more rapid de-
crease in intensity with increased frequency
is most noticeable during the daytime, be-
cause absorption of the sky wave increases
with frequency much more rapidly in the
daytime.

In the range 500 ke, to 2000 or 3000 ke.
which includes the AM broadcast band,
static from distant sources will have very
low intensity during the daytime because
of the high degree to which the skywave
is absorbed. At night, when the sky wave
is propagated efficiently, the effect of dis-
tant static will be appreciable.

In the high frequency range the intens-
ity of static arriving from distant disturb-
ances will depend primarily upon the fre-
quency and the conditions of the iono-
sphere along the transmission path.

At frequencies above a certain frequency
which will be determined by the conditions
of the ionosphere at the moment, no sky
wave transmission from the distant static
source will be possible, and therefore static
in the u-h-f and upper v-h-f range always
is of local origin,

Most of the heavy static originating in
the equitorial zone and propagated into
temperate and polar latitudes by the same
mechanism as regular radio waves originates
in regions in or near equitorial Africa, the
East Indies, and Central America. This
often results in lack of reciprocity in the
case of communication over a path having
appreciable north-south component when
identical directional antennas are employed,
because the receiving antenna of the station
nearest the equator will point away from
these noise centers, while the other station
may be beamed right at or only slightly off
one of these principal noise centers.

The intensity, location, and time of max-
imum incidence (both diurnal and seasonal)
of tropical static are closely correlated with
weather, and therefore can be predicted in
terms of generalities, just as it is possible to

predict that one location will receive more
or less rainfall than another and that it is
more likely to fall during certain periods of
the day and at certain times of the year.

COSMIC NOISE

At frequencies too high to be refracted
or reflected by the ionosphere, we are
blessed with an absense of static arriving
from distant points by means of sky-wave
propagation. However, the transparency of
the ionosphere to waves having a frequency
above the F, critical frequency permits a
type of noise that is absent on lower fre-
quencies: solar noise and cosmic noise ar-
riving from outer space. This noise, which
is of the nature of a steady hiss, is of maxi-
mum intensity near the upper limit of the
h-f band or in the lower part of the v-h-f
band and decreases approximately as the
third power of the wavelength. Because of
the rapid decrease in intensity as the fre-
quency is raised, cosmic noise is not a sig-
nificant factor in the u-h-f range.

In view of the fact that cosmic noise
emanates from certain fixed locations in the
universe, the intensity will vary appreciably
from hour to hour, day to day, and season to
season, the variation being more pronounced
at the receiver as the directivity of the re-
ceiving antenna is increased. Likewise at
any given time the intensity at the receiver
input circuit will vary considerably as the
orientation of a directional antenna is

changed.
AIRCRAFT CORONA STATIC

An aircraft in flight is subject under
some conditions to corona discharge which,
unless controlled, produces a severe form of
continuous static that is especially bad on
the lower frequencies. The corona discharge
is produced in two ways.

In the first, which is the more preva-
lent and more serious, the aircraft becomes
electrified by frictional generation of elec-
tricity or by impact with charged particles
when it flies through a precipitation in the
atmosphere. Dry snow or ice crystals cause
an especially bad corona condition, but rain,
dust, and smoke also will cause an aircraft
to acquire a charge sufficient to produce
corona. The charging is called “autogenous”
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and “unipolar” because the charge is gener-
ated by the moving plane (self-generated)
and the entire plane carries a charge of the
same sign (unipolar). The static resulting
from this type of discharge is called precipi-
tation static.

The second type of corona discharge is
called “exogenous” and “bipolar” because
the free charge already exists in the medium
in a form such as a thundercloud (extern-
ally generated) and the charge is transferred
both to and away from the aircraft so that
the charge on one part of the plane has one
sign and that on another portion of the
plane is of the opposite sign (bipolar). In
effect the aircraft acts as a “short-circuit”
for adjacent thunder clouds which are high-
ly charged and of opposite polarity. The
static produced resembles precipitation static
(though it is more variable and usually of
shorter duration) and the remedy is the
same, Therefore, it oftentimes is considered
under the general heading of “precipitation
static,” though strictly speaking it deserves
a separate classification.

There is a particular voltage at which
each of the sharp projections or edges of the
main protuberances of an aircraft will ionize
the contiguous air and produce corona. The
charge acquired by the aircraft thus leaks off
in a series of impulsive discharges; the more
rapidly the plane acquires charge, the more
rapid the impulses and the greater the num-
ber of discharge points, thus tending to keep
the aircraft in equlibrium.

Aircraft corona static is most severe when
there is corona discharge from any portion of
the receiving antenna system proper. The
next most serious condition is where the cor-
ona exists adjacent to any part of the an-
tenna system. If the corona occurs some
distance from the antenna, the interference
is only moderate, and can be effectively sup-
pressed by controlling the character of the
corona discharge.

To prevent corona discharge from the
antenna proper, the wire is covered with a
low loss dielectric of high dielectric strength
and suitable physical properties. Polyethyl-
ene is one such dielectric. Loop antennas
often are housed in streamlined metallic or
dielectric shields. All hardware or appur-
tenances touching or adjacent to the antenna

wire are sufficently rounded off or else taped
or otherwise covered with dielectric to elimi-
nate any possibility of corona in the im-
mediate area of the antenna. Then, to mini-
mize the remaining intereference, special
“quiet” dischargers are placed at various ex-
tremities of the plane such as the wing tips.

One such discharger which is very effec-
tive comprises a fabric wick which has been
impregnated with colloidal metal. Each of
the large number of fibers in the wick offers
an effective “pin point” discharge point and
the composite result is a smooth, quiet dis-
charge at moderately low potential, prevent-
ing the aircraft from acquiring a charge high
enough to produce corona at undesired
spots.

Another form of discharger, which in-
cidentally was more or less standard for
many years, employs a short length of very
fine wire which is trailed behind and iso-
lated from the aircraft by a series resistor
of sufficiently high value to “soften” the
discharge and confine the generated noise to
the discharge wire.

A comparatively mild form of precipi-
tation static sometimes is observed with cer-
tain types of antennas at ground stations
during a severe snow, dust, or thunder
storm, particularly when a high wind is
blowing. If the antenna is grounded, how-
ever, any static due to corona discharge
from the antenna is more likely to be of the
exogenous type, because the autogenous
charge is conducted to ground as rapidly as
it is generated.

MAN-MADE NOISES

Electrical apparatus which utilizes com-
mutation (such as a d-c motor or generator),
vibrating contact points (such as an electri-
cal shaver), spark discharge (such as an
ignition spark plug) or any such mechanism
whereby an electrical spark is produced
(however minute) will radiate damped radio
frequency waves which cover a wide spec-
trum unless preventative measures are taken.
Under certain conditions the noise field in-
tensity from such sources can be high
enough to prevent satisfactory reception of
anything but extremely strong signals.

When practicable, the usual procedure is
to confine the r-f currents developed by the
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spark discharge to that particular circuit, or
at least to the apparatus, by shielding and
by use of suitable isolating resistors or
cgokes in conjunction with bypass capac-
itors. When this cannot be done or when
it does not offer complete freedom from in-
terference, the usual procedure is to confine
all pickup to the antenna proper and locate
and orient it so that the noise picked up
from the offending source is minimized.
Pickup is confined to the antenna proper by
shielding or balancing the lead-in or feed
line from antenna to receiver, and by filter-
ing the supply leads to the receiver to pre-
vent noise currents being conducted into the
receiver via the power wires. This will be
treated in more detail in the chapter devoted
to receiving antennas.

REDUCTION OF NOISE—GENERAL

Because the amount of noise energy ap-

pearing in the output of a receiving system
increases with the band width, it is desirable
in order to minimize the intensity of all
types of noise to limit the band width of
the receiver to the minimum which will
pass the modulation with satisfactory fidel-
ity.
Loud crashes of atmospheric static of local
origin, as well as ignition interference or
any interference which consists of a not too
rapid succession of peaks of high amplitude
but short duration can be greatly reduced
with little or negligible distortion of the
signal by means of peak clipping or chop-
ping. This type of “limiting” is inherent in
frequency modulation systems, and is highly
effective except when the desired signal is
quite weak. In amplitude modulation sys-
tems, the limiting must be accomplished by
special auxiliary circuits, and the limiting
generally is not as effective as that occur-
ring in FM reception.

Peak chopping is effective as a means
of noise reduction only on impulse type
noise, in which the ratio of peak to average
energy is high; it is not effective on the
steady hiss type of noise termed “fuctua-
tion” or “random” noise.

When satisfactory reception is not ob-
tained in spite of full exploitation of direc-
tional antennas well separated from local
noise sources, noise suppression on nearby

electrical devices, narrowest practicable re-
ceiver bandwidth, power line filtering, and
peak noise clipping or limiting, the only
recourse is to overcome the residual noise by
increasing the radiated power of the trans-
mitter, This assumes, of course, that the
receiver proper is sufficently well designed
that the residual noise is predominantly
noise which is fed into the receiver from the
antenna system, and not inherent receiver
background noise.

COMMUNICATION PRACTICE IN
DIFFERENT FREQUENCY
RANGES

Because of the different propagation char-
acteristics of different frequency ranges,
each range has its own scope of usefulness.
Likewise, different techniques and practices
have developed as a result of each frequen-
cy range possessing characteristics unique to
that part of the spectrum, not only with re-
gard to propagation, but to antenna equip-
ment and method of installation as well.
While this chapter is concerned primarily
with the propagation aspects, they are in
many ways so closely related to the location,
orientation, and design of the antenna equip-
ment that it is not practicable to ignore one
while discussing the other. However, until
antennas themselves are treated in specific
detail, they will be referred to in connec-
tion with propagation considerations only in
generalities.

BASIC ANTENNA CHARACTERISTICS
AND CONSIDERATIONS

In order for the reader to appreciate the
following discourse on communication prac-
tice with regard to the propagation aspects,
it will be necessary for him to accept or
recognize for the time being certain basic
facts in connection with antenna systems,
which are postulated as follows:

(1) An antenna must have sufficient
physical size in terms of wavelength to pos-
sess appreciable radiation resistance; other-
wise it will be an inefficient radiator and
wasteful of power.

(2) All practicable antennas exhibit some
directivity. They transmit or receive better
in certain directions than others. This effect
may take place in the vertical plane, the
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horizontal plane, or both, depending upon
the configuration and orientation of the an-
tenna system. The vertical directivity is af-
fected by the presence of the ground.

(3) The simplest practicable radiator is
a linear conductor which, in order to mini-
mize resistance losses and reactance effects,
usually is made a resonant length at fre-
quencies where this is economically feasi-
ble. Fundamental resonance of an un-
grounded wire occurs at one half wave-
length; of a grounded wire, one quarter
wavelength. Such a radiator shows no in-
herent directivity in a plane normal to the
radiator, but possesses an inherent directiv-
ity pattern resembling a figure 8 in all
pimes containing the radiator. The orienta-
tion of the figure 8 is such that zero radi-
ation occurs off the ends of the radiator.
The inherent directivity of this simple rad-
iator, like any other, is modified by the
presence of the ground because of reflections
and interference effects.

(4) By the use of a multiplicity of radi-
ating elements so disposed as to provide
systematic exploitation of interference ef-
fects, it is possible to concentrate most of
the radiation from an antenna system into
a restricted angle in either the vertical plane,
horizontal plane, or both. In generai the
greater the cross sectional dimension of the
radiating system in either plane, the greater
the directivity (narrower the angle of the
“beam”) in that plane. The greater the
depth of the array, or cross section of the
antenna system in the direction of propaga-
tion, the greater the directivity in both
planes. A directional antenna system is
called a directional array, or sometimes a
beam antenna.

(5) Assuming negligible resistance losses
in any case, concentrating the radiation into
a restricted solid angle which includes the
desired transmission path produces the same
result as raising the transmitter power. The
sinaller the solid angle into which the radia-
tion is concentrated, the more intense the
radiation for a given transmitter power. The
increase in field strength realized due to the
directive properties of an array usually is
defined in terms of equivalent power gain
or decibels improvement over a reference an-
tenna which is fed the same amount of

power. Unless otherwise stated the refer-
ence antenna ordinarily is a half wavelength
linear radiator having the same average ele-
vation, and oriented to have the same polar-
ization, as the array.

(6) Generally speaking, the principle of
reciprocity applies to transmission and recep-
tion with a given antenna system. The
directive properties (directional pattern) in
nearly all practical cases will be the same
whether an array is used for transmission
or reception. And generally speaking, a
good transmitting array will make a good
receiving array.

(< gummarizing on directional arrays:
They are commonly used to minimize inter-
ference and provide an equivalent power
increase. They are used on transmitters to
minimize radiation in undesired directions,
thus reducing interference, and to provide
an equivalent power increase by concentrat-
ing it in the desired direction(s). They
are used on receivers in order to minimize
reception of interfering signals from un-
desired directions, and to provide an equiv-
alent increase in transmitter power or
receiver sensitivity. The most efhcient and
protected point-to-point circuit utilizes direc-
tive arrays for both transmission and recep-
tion. In many applications the same anten-
na is used for both transmission and
reception by means of relays.

(8) It is common practice, especially on
the higher frequencies, to locate the antenna
proper some distance away from the trans-
mitter or receiver, and to employ a feed line
or transmission line to convey the energy
from transmitter to antenna or from an-
tenna to receiver. The transmission line or-
dinarily is balanced or shielded so as to
confine virtually all radiation and pickup
to the antenna proper. The antenna and
transmission line together commonly are re-
ferred to as an antenna system.

(9) When propagation is primarily by
the surface wave component of the ground
wave, as in the AM broadcast band, the
chief consideration is the conductivity of
the ground. Except as it affects radiation
resistance and efficiency, the height of the
antenna is not of great importance. When
propagation is via the space wave com-
ponent of the ground wave, as at v.h.f. and
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uwhf., the primary consideration is eleva-
tion of the antenna, the conductivity of the
ground being of minor importance. When
propagation is via the sky wave, the chief
consideration is the condition of the ionos-
phere, the elevation of the antenna above
the ground being relatively unimportant ex-
cept as it affects the vertical directivity pat-
tern of the antenna.

V-L-F AND L-F PRACTICE

The lower end of the radio frequency
spectrum is employed for long distance
circuits (several thousand miles) or general
coverage over a wide area when the max-
imum possible reliability is absolutely nec-
essary. While one octave in the high fre-
quency range, say, from 6 to 12 megacycles,
contains several hundred channels, the oc-
tave between 15 and 30 kc. contains com-
paratively few. Therefore the full potenti-
alties of channels in this range are exploited
by use of very high power transmitters and
elaborate and extensive antenna installa-
tions. It is the only portion of the radio
frequency spectrum where a signal can be
put into almost all portions of the world
simultaneously, regardless of magnetic or
ionosphere conditions and under nearly all
atmospheric conditions, by sheer “brute
force.”

At the lower end of the spectrum, the
radiation resistance of any practical antenna
is very low, even when the antenna system
covers many acres or even several square
miles and utilizes towers several hundred
feet high, because a wavelength is so long
at such frequencies. If the inductors which
are used to tune out the reactance presented
by the nonresonant radiator are of low loss
construction in order to minimize losses,
then the low radiation resistance results in
a very high Q, which, because of the low
frequency, limits the bandwidth of the sig-
nal which can be radiated efficiently to a
matter of cycles rather than kilocycles. This
limits the use of these frequencies to com-
paratively slow speed telegraphy.

The 1 band, from 30 ke. to 300 ke, is
used for various applications requiring re-
liable ground wave coverage over distances
up to several hundred miles, particularly in

high latitudes where auroral effects make
high frequency sky wave propagation un-
reliable and the distance from the equatorial
“static factories” results in a low static level
at Jow frequencies.

When “long wave” stations are used for
trans-oceanic circuits, they are located as
close to the ocean as practicable, because
it has been found that the wave suffers
appreciable attenuation if the station is set
back from the coast even a few miles.
When possible the antenna is located over
a marshy country or soil where salt water
exists a few feet below the surface, in order
to obtain a low resistance path for the high
amplitude earth currents which flow in the
vicinity of such an antenna.

MEDIUM FREQUENCIES

The spectrum between 300 ke. and the
lower edge of the AM broadcast band is
employed for certain marine, aircraft, mili-
tary, and other applications requiring reli-
able ground wave coverage over a maximum
distance of from 100 to 300 miles over land
and up to 500 miles or so over salt water.

The most important portion of the med-
fum frequency band from a commercial
standpoint is the AM broadcast band from
§50 to approximately 1600 kilocycles. The
rest of the m-f spectrum, from the upper
edge of the AM broadcast band to 3 Mc,
is mostly used for applications which could
be better served by use of lower frequencies
but for which such channels cannot be
made available. Coverage by means of
ground wave propagation at 3 Mc. is rela-
tively inefficient over land, and sky-wave
communication ordinarily is better accomp-
lished on frequencies somewhat above 3 Mc.
However, the range 2-3 Mec. is as satisfac-
tory as lower frequencies for ground-wave
transmission from or between small boats,
where the dimensions of the antenna are
strictly limited and the earth conductivity
is high.

THE AM BROADCAST BAND
In the AM broadcast band an antenna

system is called upon to deliver a field
strength adequate for good program quality
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Figure 1-13.

APPROXIMATE GROUND WAVE

FIELD INTENSITY AS A FUNCTION

OF DISTANCE FOR A SHORT VER-

TICAL ANTENNA RADIATING ONE
WATT OF POWER

It is assumed that the radiator Is
located at the surface of the earth,
is not longer than one quarter wave-
length, and that the terrain is fairly
level (no high mountains) along the
propagation path. The field strength
in microvolts per meter for other
values of radiated power will be pro-
portional to the square root of the
power in watts.

The radiated power for an antenna
longer than l/a wavelength will ap-
proach the value of power fed to the
antenna, provided very good coupling
and grounding systems are employed.
A short “whip” antenna which is but
a very small fraction of a wavelength
long will radiate as little as 1 /100th
of the power defivered by the trans-
mitter.

A vertical radiator acquires addi-
tional vertical directivity as it is
lengthened. Thus, the field strength
from a half-wave vertical radiator will
be about 20 per cent greater than
the values shown in the charts (for
a given total radiated power) because
more of the energy Is concentrated

along the ground.
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over a specified or desired area, sometimes
a slightly degraded but still usable signal
within a larger area, and as little signal as
possible beyond the point where the signal
is no longer enjoyable (in order to minimize
interference to other station(s) assigned the
same frequency). Furthermore, the design
of the antenna system should be such that
this is accomplished as economically as pos-
sible when the cost of the entire station
(including the antenna system) is con-
sidered. In fact, when the F.C.C. specifies
a certain power when licensing a station, it
is based on the power required to cover
the desired area on the specified frequency
when an economical proportion of the total
station cost is represented by the antenna
system, assuming that the antenna system
is of good engineering design regardless of
cost and represents the best performance
that can be obtained for the particular
amount of money expended on the antenna
system.

PRIMARY AND SECONDARY COVERAGE

The requirements for broadcast reception
(either AM or FM) differ from other
services in that it is not sufficient just to
deliver a highly intelligible signal to the re-
ceiver; in commercial broadcasting the re-
ceived signal (within the “primary” service
area) must be not just intelligible but vir-
tually distortionless and free from inter-
ference and noise even when received on an
inexpensive receiver, using a mediocre an-
terna, and located in an area of high
ambient noise level due to man-made elec-
trical interference.

The standards of good engineering prac-
tice and other requirements established by
the F.C.C. are such that, employing or
applying known techniques, the only way
to comply is to use a vertical radiator or
radiators and a very excellent ground sys-
tem. To ensure 100 percent coverage of
the primary service area at all times the
station is operating except possibly during
local thunderstorms, it is necessary to rely
upon ground wave (surface wave) propaga-
tion.

Use of a vertical radiator or radiators
provides the strongest ground wave for a
given power, and also confines the major

sky-wave radiation to low vertical angles so
that the amplitude of the received night-
time sky wave does not approach that of the
received ground wave except at points be-
yond or near the outer edge of the daytime
primary service area. If the amplitude of the
sky wave exceeds a small fraction of the
ground wave intensity, wave intereference
effects and the objectionable “selective fad-
ing” type of distortion occur, degrading the
quality of the signal. If the two waves
should be of approximately the same mag-
nitude at some distance, the distortion will
be so severe that at times dialogue will
become completely unintelligible.

The field intensity required for satisfac-
tory primary coverage will depend upon the
ambient electrical noise level. Ignoring local
thunderstroms, the required signal field in-
tensity will vary from so millivolts per
meter in particularly noisy business or in-
dustrial districts in large cities, to about o.1
millivolt per meter in the more quiet rural
areas.

Some idea of the primary coverage to be
obtained for a given frequency, power, and
terrain may be had from figure 1-13, which
illustrates the variation in field strength of
the ground wave with distance, frequency,
and terrain. The attenuation of a ground
wave is much greater when passing over a
skyscraper district or over dense tropical
jungle than is shown for poor soil.

“Secondary coverage” defines an area in
which the field strength is sufficient to pro-
vide a signal which, except under unfavor-
able conditions of reception, will satisfy the
less critical listener most of the time and a
critical listener part of the time.

In the daytime the secondary coverage
area due to the ground wave is greater than
at night, because the absence of sky-wave
propagation in the daytime reduces atmos-
pheric noise and heterodyne or “shared
channel” interference from distant stations.
If the station is powerful, there may be,
in effect, two nighttime secondary coverage
zones. In the outer zone the sky wave
(which is completely absorbed in the day-
time)* predominates and is strong enough
to provide a usable signal. In the inner
zone the ground wave will be a little too
weak to qualify as “primary coverage,” yet
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still be enough stronger than the sky wave
that distortion is absent or tolerable. In
the intermediate zone both signals will be
too weak or else they will be of the same
order of magnitude, causing bad selective
fading and severe distortion.

At the lower end of the broadcast band,
propagation of the surface wave is good
and transmitter power always is substantial.
There seldom will be an intermediate zone
in which both the ground wave and night-
time sky wave are too weak. The ground
wave is propagated so efficiently that it is
strong out to and usually past the point
where the sky wave reaches appreciable
amplitude. In this case the primary and sec-
ondary coverage areas are separated only by
an area of excessive distortion. Under some
conditions this nighttime distortion area will
start within the day time primary coverage
area, causing the primary coverage to be
less at night.

When low or moderate power is used at
the higher end of the broadcast band, the

ound wave intensigr will drop below
usable values before distances are reached
where the sky wave might provide a suffi-
ciently strong signal to qualigy as secondary
coverage. This is especially true when the
gyto frequency is above 1200 ke. In these
cases there will be no zone of severe distor-
tion from ground vs. sky-wave interference,
but rather a zone of inadequate signal
strength corresponding to a “skip zone.”
This “skip zone” in the secondary coverage
exists only when the sky wave intensity is
strong enough to provicg; secondary cover-
age. The primary coverage in these in-
stances of no distortion zone will be approx-
imately the same day or night for a given
transmitter power, because it is assumed
that in the primary service area the signal
field intensity is strong enough to override
moderately severe man-made noise, which
is so much stronger than nighttime atmo-

*The sky wave usually is completely absorbed
in so far as practical effects are concerned. Ac-
tually, while the sky wave ordinarily is so
highly attentuated in the daytime that it is
no longer of significance, it nevertheless exists,
and may at times be strong enough to cause
interference to distant stations on the same
channel.

spheric static and sky wave heterodyne in-
terference that the presence or absence of
the latter would make little difference in
noise level.

SKY-WAVE INTENSITY

When considering the distance at which
the ground wave and nighttime sky wave are
of the same order of magnitude, it is well
to examine the reasons why the sky wave
is comparatively weak at distances close to
the transmitter. In the first place a conven-
tional vertical radiator has a vertical radia-
tion pattern in which the intensity is approx-
imately proportional to the cosine of the
angle of elevation. This means that the
radiation at high angles is of comparatively
low magnitude. Also, the sky wave travels
considerably farther than the surface wave
to reach a nearby point on the earth’s sur-
face, the path difference being at least 140
miles or so for zero geographical distance
(assuming E layer reflection). And of
course there is appreciable absorption of the
sky wave while it is in the ionosphere.

These factors combine to reduce the am-
plitude of the sky wave to a value well
below that of the ground wave at distances
out to at least 30 miles over average earth
at the high end of the broadcast band, and
to roughly 100 miles at the lower end
where the ground wave attenuation is con-
siderably less.

DIRECTIONAL SYSTEMS

Broadcast transmitters commonly employ
two or more vertical radiators as a direc-
tional array, especially when the channel is
shared with another station. In the latter
case the usual procedure is to locate the
transmitter on the side of the area to be
served toward the sharing station. The array
is then designed and adjusted so as to have
a rather sharp “null” in the direction of the
distant sharing station. In some cases an
array is employed not only to “protect” an-
other station but to give a radiation pattern
which more economically covers the desired
area than would an antenna radiating equal-
ly well in all directions. A typical example
is where there is a populated area spread
along the seacoast with a sparsely settled in-
terior. Obviously any energy radiated to-
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ward the sea or inland is wasted (from a
commercial standpoint) and it is better to
concentrate it in a direction along the sea-
coast and thusly provide a better service in
the thickly populated area,

AM BROADCAST STATION SITES

Broadcasting transmitters usually are sited
only after careful propagation surveys are
made to determine the relative merits of
different potential locations. Ordinarily the
station will be placed in the suburgs or
outskirts in a region having high soil con-
ductivity, but in the larger cities there are a
few, low power “metropolitan” stations with
transmitters located right in the downtown
business districts and intended to serve only
the immediate area. Even though an efh-
cient antenna system is impossible under
such conditions, such a station often will
override the very high electrical noise level
existing in the business section of a large
city even with comparatively low trans-
mitter power, just because of the mere prox-
imity of the transmitter. In some such cases
the radius of primary coverage will not
exceed a couple of miles, but a large pop-
ulation may be included within the area.

High powered “regional” stations with
main studios in large coastal cities such as
New York, Boston, Los Angeles, San Fran-
cisco, etc. often have their transmitter lo-
cated as much as 25 miles out of town,
usually in a salt marsh or else quite close to
the beach, if not actually on a small natural
or artificial island.

AM broadcasting techniques are highly
developed and specialized. It is recom-
mended that those who have a special in-
terest in AM antenna systems, propagation,
practices, etc, obtain the various publications
and charts (free or nominal cost) issued by
the Federal Communications Commission
and the National Bureau of Standards,
some of which are available direct and some
only from the Government Printing Office
(Superintendent of Documents). Because
new publications are constantly being issued
and old ones superseded, no attempt will be
made to list them here,

HIGH FREQUENCIES

Except for a few isolated applications

(particularly marine and military) at the
low-frequency end of the range, the high-
frequency band embracing 3 to 30 Me. is
used principally for medium to long distance
sky-wave communication, and long distance
(international) broadcasting.

When the wave does not have to travel
close to the auroral zone, when the ionos-
phere is comparatively “undisturbed,” when
effective antenna systems are used, and
when there are no local thundershowers,
voice communication over distances of sev-
eral thousand miles is possible with only a
few watts of radiated power provided the
most favorable frequency is used. C-w tele-
graphy can be effected with even less power,
or about 1-50th the power required for
voice communication of comparable intel-
ligibility.

MUF AND OWF

The most favorable high frequency from
the standpoint of signal strength is just be-
low the maximum frequency which is re-
turned by the ionosphere to the desired
point at that particuf;r time. It is called
the maximum usable frequency, abbreviated
MUF, and previously described in conjunc-
tion with skip distance. However, because
the MUF is constantly changing, it would
not be practicable to employ the MUF as
the operating frequency. Skip fading would
be very severe, and the frequency would
have to be changed constantly.

To avoid this difficulty, a frequency about
15 per cent lower than the MUF, called
the optimum working frequency, or OWF,
ordinarily is employed rather than the
MUF. The signal will be almost as strong
as when the MUF is used, particularly at
night, and fewer frequency changes will be
necessitated as the ionosphere conditions
change.

While communication is possible with
very low power under favorable conditions,
commercial and government circuits ordi-
narily employ powers of from 1 to 25 kilo-
watts into the antenna, or sometimes much
more in the case of international broadcast-
ing stations, and then utilize elaborate
directional arrays to increase the effective
radiated power still further. The use of
high power in conjunction with rather elab-
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orate antennas permits communication under
less favorable conditions, and improves the
reliability of the circuit. At long distances,
interference fading due to multi-path trans-
mission occurs, and under certain conditions
the signal can fade to zero. The probability
of this happening during any one trans-
mission is very small. However, constant
excursions of 20 db or more in signal
strength are quite common. The use of
plenty of transmitter power ensures ade-
quate signal strength at the bottom of a
fade.

Short wave “international” broadcast sta-
tions do not provide a service which com-
pares with the primary coverage of a
standard AM broadcast station as regards
quality of signal. The field intensity at
times will be very high, but interference
fading will degrade the fidelity or quality of
the signal even though the receiver a.v.c.
maintains the average signal level nearly
constant. However, the distortion ordinarily
will not be as severe as is experienced in the
case of selective fading in the standard AM
broadcast band, because at the higher fre-
quencies the carrier and various sidebands
tend to fade more nearly together and over-
modulation of the carrier is not likely to be
as severe from this cause.

The drop in field intensity as the fre-
quency is lowered from the MUF is more
rapid in the daytime, when absorption at the
lower frequencies is high. Therefore, in the
daytime it is imperative that the operating
frequency not be too far below the MUF.
The additional absorption induced by using
a frequency 3 or 4 megacycles lower than
the OWF may be as high as 10 or 20 db
during the daytime. The chief advantage
in using the OWF at night, rather than
a much lower frequency, is a matter of
noise level rather than absorption. The sig-
nal field intensity may be nearly as high at
the distant point at night when the lower
frequency is used, but the noise level will
be much higher. Thus it is desirable to
use a frequency as near the OWF as pos-
sible, day and night, though it is most
important in the daytime. Generally speak-
ing, the OWF will be considerably lower
at night than during the daytime for a
given path.

LOWEST USEFUL HIGH FREQUENCY

For a given time and path, there will be
a lower limiting frequency, determined by
transmitter power and atmospheric noise, be-
low which satisfactory communication is
impossible because of excessive absorption.
This frequency is called the lowest useful
high frequency, or LUHF. Under some
conditions, particularly in the daytime when
low power is used, the LUHF may be only
slightly lower than the OWF. Note that,
unlike the MUF and OWF, the LUHF is
not a fixed value for a given path and time;
it depends upon transmitter power and other
factors such as transmitter and receiver an-
tenna gain, receiver sensitivity, and required
circuit performance.

DETERMINATION OF MUF

When the critical frequencies of the va-
rious layers are known (even approximately)
at certain “reflection points” or ‘“control
points” along the transmission path, it is

ible to make an accurate determination
of the MUF (and therefore of the OWF,
as the latter is a constant percentage of
the MUF). This is made possible by the
fact that there is a definite relationship
between the critical frequency of a given
layer and the “lowest perforation frequen-
cy” for a particular oblique angle of inci-
dence.

The MUF for a given layer is roughly
proportional to the secant of the angle of
incidence. Because of the curvature of the
layers, the angle of incidence never can
be go degrees, even when the wave leaves
the earth at zero elevation (tangent to the
earth). Because of its substantially greater
height, the F, layer is more oblique to a
wave just grazing the earth than is the E
layer. This means that for the same critical
frequency, the maximum MUF of the E
layer is somewhat higher than the maximum
MUF of the F, layer.

The maximum possible “one hop” dis-
tance for E layer reflection is considerably
less than the maximum possible “one hop”
distance for F, layer reflection, because of
the much lower height of the E layer. For
usual heights of the E and F, layers, the
maximum one hop distances will be about
1250 miles for the E layer and about 2500
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miles for the F, layer. This is for a wave
elevation angle of about 3 degrees, as radia-
tion below this angle suffers excessive ab-
sorption by the earth. The F, layer has
been omitted from the discussion because
seldom is it the effective or “controlling”
ionosphere layer in sky wave transmission.
The majority of the time the predominant
wave arrives via either the E layer or the
F, layer.

It is obvious that for a given distance
there will be an MUF for E layer reflec-
tion and an MUF for F, layer reflection.
Whichever layer has the higher MUF is the
controlling layer, and the unqualified term
“MUF” applies to the controlling layer.
Also, in the case of the F, layer, MUF ap-
plies to the extraordinary wave unless stated
otherwise.

The relationship between extraordinary
wave critical frequency and the MUF for
the E and F, layers for one hop transmis-
sion over various distances is shown in table
HI. The MUF factors given for the F,
layer are the lowest that can be expected
at any time (for instance, summer mid-
night). Actually the F, factors vary with
the condition of the earth’s magnetic field,
time of day, and season, the variation being
greater at the greater distances. For in-
stance, the MUFg;actor for the lower angles
of departure (larger angles of incidence)
will be slightly higher during the day than
at night, anc{ slightly higher during the
winter than during the summer. The MUF
factors for the E layer are fairly constant
at all times, diurnal and seasonal variations
being insignificant. The reference factor 1
in the case of the MUF factors applies to
the critical frequency (extraordinary ray in
the case of the F, layer) at a point half-
way along the transmission path for single
hop propagation.

The distance factor is proportional to the
reciprocal of the MUF factor, and has an
arbitrary reference value of 1 for a 2500
mile F, hop or a 1250 mile E hop. Thus,
if the MUF for a distance of 1250 miles
or more in the case of the E layer is known,
or if the MUF for a distance of 2500 miles
or more in the case of the F, laver is
known, it is possible to determine the MUF
for shorter distances simply by multiplying

the maximum distance MUF by the appro-
priate distance factor. Note that distances
of 1250 miles or longer, and 2500 miles or
longer were specified. This requires some
explanation.

MULTIPLE OR EXTENDED HOP
TRANSMISSION

When the distance is too great for a wave
to travel in one simple “hop” the wave acts
as though it were refracted from two control
points, one at each end of the circuit and
separated from it by a distance equal to
one half the maximum one hop distance.
This means that the “control points” in the
case of F, layer transmission exceeding 2500
miles may ge considered as being located
1250 miles from each end of the circuit.
Actually, this is a specious explanation
which does not account for progagation be-
tween the two control points, but the im-
portant thing is that, so far as MUF calcu-
lations are concerned, predictions based on
this simplified mechanism give results which
agree closely with experiment. Thus, the
MUF for a multiple or extended hop cir-
cuit may be taken as the MUF of which-
ever control point has the lower MUF,

It doesn’t seem quite fair to say that,
“The MUF for all distances over 2500
miles is the same,” and then change the
subject. But after all, we are really inter-
ested in the results, and suffice it to say,
there is considerable disagreement and spec-
ulation as to exactly what happens to ac-
count for the accurate results obtained from
the supposition of two “control points.” At
one time it was assumed there was a second-
ary skip zone, just beyond the maximum one
hop distance, for frequencies slightly too
high to be refracted in two geometrical hops.
This seems logical, but in practice the sec-
ondary skip zone just beyond 2500 miles
does not ordinarily exist for propagation via
the regular layers.

CRPL PROPAGATION PREDICTIONS

It is recommended that the reader who
has use for or further interest in the de-
termination and prediction of ionosphere
conditions and their application to high
frequency propagation problems take ad-
vantage of the services offered by the Cen-
tral Radio Propagation Laboratory of the
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U. S. National Bureau of Standards. Basic
Radio Propagation Predictions for a particu-
lar month are issued three months in ad-
vance through the Superintendent of Docu-
ments, U. S. Government Printing Office,
Washington, D. C. These are available
either singly or by subscription at a nom-
inal charge. Because of possible changes

in the cost, and because of the possibility
of additional data or services being provided
at a date subsequent to the publication of
this book, it is suggested that inquiry be
made of the Superintendent of Documents
as to cost, and to the availability of other
publications bearing upon the subject.
The Basic Radio Propagation Predictions

TABLE III

MUF AND DISTANCE FACTORS (APPROXIMATE) FOR PROPAGATION VIA
THE E AND F, LAYERS

Distance MUF FACTOR DISTANCE FACTOR
(statute
miles) E LAYER F, LAVER E LAVER . LAVER
0 1.00 1.00 0.21 035
100 113 1.01 0.24 035
200 15 1.03 031 0.36
300 19 1.07 0.40 0.37
400 24 113 0.50 0.39
600 33 13 069 0.45
800 4.0 15 0.83 0.54
1000 45 18 0.94 0.64
1250 48 21 1.00 0.74
1500 24 083
2000 27 0.95
2500 29 1.00

This glves the MUF for that distance.

To determine the MUF when the critical frequencies of the E layer and F, layer
(extraordinary ray) at the mid point of the transmission path are known, multiply the
critical frequency or “zero distance MUF” by the MUF factor given for the distance
in question. Do this for both the E layer and the F, layer, and take the higher frequency.

When the MUF is known for 1250 mile (or greater) E fayer transmission or for
2500 mile (or greater) F, layer transmission, the MUF for the distance in question

can be obtained by multiplying by the distance factor.




58 RADIATION AND PROPAGATION OF RADIO WAVES

comprise various simplified nomographic
charts and other data which permit rapid
and accurate determination of the MUF
and other propagation information for any
high frequency S(y-wave path in the world
at any time of day. Predictions are based
on average, “undisturbed” conditions for the
month of prediction, but are supplemented
by forecasts of ionosphere disturbances.

H-F ANTENNAS AND SITES

Antennas employed for sky-wave com-
munication within the range 3 to 30 Mec.
vary widely with frequency and application.
However, they are almost invariably hori-
zontally polarized, because ground absorp-
tion losses are minimized and because man-
made static is lower when horizontal polari-
zation is employed. In the case of general
coverage antennas it is necessary to exercise
care in ascribing to the antenna a specific
polarization, because a simple horizontal an-
tenna, for instance, radiates horizontally
polarized sky waves in a broadside direction
and vertically polarized sky waves off the
ends.

The vertical directivity or space wave
pattern of an antenna or array is greatly
affected by the presence of the earth. For
a given mean e{:evation of the antenna or
array, there will be certain vertical angles
where cancellation of the direct and ground-
reflected rays causes the resultant wave to be
comparatively weak, and other angles where
reinforcement will increase the strength to
approximately twice the “free space” value.
To avoid excessive cancellation at the low
vertical angles of radiation generally favor-
able to extreme long distance work, a hori-
zontally polarized antenna or array must be
elevated at least one and preferably two
wavelengths above the effective height of
the surrounding terrain, even when the con-
ductivity is high as in the case of the
ocean.

For short and medium distance general-
coverage work at the lower end of the high
frequency range (3 to 6 or 8 Mc.) a com-
paratively high angle of radiation is favor-
able. In this case the antenna usually is
elevated just enough to clear the earth and
surrounding obiects sufficiently to keep
losses due to induced currents and low ra-

diation resistance from being excessive.

Unless the area surrounding the “reflec-
tion point” would appear comparatively
smooth in terms of wavelength as viewed
from the center of the radiating system, scat-
tering and complex reflections will result in
an interference pattern of considerable com-
plexity and make it virtually impossible to
ascribe an effective height to the antenna or
to predict just what can be expected.

The lateral extent of the effective “zone
plate,” or area of ground appreciably affect-
ing the vertical pattern of the antenna, is
determined primarily by the elevation of
the radiator and the vertical angle of radi-
ation involved. To get a rough idea of
whether a certain area of terrain is appreci-
ably affecting the radiation at a certain ver-
tical angle in a certain direction, take an
imaginary sight from the effective “center”
of the radiating system in that compass di-
rection at an angle of depression equal to
the angle of elevation involved. This will
give the geometrical “reflection point.” The
height of the antenna with regard to this
point is the “effective height” in so far as
determining the degree of cancellation or re-
inforcement of the direct and ground-re-
flected components of the space wave.

Actually the earth for some distance in
back of and beyond the reflection point
is of importance, but in the case of fairly
smooth terrain the simplified assumption of
a “ray” of radiation striking a “reflection
point” will give a usefully accurate idea of
what can be expected. "For instance, an
antenna located 30 feet above the top of a
gradual rise might have an effective height
of only slightly more than 30 feet for radi-
ation at angles of elevation approaching the
vertical, but an effective height of several
hundred feet for a vertical angle of around
5 degrees. It is assumed in every case that
the ground-reflected “ray” does not again
strike the earth, such as a high range of
mountains,

Except for high angles of radiation at the
lower end of the h-f range, ground reflection
may be considered as occuring at the surface
of the terrain without introducing a serious
error.

Frequencies in the range 8 to 20 or 25
Me. are widely employed for long distance
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point-to-point work. For this application
elaborate, highly directive arrays often are
utilized, though there is a limit to the
amount of directivity which may be em-
ployed unless the antenna is made electrical-
ly “steerable” over several degrees of arc,
because signals sometimes deviate from a
great circle path as previously discussed.
Commercial and government high fre-
quency stations, or at least the more elabor-
ate ones, usually are located in a reasonabl
level area some distance from any hig
mountain range which might interfere with
low angle radiation, and free from automo-
bile and other man-made electrical inter-
ference. The ground conductivity is of little
importance. A location near the ocean is
advantageous only in so far as the sea acts
as a very flat zone plate or reflecting mirror
and minimizes divergence and scattering
of the earth-reflected component in the case
of waves propagated seaward. Also, there is
some evidence that the presence of the sea
may facilitate reception via “long scatter”
when a vertically polarized receiving an-
tenna is employed. Under some conditions
it appears that a sky wave which cannot,
because of ionsphere conditions, reach the
receiver directly may excite a surface wave
some distance seaward which is propagated
to the receiver as a ground wave with but
little attenuation.

SHORT-DISTANCE SKY-WAVE
TRANSMISSION

Sky-wave transmission is not employed
solely for medium and long distance com-
munication. In some cases a much stronger
(though not so steady) signal can be de-
livered over a distance from 10 to 100 miles
via sky-wave transmission (using optimum
frequency). This is particularly true when
the power is low, the permissible or prac-
ticable height of the antenna or supporting
structure is limited, and the intervening ter-
rain is of mountainous character and low
conductivity, or is of tropical jungle, or
other conditions unfavorable to ground-wave
propagation exist. When sky-wave trans-
mission is employed for such distances and
low power is used, it is important that the
operating frequency be near the MUF, es-
pecially in the daytime.

LONG AND SHORT PATH — ROUND
THE WORLD ECHOES

Under certain conditions a stronger signal
may be propagated via the “long” great circle
path than via the “short” path. In fact,
when the transmitter power is high and the
great circle transmission paths do not pass
through a zone of winter night, it is possi-
ble at times to detect echoes, or signals
which have made one or more “extra laps.”
The echo pattern will be more complex
when omnidirectional or 180 degree bidirec-
tional antennas are employed, because then
there will be signals (both direct and echo
signals) arriving from both great circle di-
rections. When a undirectional array with

ood front-to-back discrimination is em-

ployed on either the transmitter or receiver
or both, the signal and echoes usually will
arrive from only one direction.

SPORADIC E PROPAGATION

The foregoing discourse on high frequency
propagation practice applies only to propa-
gation via the “regular” layers. While spor-
adic E “patches” may on some days act as
the controlling layer as much as 8o or 85
per cent of the time, the behavior of the E,
layer is erratic and difficult to predict ac-
curately. Therefore, while the existence of
sporadic E oftentimes greatly increases the
MUF over what it would be for the regular
layers, standard commercial and government
practice is to employ an OWF which dis-
regards the possible presence of sporadic E
ionization, so that Sxould the sporadic E
layer suddenly disappear, communication
would not be interrupted. This is prac-
ticable because of the high efficiency with
which sporadic E ionization reflects waves
even in the daytime; frequencies well below
the sporadic E MUF show little absorption
even when E, is the controlling layer. This
is not true of the other layers except at
night.

REDUCTION OF FADING

The more elaborate of the fixed commer-
cial and government communications cir-
cuits in the high frequency range often em-
ploy “diversity” reception in order to mini-
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mize interference fading effects. In one
form this entails the use of two or more
receivers (usually two) with their a-v-c cir-
cuits tied together and their audio outputs
combined, so that the receiver receiving the
weaker signal is effectively inoperative and
does not contribute much to the background
noise. The receivers usually are fed from
different antennas, the antennas either being
spaced considerably in terms of wavelength
(space diversity) or else employing different
polarization (polarization diversity). Inter-
ference effects will not be the same for the
different antennas at the same instant, and
seldom will the signal be unsatisfactory on
both antennas at the same instant.

Somewhat the same effect can be realized
with a single receiver in the case of c-w
telegraphy or other “on-off” keying by apply-
ing a small amount of phase or frequency
modulation to the carrier. A form of diver-
sity reception utilizing a single receiver
is also realized in the case of frequency
shift keying, where “mark” is sent on one
frequency and “space” on a slightly different
frequency.

Distortion due to interference fading (“se-
lective” fading) of amplitude modulated
voice signals can be greatly reduced by use
of “exalted carrier” reception, whereby the
carrier is selectively amplified so as to be
much stronger than the sidebands under
normal conditions. The received carrier
then can fade to the point where its ampli-
tude is quite low in proportion to the side-
bands, without overmodulation distortion oc-
curing during detection, because the “exal-
tation” of the received carrier will permit
it to “support” the sidebands.

VERY-HIGH AND ULTRA-HIGH
FREQUENCIES

Because of the infinitely greater number
of channels, the avoidance of sky-wave in-
terference between widely separated stations,
and the fact that a comparatively low an-
tenna mast is suitable when an elevated
site is available, the v-h-f and u-h-f portions
of the radio spectrum are becoming more
and more thickly occupied, in many cases
taking over or sharing applications pre-
viously handled exclusively by means of

surface-wave propagation on low and me-
dium frequencies,

For ground-to-ground applications, which
represent a very common usage of v-h-f and
u-h-f communications, the antenna elevation
is by far the most important factor except
under certain unusual circumstances which
will be discussed later on. While transmitter
power and antenna directivity and receiver
sensitivity all naturally have considerable ef-
fect upon the maximum reliable commun-
ication range and upon “primary” broadcast
coverage, antenna elevation (both transmit-
ting antenna elevation and receiving anten-
na elevation) ordinarily has a much greater
effect.

The term elevation is used rather than
height, because, unlike the case of an an-
tenna in the 550-1600 Kc. range, the an-
tenna (or an element of an array) usually
is not more than a few feet in length, and
ordinarily is elevated at least several wave-
lengths above earth. In the case of an AM
broadcast antenna, one end of which always
is at ground level, height and radiator length
are synonymous. Not so with the v-h-f or
u-h-f antenna which is made up of an
element or elements whose length is deter-
mined by frequency, and is substantially the
same regardless of how high the antenna
system is elevated above the earth.

Another conspicuous contrast with med-
ium-frequency ground-wave propagation is
the difference in effect produced by ground
conductivity and by irregularities in the ter-
rain. Soil conductivity has little effect upon
v-h-f and u-hf propagation except when
using vertical polarization at the low fre-
quency end of the v-h-f band, but hills—
even low hills—cast “shadows” in which the
signal strength is considerably if not greatly
attenuated. Medium-frequency waves, on
the other hand, pass over low hills almost
as though they did not exist, but the propa-
gation of medium-frequency waves is greatly
affected by the soil conductivity.

The field strength or “coverage” due to
the ground wave of a medium-frequency
transmitter can be predicted quite accurately
from comparatively simple calculations based
upon the effective conductivity of the terrain
over the transmission path, the transmitter
power, and the known effectiveness of the




V-H-F/U-HF FACTORS 61

proposed type of radiator and ground system.

Because of the great effect of the nature
of the intervening terrain upon the attenu-
ation of a v-hf or uhf transmission path,
and because the effect of irregular terrain
is too complex to be reduced to a simple
pat formula, determination of the coverage
to be expected from a v-h-f or u-h-f trans-
mitter is much more difficult and more liable
to error. Oftentimes an intelligent off-hand
appraisal of the transmission path, amount-
ing to nothing more than an intelligent
“guess” by someone who has had consider-
aE]Je experience with such problems, will
give almost as accurate an answer as will
the detailed application of formulas and
charts based upon the latest theoretical and
experimental data. However, it is impossible
to acquire the ability to do any “intelligent
guessing” without first knowing and apprec-
iating what considerations are involved.
The principle ones will now be dealt with.

FACTORS DETERMINING
V-H-F/U-H-F COVERAGE OR
CIRCUIT PERFORMANCE

Starting at the transmitter, the first factor
which determines the maximum communica-
tion or broadcast range is the type of modu-
lation. Intelligence requiring a large band-
width (such as television) results in reduced
circuit performance, because the receiver
bandwidth must be made correspondingly
wide, and more noise energy is included in
the mass band,

The next factor is the rather obvious one
of transmitter power. Then the transmis-
sion line loss. (These two factors combine
to determine the power delivered to the
antenna.)

Next comes the transmitting antenna di-
rectivity, which determines the power gain
over an isotropic radiator. Because all com-
monly used v-h-f and u-h-f antennas are effi-
cient radiators, the radiation efficiency need
not be considered. It may be assumed that
virtually all of the power delivered to the
antenna proper is radiated.

Then comes the factor, which, except
under conditions of nearly flat terrain, is
so difficult to evaluate accurately: the atten-
uation of the transmission path. This will
be determined or affected by the distance,

frequency, antenna heights, contour and
conductivity of the intervening terrain, and,
in the lower portion of the v-h-f band when
the antenna height is low and the earth
conductivity high, by the polarization. At
extreme distances, particularly beyond the
horizon, meteorological conditions become of
prime importance.

At the receiving end, the required signal
level for minimum acceptable circuit per-
formance above 100 Mc or so seldom is
determined by noise (cosmic, atmospheric,
or man-made) picked up by the receiving
antenna, but is determined by inherent re-
ceiver noise. Therefore the intensity of the
ambient electrical noise field may or may not
be a factor, depending upon frequency,
how good the receiver is, etc. We can't
simply say, except as a generalization, that
a signal field strength of so many microvolts
per meter will override the ambient noise
field and therefore provide satisfactory ser
vice. The efficacy of the receiving system,
specifically its signal-to-noise ratio or “noise
factor,” must be taken into consideration.
It is for this reason that the “noise factor”
method of rating v-h-f /u-h-f receiver per-
formance has become so important in
v-h-f fu-h-f work.

The first factor at the receiving end, as
we follow the signal from the transmitter,
is the “capture area” or effective intercept-
ing area of the receiving antenna. A factor
which is closely related to and helps deter-
mine the capture area is the degree to which
the energy intercepted by various portions
of the antenna or array all adds up in phase
at the receiver input. %'his is simply another
way of specifying directivity. The directiv-
ity of the antenna system (without regard
to physical size) determines the equivalent
power gain on “transmit,” and the effective
capture area on “receive,” if a fixed value of
resistance loss is assumed.

Next comes the factor of transmission line
loss. When inherent receiver noise is the
limiting noise, as usually is the case above
100 Me. or so, 10 db transmission line loss
will degrade the circuit performance (signal
to noise ratio) by 10 db regardless of
whether the loss is in the transmitter trans-
mission line or the receiver transmission
line.
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Then comes the noise factor or noise
figure of the receiver.* Receiver bandwidth
is not considered a factor because it is as-
sumed that in every case it is just sufficient
to pass the required modulation, and mod-
ulation bandwidth was previously consid-
ered.

Except for the attenuation of the trans-
mission path, all of these factors are amen-
able to simple and accurate calculation. For
instance, it is obvious that the use of a
directional transmitting array which in-
creases the field strength in the desired
direction by a factor of 10 produces the
same improvement in circuit performance as
an increase of 100 times in the transmitter
power, the improvement in either case
amounting to 20 db at the receiver. The
factor of transmission path attenuation, how-
ever, does not necessarily fit inflexible for-
mulas except in certain simple, idealized
cases. In most practical cases this factor in-
volves qualitative considerations and recog-
nition of experimental data.

ATTENUATION OF THE
V-H-F /U-H.F TRANSMISSION
PATH (REGULAR TERRAIN)

Within the radio path horizon for a
“standard” atmosphere (determined by ap-
plying a correction factor of 1.33 to the
earth’s radius), the variation in signal
strength over perfectly regular terrain (such
as sea water) follows certain simple laws
(within limits) which can be utilized to
give a “starting point” in the determination
of range, field strength, etc. under practical
conditions of irregular terrain and man-made
shadowing structures. These simple rela-

*The noise figure or noise factor of a receiver
is a measure of how closely its signal-to-noise
ratio approaches that of an ideal receiver in
which all of the noise present in the receiver
output is contributed by the thermal agitation
noise generated in the resistive component of
the antenna system or the internal resistance of
the signal generator, It mav be expressed as a
numerical ratio or in decibels. A receiver of
good design, incorporating the latest develop-
ments in circuits and tubes, may show a noise
figure of approximately 5 db at 30 Mc., 8 db
at 60 Mc,, and 12 db at 600 Mc. These figures
are typical, but are not the best that can be
obtained, especially if other performance fea-
tures and operating conveniences are sacrificed
and if cost is not important,

tionships apply to a normal space wave only;
they do not apply when strong tropospheric
refraction or reflections are present. Also,
they apply only when the length of the
transmission path is large compared to the
product of the antenna heights (both ex-
pressed in terms of wavelength). And they
apply to vertical radiators only when located
more than a few wavelengths above earth;
otherwise they apply to both horizontally
and vertically polarized waves.

These relationships may be expressed as
follows: Within the limits and observing
the limitations just discussed, the field
strength is proportional to frequency, pro-
portional to the product of the antenna ele-
vations, and inversely proportional to the
square of the distance. (It should be noted
that if one antenna elevation is fixed, the
product of the elevations varies as the eleva-
tion of the other antenna).

Beyond the radio path horizon, different
conditions obtain. The field produced by
the space wave falls off much more rapidly
than the square of the distance; it also in-
creases faster than the product of the an-
tenna elevations. And for points well below
the radio path horizon the field strength
decreases with increasing frequency, in-
stead of increasing.

When the prodguct of the elevations is an
appreciable proportion of the distance be-
tween the radiators in terms of wavelength,
to the extent that the difference in path
length between the direct and the ground
reflected components of the space wave no
longer is a very small fraction of a wave-
length but is a matter of wavelengths, then
the relationship between elevation and field
strength, the relationship between distance
and field strength, and the relationship be-
tween frequency and field strength, will all
exhibit an oscillatory character.

The reason is apparent from the discus-
sion of space wave patterns earlier in this
chapter. In one sense, it may be said that
the relationship between frequency and field
strength always exhibits an oscillatory char-
acter over smooth earth, because for com-
mon numerical heights and distances it al-
ways is possible to produce a path difference
of a matter of wavelengths simply by going
to a sufficiently high frequency.
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However, this is an academic point, be-
cause the oscillatory character is not ob-
served at distances beyond 2 or 3 miles for
frequencies below 1000 Me. (the region in
which we are concerned), except when very
high antennas are employed. Also, the
oscillatory effect tends to be “wiped out” at
microwave frequencies under typical condi-
tions of terrain, due to the fact that small
ground irregularities become large in terms
of wavelength and produce random or “scat-
tered” reflections.

In any event, the effect is seldom of great
importance in ground-to-ground work on
frequencies below 1000 Mec., because at dis-
tances close enough for the effect to obtain
(for all practical antenna heights) the direct
and ground reflected components of the
space wave are so strong that even when
they are 180 degrees out of phase the re-
sultant field strength is quite high, due to
the slight difference in the amplitude of
the two components.

When one or both ends of the circuit
is an aircraft, however, the oscillatory effect
can assume considerable importance, be-
cause of the possibility of its occurance even
at extreme ranges when the aircraft is flying
at great altitude. The variation in field
strength with antenna elevation for the var-
jous conditions just discussed is depicted
graphically in figure 1-14.

While not of much direct use except in

the case of v-h-f/u-h-f propagation over the
ocean, prairie, or other terrain which is
“flat” except for the curvature of the earth,
the following formulas give the distance to
the optical and radio path horizons (the lat-
ter under conditions of standard atmo-
sphere) as a function of antenna height
(elevation):

2

H = D,

1.51

or H = D.*
199
or D, = 1.23 VH
or D, = 141 VH

where H is the height (elevation) of the
antenna, D, is the distance in miles to the
optical horizon, and D, is the distance in
miles to the radio path horizon based on nor-
mal or “standard” refraction.

When both antennas are elevated, as is
the usual case, the horizon distance for each
must be calculated and the two added in
order to determine the maximum “line of
sight” transmission. When the space wave
just grazes the earth in travelling from one
antenna to the other, the two antennas have
a common horizon at the grazing point, or
“point of tangency.”

An idea of the ground wave coverage to
be expected from a v-h-f transmitter radi-
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ating through standard atmosphere over
smooth land from an antenna having no
directivity in the horizontal plane may be
had from figure 1-15. This chart is from
the Federal Communications Commission’s
publication, “Standards of Good Engineering
Practice Concerning FM Broadcast Sta-
tions.”

Beyond approximately half the distance
to the optical horizon (still assuming smooth
earth), the field strength encountered in
actual practice will deviate considerably
from the values given by the curves, due
to variations in the lower atmosphere from
average or “standard” conditions. The devi-
ations take the form of random fluctuations
and variations which more often increase
the field strength above the intensity for
standard atmosphere, but also decrease it a
good portion of the time. At distances out
to twice the optical horizon the maximum
deviation in intensity, expressed in db, is
about the same above “standard” as below,
though, as noted above, at any given mo-
ment the intensity is more likely to be
above “standard” than below. At the optical
horizon the maximum deviation ordinarily
encountered is about plus-minus 8 db from
“standard.”

As a matter of interest, the field intensity
considered necessary for “program quality”
or “primary” broadcast service is 1000 yv/m.
for business or factory areas of cities, and
50 uv/m. for rural areas.

The field strength required for mini-
mum satisfactory intelligibility on a com-
munication circuit under conditions of low
ambient electrical noise (single voice chan-
nel) is much lower for the same frequency,
usually being on the order of o.5 to 5
microvolts per meter, depending upon the
noise figure of the particular receiver em-
ployed and the effective intercepting area of
the particular array or antenna system em-
ployed.

It should be kept in mind that while the
field strength at distances just inside the
optical horizon is roughly proportional to
frequency (for the same transmitter power,
antenna heights, etc.), a resonant half
wave receiving dilrole antenna becomes pro-
portionately smaller at higher frequencies
and “picks up” proportionately less voltage
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CHART SHOWING DISTANCE IN STAT-

UTE MILES TO OPTICAL AND RADIO

PATH HORIZONS AS A FUNCTION OF

ANTENNA ELEVATION FOR PERFECT-

LY SMOOTH EARTH AND "“NORMAL"”
OR “STANDARD"” REFRACTION

for a given field strength. This puts a
practical limit upon the frequency which
can be used for non-directional reception.
By using a directional receiving array and
maintaining the effective intercepting area
of the array constant as the frequency is
raised, approximately the same receiver in-
put can Ee maintained for a given field
strength regardless of frequency. However,
as the array becomes larger, the directivity
becomes greater (assuming the phase rela-
tionships in the array are such as to provide
maximum gain). This may be an advantage
or a disadvantage, depending upon the
particular application. In actual practice
the effective area of the array must be made
somewhat larger for the same performance
as the frequency is raised beyond about
100 Mc., because both the noise figure of
typical receivers and transmission line losses
go up appreciably with frequency above this
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point, and greater input is required for the
same circuit performance.

It should also be kept in mind that some
of the generalizations which have been
made are not valid in the lower portion of
the v-h-f band for propagation of vertically
polarized waves over sea water or salt marsh.
Under these conditions the surface-wave
component has considerable magnitude, and
is effective for considerable distance when
the elevation of the antennas is low at both
ends (less than 100 feet or s0).

Out to a distance of about 25 miles, the
strength of a 100 to 1000 Mc. ground wave
usually will be strong enough to dominate
any tropospheric waves sufficiently to restrict
fading to a tolerable value at all times, pro-
vided the two antennas are within optical
line of sight. When the antenna heights
are barely sufficient to provide an optical
path, fading effects usually become notice-
able beyond this distance, and increase in
intensity with both frequency and distance.

The fading effects can be reduced, usu-
ally to a negligible magnitude for frequen-
cies in the v-h-f range at distances out to
50 miles or so, simply by utilizing consider-
ably more antenna elevation than the mini-
mum required for an optical path.

It will be noted that reference is made
to an optical path. The reason is that the
“radio path horizon” for the regular ground
wave varies with the weather, and under
some conditions may be no farther than the
optical horizon. In rare cases it may be even
less. Therefore, when the utmost in circuit
reliability is desired and deep fading cannot
be tolerated, the only safe procedure is to
base everything on optical line of sight.
Then the circuit performance will be sub-
stantially independent of any vagaries in the
refractive index of the lower atmosphere.

It should be kept in mind that the fore-
going remarks apply to fairly smooth or “reg-
ular” terrain (horizon determined primarily
by the bulge of the earth rather than by

terrain features).

PROPAGATION OVER
IRREGULAR TERRAIN

Propagation over irregular terrain does not
conform to any hard and fast formulas, and

it will be found that when irregularities of
considerable proportion are present, the pro-
file of the terrain separating the transmitting
and receiving antennas has more effect upon
the field strength than does the distance be-
tween then. The effect of the profile upon
field strength will be discussed later in this
chapter.

Even when the intervening land is quite
flat, reflections from ground irregularities,
trees, buildings, and other nearby man-made
structures cause interference patterns or
“standing waves” which produce variations
of as much as plus-minus 10 db (tota] vari-
ation of 20 db) in field strength between
two points of comparatively low elevation
only a few feet or yards apart. Because the
interference pattern is highly sensitive to
frequency, these “multipath” effects cause
severe distortion in the case of certain com-

lex types of modulation covering a wide
]I;and, such as television. The effects can
be minimized by using a directive array,
high and in the clear, so as to make the
direct path the dominant path, and by the
use of horizontal polarization. Because the
spurious reflections from buildings usually
are reflected from surfaces lying in a vertical
plane, the reflection coefficient can be re-
duced by the use of horizontal polarization.

Multipath reflections become more troub-
lesome as the frequency is raised, because
the flat reflecting surfaces of buildings and
other structures then are larger in terms of
wavelength and constitute a more effective
“zone plate,” or mirror. “Shadow” effects
also increase with frequency. An object
large enough to produce a strong shadow at
1000 Mc. might cast only a negligible shad-
ow at 30 Mc.

The effect of residential or low business
buildings in an area which is otherwise fair-
Iv level is to produce variations in field
strength at low elevations of approximately
plusminus 10 db as previously discussed,
and to lower the mean intensity by about
10 db. This means that the signal usually
will be anywhere from o to 20 db weaker
than if the buildings, trees, power lines, etc.
were not present (unless, of course, the re-
ceiving antenna is well elevated.).

The wide variations in field strength with
slight changes in location are particularly
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noticeable in the case of a v-h-f receiver
in a moving vehicle and an average signal
level near the a.v.c. or limiter threshold.

PROPAGATION BEYOND THE
RADIO PATH HORIZON

Ground-wave propagation beyond the op-
tical horizon and out to the variable limit
of the radio path horizon is explained by
refraction. Ground wave propagation be-
vond the radio path horizon is due to dif-
fraction. As a result the attenuation beyond
the radio path horizon due to the bulge
of the earth is quite high in the v-h-f/u-h-f
range, the attenuation being greater with
increasing frequency. Below (beyond) the
radio Eath horizon, fading of the ground
wave becomes very severe; the high rate of
attenuation over the diffracted path causes
wide variations in field strength as the dif-
racted path length to a certain point changes
in conformance with the varying radio path
horizon.

When the horizon is limited by a hill or
mountain rather than by the normal bulge
of smooth earth, the attenuation beyond the
shadowing object is difficult to predict ac-
curately, and may even become negative.
This is explained by the fact that as the
receiving antenna is moved beyond the
shadowing object (assuming the same an-
tenna elevations are maintained), less dif-
fraction of the wave is required, and the
reduction in the required diffraction may
more than offset the attenuation due to the
increased path length. In fact, if the trans-
mitting antenna is appreciably higher than
the shadowing structure, moving the anten-
na sufficiently beyond the shadowing object
may bring it back within line of sight.

TROPOSPHERIC WAVES—
ANOMOLOUS PROPAGATION AT
V.H.F. AND U.HLF.

Tropospheric waves and the mechanism
whereby they are produced were described
briefly in general terms earlier in this chap-
ter under “Radio Wave Paths.” Because
their existence and effects are highly perti-
nent to a discussion of v-h-f and u-h-f pro
agation, it is recommended that the reader
review that portion of the section which

deals with tropospheric waves before pro-
ceeding to the following elaboration and
supplementary information.

SUPERREFRACTION

When the atmosphere or a layer of at-
mosphere has a refractive index gradient
which is substantially lower than that of
“standard” atmosphere or is reversed, the at-
mosphere or layer of atmosphere is said to
be sub-standard, and the refraction pro-
duced thereby likewise is called “sub-
standard.”

When a layer of atmosphere has a re-
fractive index gradient enough higher than
standard to produce a curvature of grazing-
incidence waves which exceeds the curva-
ture of the earth, the layer is said to be
superrefractive, and the refraction produced
thereby is called superrefraction. If the
layer is sufficiently thick to give the wave
time to execute enough of an arc while
within the superrefractive region, the wave
will not “perforate” the layer but instead
will be turned downwards and emerge from
the side of the layer it entered.

GUIDED PROPAGATION—“DUCTS”

When a superrefractive layer exists over
smooth earth, a wave leaving a ground-level
transmitter along a path tangent to or nearly
tangent to the earth will be refracted down-
ward from the layer and strike the surface
of the earth again, in spite of the earth’s
curvature, if the frequency is high enough.
Most of the energy striking the earth will
be reflected upward again towards the layer,
to be refracted downwards again, and so
on out to the limit of the superrefractive
layer. Some of the energy leaving the an-
tenna below a certain angle will never “per-
forate” the layer. It will be guided around
the bulge of the earth and will spread only
in one dimension: laterally. Under certain
conditions the absorption and “leakage” will
be very low, and the attenuation therefore
quite low.

This type of propagation is called guided
propagation, duct transmission, or trapping,
for obvious reasons. The region between the
earth and the top of the superrefractive
layer is called a duct, in this case a ground
based duct because the carth forms the lower
boundary. If the frequency is sufficiently
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high and the hcight of the ground-based
duct is low, say a fcw hundred feet or less,
it will be found that there are no “skip
zones” in the coverage by guided propaga-
tion except perhaps at distances well within
the maximum range covered by the regular
ground wave. There will be a “cutoff” fre-
quency below which the duct does not pro-
duce effective propagation by means of su-
perrefraction. Thus it can be seen that the
duct in many respects resembles a hollow,
metallic wave guide of the type used for
microwave power transmission, except for
spreading in the horizontal plane and the
fact that there is no reflection from sharply
defined boundaries or walls in the case of
the duct.

The frequency below which “trapping”
no longer occurs is determined by the height
of the duct and the tota] variation or differ-
ential in refractive index represented by the
superrefracting layer. The greater the total
variation in the atmosphere within the duct,
and the thicker Chigher) the duct, the
lower will be the “cutoff” frequency of the
duct.

Just as in the case of a hollow wave
guide, there will be many modes of propaga-
tion within the duct at frequencies consid-
erably in excess of the cutoff frequency.
This explains the absence of “skip zones.”
However, when propagation is primarily or
exclusively by means of guided propagation,
there is an optimum elevation within the
duct for the transmitting antenna and for
the receiving antenna,

In the case of ducts ordinarily encoun-
tered in actual practice, the cutoff frequency
may be anything between about 100 Me.
and 3000 Mc. or so, the latter case apply-
ing to a particular type of ground-based
duct which hugs the ocean in parts of the
trade wind belt and is only a few feet high.
Cutoff frequencies considerably above 100
Mec. are the general rule, and for this reason
guided progagation is of greatest importance
in connection with frequencies in the u-h-f
band and above. However, duct propaga-
tion should not be completely ignored in
connection with propagation in the v-h-f
band, particularly the upper portion. In
fact, duct propagation along the sea coast
is frequently encountered down to 50 Me.

The ground-based duct just described is
an example of surface trapping. The trans-
mitting antenna must be below the refract-
ing layer in the case of a well defined duct,
or there will be no trapping of the wave
within the duct. The receiving antenna
must likewise be within the duct or no
“guided” wave will be received.

ELEVATED DUCTS

It also is possible to have a duct com-
prising two elevated “layers,” in which case
the duct is referred to as an elevated duct.
The lower layer or boundary of an elevated
duct is a layer of substandard atmosphere,
the variation in refractive index being such
as to bend a near-grazing, downcoming
wave upwards. The lower boundary may in
some cases be as effective as the upper one
in refracting the trapped wave. Then a
wave leaving a transmitting antenna placed
within the well defined elevated duct will
“perforate” the upper layer and be “lost” if
it strikes the lower layer at too steep an
angle and is reflected from the earth rather
than being refracted from the lower layer.
This means that at an appreciable distance
from the transmitter, virtually all of the en-
ergy (ignoring absorption) will be either
trapped between the two layers forming the
elevated duct, or else radiated into space
either directly or by reflection from the
earth. The field strength below the elevated
duct will be weak or negligible at distances
beyond the regular ground wave.

When the latter condition obtains, little
or no signal will be received beyond the
regular diffraction region of the ground
wave unless the receiving antenna is at such
an elevation as to be within the elevated
duct. When a signal temporarily drops be-
low usability due to the formation of a
transitory elevated duct or a transitory layer
of substandard atmosphere which causes the
signal to pass over the receiving antenna,
it is called a “tropospheric blackout.” While
this condition occasionally is encountered in
actual practice, it is not nearly so common as
that in which the signal strength is greatest
with the receiving antenna placed at an
optimum height within the limits of an ele-
vated duct, but is also usable at elevations
above and below the elevated duct.
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COMPLEX PROPAGATION BY
SUPERREFRACTION

The simple cases of trapping just cited,
that of a ground based duct and that of an
elevated duct, each existing alone and with
rather idealized refracting layers or bound-
aries, do sometimes exist in actual practice,
even being rather common in a few certain
geographical locations or areas. However,
the more usual situation is a complicated
structure of stratification which is exactly
the same only over a rather limited lateral
area and is continually changing, due to air
turbulance and the general effects of
weather. The ducts may not be sharply
defined, and the vertical pattern or structure
may vary considerably within a lateral dis-
tance of less than the maximum transmitter
range. Transitions from a ground-based
duct to an elevated duct, or vice versa, are
not uncommon over a long path. This may
produce a “skip zone” at ground level.

Under these conditions the chief mani-
festations of guided propagation are wide
and erratic variations in signal strength with
both time and antenna elevation, the latter
being superimposed on any variations due to
lobes in the vertical space wave pattern.
The variation in field strength at a distant
point over a considerable period of time,
say 12 hours, may exceed 100 decibels for
fixed antenna installations, the field strength
at the receiving antenna often varying from
a maximum value having the same order of
magnitude as or considerably above the
“free-space” value, to a minimum value so
far below the free-space value as to be un-
usable. The fading or variation in field
strength usually tends to be greater with in-
creasing frequency, particularly over very
long optical paths.

In addition to the day-to-day or hour-to-
hour variations in signal strength observed
under conditions of guided propagation,
there usually are two types of fading pres-
ent: a relatively slow and deep fade having
an average period of from perhaps 10 to 20
minutes, and a rapid, random, “scintillating”
fade which produces small, irregular fluc-
tuations in the signal.

Duct transmission is not appreciably af-
fected by the polarization of the wave, the

long distance circuit reliability being about
the same (usually rather poor) for either
vertical or horizontal polarization. The fad-
ing is not in phase for the two types of po-
larization, however, and some improvement
in the reliability of a communication circuit
subject to the effects of superrefraction can
be effected by employing circular polariza-
tion at the transmitter and “polarization di-
versity” at the receiving end.

TROPOSPHERIC REFLECTIONS

Under conditions sometimes encountered
in certain geographical areas, a duct forms
which has an upper boundary with an un-
usually abrupt and pronounced discontin-
uity. Under such conditions there may be
considerable reflection from the layer of
waves striking it at near-grazing angles, and
waves may be propagated by such means
well beyond the regular ground wave range,
just as in the case of a superrefractive layer.
But when the wave is bent downward by

artial reflection as in this case, rather than
Ey superrefraction, the duct acts in a some-
what different manner. The cutoff fre-
quency observed in the case of duct trans-
mission by means of superrefraction still is
observed, but for a given duct height the
cutoff frequency is very much lower in
the case of reflection. In fact, the reflecting
layer becomes a more effiecient reflector as
the frequency is lowered, and strong reflec-
tions may be noted at the lower end of the
v-h-f band.

When the reflecting boundary is high, say
between 4000 and 8ooco feet, it acts more
like a “small scale ionosphere” than it does
a wave guide, exhibiting skip zones and
other effects observed with ionospheric sky-
wave propagation. For this reason the mecK-
anism of such propagation is called “tropos-
pheric reflection” rather than “guided” or
“duct” transmission.

CIRCUIT PERFORMANCE PROVIDED
BY TROPOSPHERIC PROPAGATION

As noted earlier in this chapter, super-
refraction and tropospheric reflections within
the range limit of good ground-wave field
strength serve no useful purpose and may
cause serious interference fading, thusly
requiring that more transmitter power be
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used, and, with some types of modulation,
causing objectionable distortion.

At ranges beyond the useful limit of the
regular ground wave, anything in the way
of a signal at all is just so much largess;
therefore waves arriving at such distances
cannot be considered objectionable unless
they produce interference to other circuits
using the same frequency.

Whether or not tropospheric propagation
coverage serves a useful purpose or provides
a useful service depends upon the minimum
acceptable circuit performance. For a ser-
vice where interference fading produces ser-
jous distortion, such as in television, tropos-
pheric propagation will not be satisfactory
even for casual entertainment reception, ex-
cept possibly for rare, short periods. On the
other hand, the possibility of occasional v-h-f
and u-h-f communication over distances of
\several hundred miles by means of super-

\refraction and tropospheric reflections affords

he radio amateur a wonderful time, because
&e thrives on competition, speculation and
uncertainty.

EFFECTS OF WEATHER UPON
V-H-F-/U-H-F PROPAGATION

V-h-f and u-h-f coverage via tropospheric
propagation, as well as the intensity and
character of fading effects within the regu-
lar ground wave range, are greatly affected
by weather conditions in the lower atmos-
phere. The effect becomes more pronounced
as the frequency is increased.

Wide variations in performance may be
noted as weather conditions change over the
transmission path unless the path is rela-
tively short. These variations are due to the
critical dependence of the refractive index of
the atmosphere upon temperature and hu-
midity, especially the latter. Pressure also
affects the refractive index, but compared to
the effects of temperature and humidity the
effects of pressure are insignificant.

THE TEMPERATURE INVERSION AND
STEEP MOISTURE LAPSE

In normal or “standard” atmosphere the
temperature decreases slowly with height.
This tends to refract a horizontally travel-

ing wave very slightly upwards. However,
the decrease in humicg;ty with height under
standard conditions has a much greater
bending effect, downwards, and the net re-
sult is a slight downward bending under
conditions of normal or standard atmosphere.

Under certain conditions of weather and
terrain the temperature of the atmosphere
may, over a limited range of height, increase
with height. This anomalous condition is
called a “temperature inversion.” If the
increase is sufficiently rapid and extensive,
superrefraction can occur from temperature
effects alone. However, seldom is a tempera-
ture inversion encountered which is pro-
nounced enough to support superrefraction
under humidity conditions approximating
those of standard atmosphere. When one
does occur, the duct so formed is referred
to as a “dry duct.”

A rapid decrease in humidity with height,
called a “steep moisture lapse,” produces a
refracting layer with much greater bending
properties than one produced by a simple
temperature inversion, especially when the
steep moisture lapse occurs in a warm at-
mosphere. The latter effect is explained by
the fact that a difference in humidity rep-
resents a greater difference in refractive in-
dex in the case of warm air, because warm
air contains a greater amount of water vapor
for a given humidity.

Even though the refractive index and
therefore the bending properties of the
atmosphere are much more dependent upon
humidity than upon temperature, tempera-
ture inversions are nevertheless of prime
importance, because a temperature inversion
usually is conducive to the production of a
steep moisture lapse, for reasons which will
be discussed in some detail later. Not only
do temperature inversions tend to cause or,
more accurately, permit a steep moisture
lapse, but they also are responsible for a
minor direct contribution to the variation
in refractive index with height. Quite often
this slight contribution makes the differ-
ence between superrefraction and no super-
refraction when the moisture lapse alone is
not quite sufficient to support superrefrac-
tion.

When the steepness of the moisture lapse
rate is the major contributor towards super-
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refraction, the duct so formed is designated
as a “moist duct.”

It should be kept in mind that while
a pronounced temperature inversion almost
invariably produces or permits a steep mois-
ture lapse (except perhaps in arid or desert
areas), a steep moisture lapse can and often
does exist without the contributing factor
of temperature inversion.

Generally speaking, superrefraction is
more common in warm than in cold cli-
mates; is most likely to occur below a few
hundred feet in warm climates and between
a few hundred and a few thousand feet in
cold climates; and usually is due to a moist
duct in warm climates and to a dry duct
in very cold climates.

METEOROLOGICAL CONDITIONS
PERTINENT TO SUPERREFRACTION

The meteorological mechanisms which
are primarily responsible for non-standard
variations in temperature and moisture with
height are advection, subsidence, and noc-
turnal cooling. These will be briefly des-
cribed before proceeding to a discussion of
how they act to produce anomalous propa-
gation,

The term advection tefers to the lateral
movement of a layer or body of air. A
“breeze” is an example of advection. The
effects of advection upon the vertical var-
iations in temperature and humidity are
greatest at low altitudes.

The term subsidence refers to a gradual,
downward movement or sinking of air over
an extensive area. The sinking air spreads
out horizontally over the underlying air,
usually at moderate altitudes, to produce
pronounced stratification (usually a tempera-
ture inversion) in the atmosphere at alti-
tudes somewhat above those at which advec-
tive effects tend to produce stratified gradi-
ents in the refractive index. Some degree
of subsidence always accompanies a baro-
metric “high,” though not always of suffi-
cient intensity to produce a temperature
inversion. Subsidence seldom occurs in the
region of a barometric “low.”

Nocturnal cooling refers to the loss of
heat by the ground during the night as a
result of infra-red radiation skyward. When
the cooling of the ground surface by radia-

tion is sufficiently great, the air coming in
contact with it is cooled enough to produce
a low-level temperature inversion. Because
there is little change in the surface temper-
ature of a large Eody of water at night,
nocturnal cooling does not occur over the
ocean (excepting, of course, very shallow
bays).

Certain other meteorological factors come
into play in the generation of superrefractive
ducts, either directly or indirectly, to im-
pede or otherwise affect the three basic
mechanisms mentioned. Chief among these
are convection and frictional turbulence.

Convection refers to the tendency of the
atmosphere to seek the equilibrium condi-
tions of standard atmosphere as regards tem-
perature lapse. More specificially it applies
to the rising of air as it is heated from
contact with the ground during that portion
of the day the surface of the ground is
being warmed by the sun and is hotter than
the air above it. The rising of the warm air
is not smooth and uniform, but somewhat
turbulent, especially under conditions of a
steep temperature lapse over irregular ter-
rain.

When the temperature lapse rate is lower
than that of standard atmosphere, or else is
reversed (temperature inversion), then there
will be no tendency for the lower air to
rise, and negligible convection will take
place. This is an important characteristic

a temperature inversion, for reasons
which will become apparent.

Frictional turbulence refers to the turbu-
lence produced in the lower portion of the
atmosphere as a result of friction between
the wind and the earth’s surface. Naturally
the turbulence becomes more intense and
vertically extensive as the velocity of the
wind increases, and is more intense and ver-
tically extensive over land than over water
(due to the greater friction).

Both convection and frictional turbulence
tend to produce a rapid, thorough mixing
of the lower atmosphere and therefore act
to maintain standard atmosphere and refrac-
tion. When either convection or frictional
turbulence is very pronounced, superrefrac-
tion is quite unlikely in that area.

The atmosphere also becomes mixed by
seeking the equilibrium conditions of stand-
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ard atmosphere through diffusion. However,
compared to the “stirring up” of the atmos-
phere as a result of convection and frictional
turbulence, the process is very slow. In fact
it is so gradual that the time taken for a
thorough mixing of a substantial layer of
air by diffusion often is greater than the
time it takes for the “weather” to change.

Formation of Advective Ducts

When warm, dry air flows over a cooler,
moist surface as a result of advection, the
following condition is created. A tempera-
ture inversion is formed as a result of the
lowest air being cooled by contact with the
ground. This process is conducive to the
evaporation of moisture from the wet or
moist surface, because a condition of warm,
dry air in contact with a moist or wet sur-
face is highly favorable to rapid evaporation.
This causes the air just above the surface to
acquire a very high humidity. Because of
the temperature inversion, there is little
mixing of the atmosphere by convection.
The only rapid mixing is due to frictional
turbulence, and this type of turbulence pro-
duces a rather well-defined upper boundary,
the height of which is determined by the
wind velocity. The end result is not only a
temperature inversion but a steep moisture
lapse at the upper boundary of the frictional
turbulence. If there is but little frictional
turbulence, such as in the case of a very
light breeze over the ocean, then the duct
will be very low, sometimes not more than
100 feet or so in height.

Probably the condition most favorable to
the formation of an advective duct is that
of a land breeze carrying warm, relatively
dry air out over a cooler sea. Off-shore ad-
vective ducts formed in this manner are
quite common in coastal regions, especially
in temperate or warm climates.

Where the land along the coast is moist,
and particularly if it is covered with lush
vegetation (as in certain parts of the trop-
ics), strong advective ducts often are formed
over the land along the coast as a result of
sea breezes. These ducts are formed during
that part of the day when the land is cooler
than the ocean, or in other words, at night.

Advective ducts formed along the coast,
either off shore or over the coastal land,

often are quite limited in extent in a direc-
tion normal to the coastline. In such a case
the duct takes the shape of a long, narrow,
coastwise strip.

The presence of nearby land is not es-
sential, however, to the formation of an
advective duct over the ocean. When the
wind is steady and moderate, the frictional
turbulence is low except just above the
water, If the air is not appreciably cooler
than the water, convection will be negli%i-
ble, and under these conditions the only
turbulence will be right near the surface of
the water. The result is a steep moisture
lapse within the first few yards of height
and a duct from 25 to 75 feet high, the
height depending somewhat on wind speed.
Because a duct of this type is not only
shallow but also rather weak, it will produce
superrefraction only at microwaves, the cut-
oft frequency varying from roughly 3000
to 6ooo Mec. (making the duct of academic
interest so far as v-h-f and u-h-f propagation
is concerned). The duct usually will be
strongest at a wind speed of 15 to 20 m.p.h.

Advective ducts also are formed over in-
land areas under favorable conditions, but
conditions are much less likely to be favor-
able and therefore such ducts are rather
uncommon.

Ducts Resulting From Subsidence

By a complex thermodynamic process
which is beyond the scope of this book,
subsidence can produce strong temperature
inversions. As previously related, the in-
version may occur at an elevation of from
a few hundred up to several thousand feet.
If the inversion is high, and it produces
a steep moisture lapse, a duct will be formed
which may be ground-based or elevated, de-
pending upon the nature of the atmosphere
near ground level. If the atmosphere at
ground level is sufficiently sub-standard, and
the inversion layer is strong enough and
high enough, an elevated duct will be
formed.

Unless aided by advection or nocturnal
cooling, the temperature inversion created by
subsidence will not ordinarily produce a
sufficiently strong moisture lapse for super-
refraction except over a large body of water.
Over inland areas the chief role played by
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subsidence is to facilitate the formation of
ducts by means of advection and nocturnal
cooling.

Formation of Ducts by Nocturnal Cooling

Ducts formed by nocturnal cooling of
land surface as a result of radiation resemble
advective ducts in many respects. In each
case there is a temperature inversion caused
by the land surface being cooler than the
air above it, and the tendency of the air
just above the land surface to ge cooled by
a combination of contact and turbulence.
Nocturnal cooling, like advection, seldom
will result in a duct unless it occurs over
moist earth, because otherwise no steep
moisture lapse will be created.

Nocturnal cooling is greatly retarded by
the presence of heavy fog or cf;uds, because
then much of the heat radiated by the
ground is reflected back towards the ground,
and the ground does not cool off nearly as
rapidly as it does in the case of a clear sky.
Even a highly humid clear atmosphere slows
down the surface cooling by reflecting some
of the radiated heat back towards the
ground, though the effect is not so pro-
nounced as in the case of fog or clouds.
Clear, cool, dry atmosphere is the condi-
tion most favorable to formation of pro-
nounced temperature inversion from noctur-
nal cooling. A dry atmosphere also facili-
tates surface evaporation and thereby in-
creases the steepness of the moisture lapse.

“Composite” Ducts

While a duct may be due primarily to one
of the three basic mechanisms just discussed
(advection, subsidence, nocturnal cooling),
a common situation is one in which two
or all three factors make a substantial con-
tribution. The analysis of such a situation
often is highly complex and requires a
comprehensive knowledge of meteorology.

Effect of Fog upon Refraction

For a given water vapor content, the re-
fractive index of atmosphere is much lower
when the water is contained in droplets
than it is when the water is contained in the
form of vapor. Thus a layer of fog can
have a much lower index of refraction than
might be expected, and even result in a

layer of substandard atmosphere under con-
ditions which might otherwise be favorable
to duct formation. The extent of the effect
depends somewhat upon the nature of the
fog. Generally speaking, the type of fog
usually encountered (radiative or advective)
is deterimental to formation of a superrefrac-
ting layer within the fog layer. However,
under some conditions a duct may be formed
with the upper boundary located coincident
with or above the top of the fog layer.
When this is the case, the duct quite often
is of the elevated type.

Scattered Reflections From Water Droplets

We have seen how fog can reflect infra
red heat waves (under the discussion of noc-
turnal cooling). The same thing happens in
the case of rain and radio waves, provided
that the water drops are large enough and
the wavelength short enough. Very heavy
precipitation (either rain or snow) is nec-
essary in order to produce perceptible re-
flection of 1000 Mc. waves, but scattered
reflections begin to be quite noticeable at
frequencies above approximately 5000 Mec.
under conditions of moderately heavy pre-
cipitation,

Clouds do not produce reflection of micro-
waves unless they contain rain drops, or at
least this is true of the highest radio fre-
quencies used for practical purposes at the
present time.

PATH PROFILE VS. V.-H-F/U-H-F
CIRCUIT PERFORMANCE

As stated previously, the most important
consideration in evaluating reliable v-h-f-
u-h-f coverage, or the circuit performance
between two points, is the nature of the
profile along the transmission path. In the
case of smooth earth such as sea water, the
profile is determined only by the earth’s
curvature, and therefore is a simple function
of distance, as illustrated in fgure 1-16.
The curves permit instant determination of
the distance to the optical or the radio path
horizon (standard refraction) for a given
distance, and vice versa.

Except for over-water paths, the horizon
usually is determined more by irregularities
in the terrain than by the bulge of the earth,
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though in some cases each may be of the
same order of importance.

A convenient representation of a profile
of the transmission path can be constructed
from a suitable contour map or maps. The
United States Geological Topographical
Quadrangle Sheets are excellent for those

rtions of the U. S. A. which they cover.
%ese may be obtained from the United
States Geological Survey, Department of
the Interior, Washington D. C. by enclosing
10 cents in coin for each sheet. For areas
not covered by these maps, the Sectional
Aeronautical Charts available for 25 cents
each (in coin) from the United States Coast
and Geodetic Survey, Department of Com-
merce, Washington D. C. are also good.

To facilitate interpretation of the profile
or “contour strip” which is constructed
from data taken from these maps, the hor-
izontal scale should be compressed from 12
to 30 times more than the vertical scale.
Unless such an expanded vertical scale is
employed, the variations in elevation with
respect to the distance along the path will
be so small as to be difficult to work with.

While no longer a true representation or
relationship, the expanded vertical scale em-
phasizes the shadow areas, and still gives
a true picture as to whether or not a certain
path is above or below line of sight. How-
ever, it should be kept in mind that the
expanded vertical scale distorts the picture
in so far as depicting the amount of diffrac-
tion required to reach a point which is in
shadow. Such a countour strip may show
that the wave must make an acute angle
to reach a point several miles behind a
shadowing mountain, whereas in actuality
the required amount of bending may be
quite small. Rather than a disadvantage,
this distortion really is advantageous, as it
makes it easier to see which points are in
shadow. However, when comparing various
“indirect” paths by means of contour strips,
it is important that the same scales be used
on all contour strips; otherwise the visual
comparison is deceptive,

When irregularities of the terrain are of
large magnitude as compared to the bulge of
the earth for the distance in question, the
curvature of the earth may be ignored in
constructing the contour strip. This would

apply, for instance, in constructing a con-
tour strip of a 15-mile path which embraced
a 300 foot rise, but not to a 6o mile path
embracing a hill of the same height. In
the latter case the base line should be drawn
to correspond to the earth’s curvature (tak-
ing the vertical and horizontal scales into
consideration).

Before making a countour strip to eval-
uate an indirect path, the basic map or
chart should be referred to in order to deter-
mine whether or not the profile includes any
important peaks which are sheer in a lateral
direction. Sometimes it will be found that if
the profile passes near a gap or “pass,” less
diffraction or refraction is required to bend
the wave around the peak than is required
to bend the wave over it. Furthermore, in
such a situation the far side of the gap or
pass may be sheer enough to act as a re-
flector and give a surprisingly high field
strength at the far end of the path. This
points up the fact that, ignoring tropospheric
reflections and refraction, there are two
kinds of “indirect” path: that which relies
entirely upon diffraction to get into the
“shadow” region, and that which is aided
and abetted by reflection from irregularities
in the terrain existing to one side of the
geometrically direct path,

When the profile shows a clear path (op-
tical line-of-sight, no intervening hills), or-
dinarily there is no question of whether
communication will be possible if the trans-
mitter has a fair amount of power, the re-
ceiver has good sensitivity and the antenna
systems are efficient. The only question
concerns the ratio of ground wave intensity
to tropospheric wave intensity. Increasing
transmitter power, antenna directivity, or
receiver sensitivity will not help in this re-
spect; the only thing that will do any
good if the distance is so great as to provide
an objectional proportion of tropospheric
wave is to increase the product of the an-
tenna elevations, even though they already
may be within line of sight.

When the receiving point is below
line of sight, the amount the circuit
performance is degraded by the presence of
the intervening object is determined not
only by the amount by which it rises above
the “geometrical line of shoot,” but also
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by such things as the configuration of the
intervening object and its distance from
the mid point of the path. For instance, a
sharp, transverse ridge tising appreciably
above line of optical sight will not degrade
the performance nearly as much as a slightly
lower obstruction at the same location but
sporting a plateau having a longitudinal
depth of several hundred feet. Also, any
shadowing object (such as an ordinary hill
for instance) will reduce the field strength
of the regular ground wave least when it is
located midway along the path, and most
when it is at one end of the circuit, pro-
vided things are not complicated by the
presence of a still higher shadowing object.

However, it is difficult to make even
qualitative statements about the effect of
the profile without making qualifications or
exceptions. For instance, in the last case,
suppose that the power were great enough
and the distance short enough that diffrac-
tion of the regular ground wave would put
in a strong signal regardless of whether the
hill or other obstruction was at the mid
point on the path or near the receiving
end. Then with the obstruction at the mid
point, the ground wave would be reduced
much more than any tropospheric waves
present, while with the obstruction very
near the receiving end, they would be re-
duced in about the same proportion. Thus,
less interference fading would be encoun-
tered and the circuit performance therefore
would be better with the obstruction at the
receiving end, even though the field
strength would be less under these condi-
tions.

It is even necessary to qualify this quali-
fication, by saying that it would apply only
in locations where strong superrefractive
effects are common. Thus it can be seen
that it is not practicable to take these fac-
tors into consideration in a pat formula. A
qualitative approach, based on experiment-
ally determined information, is as good as
any. Generally speaking, it may be said that
the sharper the edge of a shadowing object,
the more readily a wave will be diffracted
over the edge into the region that is in op-
tical shadow, and that the height of in-
tervening shadowing objects is important
only in so far as it determines the amount

of bending or diffraction required to reach
the other point. The less the bending re-
quired, the better the circuit.

This means that a site at the base of
an intervening hill, particularly a hill sur-
mounted by considerable level area, is high-
ly undesirable, and the circuit probably
can be improved by locating the antenna
back from the hill even though it increases
the path length and decreases the antenna
height. Unfortunately, nothing can be done
about the detrimental effect of the flatness
of the hilltop.

When the antenna location is well be-
low optical line of si%ht due to the pres-
ence of highly irregular terrain consisting
of high hills or peaks in the immediate vi-
cinity, a very interesting condition obtains
which at first appears to conflict with pre-
vious statements to the effect that antenna
height is of prime importance at v-h-f and
u-h-f. Communication over a 5 or 10 mile
path is possible under such conditions by
virtue of diffraction (provided the trans-
mitter power and receiver sensitivity are
reasonably high) and sometimes also bv
scattered reflections which tend to pass
around the obstructions. In such cases it
may be found that increasing the antenna
height from, say, 20 feet to perhaps 100
feet will offer little or no improvement, or
even degrade the performance.

The reason for this is that the downward
diffracted signal acts as though it were ra-
diated from the summit or brow of the
shadowing hill, and the horizontal distance
between “antennas” no longer is great com-
pared to the product of the antenna heights.
Therefore, if the frequency is high enough,
raising the low antenna may simply put the
summit or brow in a null, tius reducing the
signal strength. And if the signal is be-
ing reflected from the sides of other hills,
raising the antenna may or may not in-
crease the signal strength.

Generally speaking there is nothing to
gain by raising the antenna under such con-
ditions, assuming the antenna height in all
cases is at least several wavelengths above
earth yet much lower than the summit of
the shadowing hill; on the contrary, the
longer transmission line required for the
higher antenna usually will introduce
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enough loss to more than offset any slight
gain due to increased antenna height. Ra-
ther than attempt to obtain as much height
as possible, it is better to keep the height
reasonably low yet take care to avnid a
height which produces bad interference can-
cellation in the pertinent direction or direc-
tions at the effective vertical angle. A fur-
the advantage of a reasonably low anten-
na height is that it more readily permits
use of a rather elaborate directional array.

POWER VS, DISTANCE

Increasing the radiated power (either by
substituting a more powerful transmitter or
a more directional antenna array) will in
every case increase the range of the trans-
mitter. However, in many cases the in-
crease in range for a moderate increase in
radiated power will be surprisingly small,
for reasons which will be explained.

In free space the field strength falls off
directly as the first power of the distance,
or in other words, is inversely proportional
to distance. Thus, for a certain receiving
apparatus requiring a certain field strength
for satisfactory operation, increasing the
transmitter power by four times (field
strength by two times) would double the
range. However, in the case of ground-to-
ground communication, intereference effects
resulting from the presence of the earth up-
set this relationship. Thus in the case of
uhf reception well within the line of
sight, but considerably beyond the maxi-
mum range at which the oscillatory charac-
teristic is noted, the field strength over flat
earth falls off approximately as the inverse
square of the distance, assuming fixed an-
tenna heights. The attenuation over actual,
smooth curved earth is slightly greater but
not much so within optical l}x'lne of sight.
This means that under these conditions and
within these limitations, about 16 times the
power is required in order to double the
range.

But when we get to a point well below
line of sight, particularly at the upper part
of the u-h-f band, we find that the atten-
uation of the regular ground wave over
smooth earth is so high that an increase of
1oo times in radiated power may increase
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Figure 1-17.

ILLUSTRATING HOW A CONSIDER-

ABLE INCREASE IN POWER RESULTS

IN A COMPARATIVELY SMALL IN-

CREASE IN GROUND WAVE RANGE

OVER RELATIVELY SMOOTH EARTH

AT DISTANCES WELL BELOW (BE-
YOND) LINE OF SIGHT.

The slope of the solid curve A represents typical
attenuation of a u-h-f ground wave at distances
well beyond the horizon. If the radiated power
is increased 100 times, the curve simply is
displaced upwards by a field strength factor of
10, without altering its shape. Observe that
when this is done, the distance for a given field
strength is extended outward by a compara-
tively small amount. It should be kept in mind,
however, that this condition does not neces-
sarily apply when the horizon is dictated pri-
marily by irregularities in the terrain rather
than the bulge of the earth. Also, in a practi-
cal case the actual extension of communication
range ordinarily will be even less than that
indicated for the ground wave, due to the fact
that interference fading due to tropospheric
effects tends to become worse as the distance
is increased.

the ground wave range by less than 50 per
cent. This is illustrated in figure 1-17, in
which the solid line A depicts a typical
field strength curve for a radiated u-h-f
power of 100 watts. Assuming that a field
strength of 1 microvolt per meter is re-
quired for satisfactory operation of the re-
ceiver, it is seen that the ground wave range
of the 100 watt signal is about 65 miles.
Now if curve A is simply displaced upward
by a factor of 1o, which is equivalent to
raising the power 100 times, it is seen that
the ground wave range has been extended
only to approximately 9o miles. In a prac-
tical case the extension of actual communi-
cation range will be somewhat less, because,
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as the range is increased, interference fad-
ing becomes worse due to a higher ratio of
tropospheric wave to ground wave, and still
more power is required in order to ensure
satisfactory signal strength at the bottom of
a fade,

In the case of tropospheric waves beyond
the significant ground wave range, it is
difficult to deal in anything other than broad
generalizations and rough approximations.
However, in one common type of tropo-
spheric propagation the signal is received
with good average strength trom a point just
beyond the “skip” zone for the tropospheric
wave out to a distance of somewhere be-
tween 75 and 200 miles, depending upon
frequency, duct height, transmitter power,
and other factors.

An increase in power does increase the
circuit reliability over moderate distances,
and permits reception in locations which
might be considered unfavorable from the
standpoint of shadowing objects or high
ambient electrical noise. It also permits

simpler and less expensive receiving ap-
paratus to be employed out to the optical

horizon.

The foregoing comments with regard to
power vs. ground wave signal range apply
to propagation over substantially smooth
earth. Under conditions of irregular ter-
rain they do not necessarily apply. For
instance, in the case of a sharp ridge run-
ning laterally, beyond which there is an
extended stretch of flat or slightly rising ter-
rain, it may be found that the attenuation
characteristics are such that while the field
strength falls off rapidly beyond the crest of
the ridge for a short distance, such is not
the case farther on. In fact the field
strength may even increase with distance for
a ways. Obviously under some such condi-
tions a moderate increase in transmitter
power may result in a considerable increase
in range.

SITING RULES OF THUMB

Expanding upon or adding to the sug-
gestions, comments, and considerations con-
cerning v-h-f/u-h-f siting mentioned up to
this point, the following “rules of thumb”
should prove quite he%pfu]. They apply

to both transmitting antennas and receiv-
ing antennas.

Choosing the best sight within a given
area is a fairly simple problem when
omni-directional general coverage is desired.
The crest or summit of the highest hill or
peak usually will provide the answer, bar-
ring freak conditions of terrain.

When'the problem is to pick the best site
within a given area for transmission to or
reception from a given distant point, the
considerations are greatly altered. For in-
stance, the brow of a hill may be as good
as or better than the summit or crest (as-
suming, of course, the side of the hill to-
wards the other station). If a bidirectional
or omnidirectional antenna is employed, the
brow quite often will be the better; if a
unidirectional array is used, little difference
should be noted, assuming a profile of the
general type shown in figure 1-18. If the
hill has a rather sheer slope in the direc-
tion of the other station but has a very
extensive and gradually rounded crest or
summit, then the brow usually will provide
better point-to-point service regardless of
whether or not a unidirectional array is em-
ployed.

When the path is long or the power
very low, much greater care in siting is
required than for short distances and mod-
erate or high power.

For a proposed fixed station, it is highly
desirable to compare the most promising
sites by actual test, using portable equip-
ment,

Especially avoid low areas where the
ground starts rising gradually and smooth-
ly for considerable distance starting right
at the antenna location,

If mast height limitations make it impos-
sible to get the antenna up fairly well
above surrounding trees or buildings, it is
much better to take a site in an open area
a few hundred yards back of the woods or
buildings, even though it increases the path
length slightly.

In “flat” country, the antenna should be
elevated well above both nearby and distant
objects such as trees, buildings and low hills
along the transmission path whenever pos-
sible.

When checking a terrain map, do not
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overlook opportunities or possibilities which
will permit the wave to go around or
through rather than over.

When highly directional antennas are
employed in regions of very irregular ter-
rain, keep in mind that the wave may be
taking a devious route; do not orient the
antenna entirely by compass, without check-
ing to see which orientation gives the best
signal strength.

When using frequencies in the lower
portion of the v-h-f band for inter-island
or other communication over a salt water
path from a location near the edge of the
water, increased height is of little benefit
with vertical polarization unless a site hav-
ing an elevation of several hundred feet is
available. If a very high site is not avail-
able, use vertical polarization, use the lowest
possible frequency, and place the antenna as
near the edge of the water as practicable,
without regard to elevation, With hori-
zontal  polarization, maximum possible
height is desirable regardless of frequency,

for salt water paths as well as over land.

HORIZONTAL VS. VERTICAL
POLARIZATION AT V.H.F/U-H-F

At extreme ranges, regardless of whether
the receiving antenna is within or below
(beyond) line of sight, and regardless of
whether propagation is via ground wave,
tropospheric wave, or both, the field strength
for a given radiated power and antenna
directivity will be approximately the same
for either horizontal or vertical polariza-

tion (except for the special case of propa-
gation of 30 to approximately 70 Mc. waves
over sea water), Experimental data gives a
slight edge to horizontal polarization, but
the difference is insignificant.

Over an optical path, when no large
objects with flat, oblique surfaces are close
to either end of the circuit, it will be found
that the use of opposite (mutually perpen-
dicular) polarization at the two ends of the
circuit will cause a terrific loss in signal
strength.

When an appreciable proportion of the
signal is reaching the receivinfg antenna
via diffraction, or by reflections from large,
flat, obliquely-oriented surfaces or from high-
ly irregular surfaces, the necessity for
matching polarization usually is not so im-
portant. In most of such cases, little or no
difference in signal strength will be noted
between matched and unmatched polariza-
tion. The same applies in most cases to
very long range tropospheric propagation;
usually there is little necessity for matching
the transmitter polarization at the receiver.

These characteristics often can be ex-
ploited profitably to minimize interference
from a nearby station when difficulty is
had in receiving a weak, very distant sta-
tion on an adjacent frequency because of
interference from the nearby station. By
using a receiving antenna of polarization op-
posite to that of the interfering station,
oftentimes the interference will be greatly
reduced without greatly affecting the sig-
nal strength of the distant station, regard-
less of the polarization of the latter.
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A simple horizontal dipole has two “nulls”
in two opposite compass directions, while a
simple vertical radiator is uniformly effective
in all compass directions. In a certain ap-
plication, one or the other of these charac-
teristics may be of advantage. Of course, it
is possible to have an omnidirectional pat-
tern with horizontal polarization or a fi-
gure 8 pattern with vertical polarization, but
it requires two or more d?;:oles, or some
configuration of comparable complexity.

Distortion in wide band services (such
as television) due to interference patterns
caused by reflections from buildings, etc.,
is reduced by the use of horizontal polariz-
ation, for reasons previously discussed. Al-
so, because most man-made interference
originates near street level, and because it
is more effectively propagated to a low re-
ceiving antenna under such circumstances
by vertical polarization, the use of horizontal
polarization improves signal-to-noise ratio in
metropolitan areas. It is for these reasons
that horizontal polarization has been adopted
as standard for FM broadcasting and for

television. In the case of police and similar
services where a simple, vehicular antenna
having omnidirectional characteristics is re-
quired, vertical polarization is widely em-
ployed.

Except at very low (near grazing) and
very high (near vertical) angles, the magni-
tude of the ground reflection coeflicient is
much lower with vertical polarization than
with horizontal polarization. This means
that with vertical polarization the field
strength amplitude does not go through such
violent oscillations as the angle of elevation
is increased. This is a desirable character-
istic in the case of communication with air-
craft, because the pronounced “nulls” which
exist with horizontal polarization over farily
regular terrain greatly restrict the reliable
range. Also, in the case of “indirect” trans-
mission or reception over a high nearby hill
or cliff, the use of vertical polarization pre-
cludes the possibility of an almost complete
“null” occuring at the angular elevation of
the skyline in some direction.



CHAPTER TWO

Transmission Lines

RADIO FREQUENCY TRANS-
MISSION LINES

While transmission lines are widely used
in ordinary power and telephone work, and
while basic transmission line theory is valid
regardless of application or frequency, the
considerations involved in the case of radio-
frequency power transmission are in many
respects more exacting and in some respects
unique. Therefore, transmission lines will
be treated in this chapter only from the
standpoint of radio-frequency use. If a
statement is made to the effect that such
and such is or is not important, the im-
plied reference is to radio-frequency appli-
cations, usually above 100 Kec. or so. While
a certain effect will exist for all frequencies
from d.c. (zero) to infinity, the magnitude
may be considerably different at, say, 6o
cycles or 1000 cycles from what it is at
100 Ke. or 100 Mc., and standard engineer-
ing practice may be considerably different.

The most familiar use of radio-frequency
transmission lines is to transfer energy from
“here” to “there,” usually from an antenna
or array to a receiver, or from a transmitter
to an antenna or a directional array. How-
ever, they also are used to perform the
functions of wave filters, tank circuits, phase
inverters, and so on. In the v-h-f and u-h-f
band, sections of transmission line are wide-
ly used as resonmant tank circuits, which
function they are able to serve most ably
for reasons which later will be explained. In
such cases, the element probably is more
correctly termed a “linear circuit element,”
as contrasted to a “lumped” element such
as a coil or capacitor, even though physically
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and electrically it qualifies as a section of
transmission line. In many cases a section
of line is called upon to serve a dual func-
tion.” In a directional array, for instance,
a section of transmission line may feed
power to a radiating element and at the
same time act as a p%:asing section or as an
impedence transformer. However, it should
be kept in mind that regardless of the ap-
plication, anything that qualifies as a section
of transmission line obeys certain fixed laws
and can be expected to possess certain basic
characteristics regardless of how the section
of line is employed or what it is called.

THE DISSIPATIONLESS INFINITE
LINE

Before taking up practical lines, it is
well first to have an understanding of the
basic idealized transmission line: a line uni-
form throughout its length, having zero
radiation, zero resistance and zero dielectric
loss. In case the reader might feel that the
behavior of such a hypothetical transmission
line may be of only academic interest, it
should be pointed out that actual radio-
frequency transmission lines can be con-
structed having losses so low that their per-
formance in many cases may be considered
for all practical purposes the same as that
of an absolutely lossless line. Furthermore,
knowledge of behavior of an idealized loss-
less line facilitates determination of the con-
ditions under which an actual line having
appreciable losses operates, because usually
the dissipation can be taken care of in sim-
ple correction factors.
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While transmission lines have various
configurations, such as parallel wire, coaxial
(concentric), symmetrical (balanced), asym-
metrical (unbalanced), etc., their general
behavior is the same regardless. Let us con-
sider for the moment an idealized two-wire
“open” line consisting of two parallel con-
ductors, having zero resistance, stretching
for an infinite distance through a vacuum
or empty space, and having uniform cross
section and spacing throughout their infinite
length. Let us also assume for the moment
that the line will not radiate. In actual
practice such an open line always radiates
slightly, though in practical open wire lines
the radiation usually is so low as to be negli-
gible except at frequencies so high that the
line spacing becomes a significant fraction of
a wavelength. The factor of radiation is best
ignored for the moment; we can take up the
question of why a line radiates or doesn’t at
a later and more appropriate point.

D-C OR “SURGE” CONDITIONS

Let us connect across the one end of our
infinite line a switch and battery in series,
as in figure 2-1A. Let the battery be a
very special and hypothetical one having
zero internal resistance, in order to simplify
the discussion.

When the switch is closed, the line pro-
gressively becomes charged up along its
length to the potential of the battery. It
should be noted that the line does not be-
come instantaneously and simultaneously

charged throughout its length. The dividing
point or boundary between the charged
and uncharged portions of the line starts
the instant the switch is closed and travels
down the line at the characteristic velocity
of space (about 186,000 miles per second)
in the case of conductors separated by empty
space, or somewhat less in the case of die-
lectric insulation. The boundary represents
the point at which, at any given instant, 2
displacement current is flowing in the space
between the two conductors. To supply
this displacement current, a conduction cur-
rent flows all along the line from this point
back to the battery. The result is a “leading
edge” of voltage and current which travels
down the line towards infinity at the speed
of light. In back of the leading edge the
voltage and current are uniform all the way
to the battery, while ahead of the leading
edge the voltage and current are zero.

It is apparent that to charge up, say, a
186,000 mile section of this infinite line in
one second requires a finite and specific
amount of current out of the battery. Be-
cause the line characteristics do not change
with applied voltage or current flow, it is
obvious that the current flow required to
charge the line is proportional to the applied
voltage. It is also apparent, though per-
haps less so, that the current flow starts
instantaneously when the switch is closed
and remains constant as long as the switch is
closed, because displacement current flows
only at the “leading edge,” and the latter
has constant characteristics except for its
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position on the line. This means that, to
the battery, the lossless, infinite, uniform
line looks like an impedance with zero net
reactance, or like a resistance. It is true that
the line has inductance and capacitance
uniformly distributed throughout its length,
but the two always are such as to cancel
each other. So long as they are uniformly
distributed, rather than lumped, the only
effect on the generator of changing the
ratio of inductance to capacitance per unit
length is to change the amount of current
flow for a given voltage. Thus, increasing
the capacitance and/or lowering the induc
tance per unit length, as would occur if
larger conductors or closer spacing or a
higher dielectric constant insulation were
employed, simply increases the amount of
current flow for a given applied voltage;
under no conditions will it introduce a net
reactance.

By now it should be pretty obvious that
our lossless, infinite, uniform line looks to
the battery exactly like a pure resistance,
and that the magnitude of the equivalent
resistance depends upon the ratio of induct-
ance to capacity per unit length, which
in turn depend)s’ upon the diameter and
spacing of the conductors and upon the
dielectric constant of the medium separating
the conductors. The magnitude of the
equivalent resistance is called the character-
istic impedance or surge impedance of the
line, and is abbreviated Z,. Practical trans-
mission lines ordinarily have a surge imped-
ance of from 20 to 8oo ohms, or most com-
monly, from about so to 650 ohms. A
chart showing the surge impedance as a
function of conductor dimensions and spac-
ing is shown for the two most common con-
figurations of line later in the chapter (fig-
ures 2-15 and 2-26) in connection wit
a discussion of characteristics of practical
transmission lines.

To get back to our hypothetical line of
figure 2-1, it should be noted that if an
infinite line of 100 ohms surge impedance
is removed from the battery and a 100-ohm
resistor substituted, exactly the same amount
of current will flow through the battery.
Also note that for any particular line, there
is only one value of resistor which can be

substituted without the battery’s “knowing
the difference.”

If the line is broken at point A, the por-
tion of the line to the right will look like
a resistance equal to the surge impedance
of the line, because it still is infinite in
length. (Something finite subtracted from
infinity still leaves infinity.) Therefore,
if we break the line a A (or any other
point) and substitute a resistor having a
resistance equal to the surge impedance of
the line, as in figure 2-1B, the remaining
portion of the line “won’t know the differ-
ence,” and will behave exactly the same
as though the line were infinite in length.
Thus, we might say that when the switch
is closed, the battery can’t tell whether (1)
it is working into a lossless, infinite, uni-
form line, or (2) the line has finite length
and is terminated in its characteristic or
surge impedance, or (3) a resistor equal to
Z, is connected directly across the battery
and switch terminals; the surge of current
is the same in every case.

If an altemnating current generator (al-
ternator) having zero internal impedance is
substituted for the battery and switch as
illustrated in figure 2-1C, the line still looks
like a pure resistance equal to Z,, regardless
of frequency, and regardless of whether the
line is infinite in ength or is of finite
length and terminated in Z,. This is readily
understandable when it is recalled that
when the switch was closed in figures 2-1A
and 2-1B, the current flow out of the battery
was instantaneous and remained constant,
indicating a net reactance of zero.

CONDITIONS WITH SINE WAVE
GENERATOR

With the alternator, however, conditions
are somewhat different as regards voltage
and current distribution along the line. At
any given instant the current and voltage no
longer are uniform from the “leading edge”
or from the terminating resistance back to
the source; instead they vary sinusoidally
along the line. Because of Ze absence of
any net reactance, the current and voltage
are in phase along the line; at any instant
a point of zero current on the line will co-
incide with a voltage node and vice versa,
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and at any point on the line the ratio of
voltage to current is equal to the character-
istic impedance. This is another way of say-
ing the line has unity power factor. Like-
wise at any given point on the line, the
voltage and current amplitudes vary sinu-
soidally with time, and are in phase. To
summarize, the voltage and current vary
sinusodially with distance along the line at
at any given instant, with time at any given
point on the line, have a constant ratio
equal to Z,, and always are in phase.

If the output of the generator is not sin-
usoidal, the line still looks to the generator
like a pure resistance, because the behavior
of the lossless line is not sensitive to fre-
quency. The wave form at the generator
terminals will appear at any given point on
the line at a later time determined by the
velocity of the wave and the distance from
the generator. Thus we see that a trans-
mission line can be used as a phase shifter,
to produce any desired delay (assuming in a
practical case that the required length of
line is not prohibitive).

If the two conductors are separated by a
lossless dielectric other than empty space.
then both the characteristic impedance and
the velocity of propagation are reduced, the
reduction becoming greater as the dielectric
constant is increased. However, the net
reactance still is zero, so long as the dielec-
tric is lossless and uniformly distributed.

Before proceeding further, it is desirable
that one be familiar with certain transmis-
sion line terminology pertaining to the two
ends of a terminated line. The generator
end is variously known as the sending end,
input end, or source; and the load end is
known also as the receiving end, output end,
or sink. When a line is terminated in pure
resistance equal to Z,, it is said to be
matched. The speed at which a wave travels
on the line is called the velocity of propaga-
tion (abbreviated V), and the ratio of this
velocity to that of light is called the velocity
constant or velocity factor of the line.*

*In a uniform line in which the losses are low
enough to be insignificant, the characteristic
impedance, the velocity constant, and the wave
length are all inversely proportional to the
dielectric constant of the insulation or medium
separating the conductors,

THE GUIDED FIELD CONCEPT

It should be apparent to the reader by
now that there is a close resemblance be-
tween the propagation of a wave down an
idealized, lossless transmission line, and the
propagation of a wave through space as dis-
cussed in the preceeding chapter.

For instance, the relationship between
frequency, wave velocity and wavelength
applies to propagation along a transmission
line just as patently as it does to a wave
being propagated through empty space or 8
dielectric. In fact, the current in and volt-
age between the conductors of a transmission
line produce magnetic and electric fields in
the vicinity of the conductors which store
or contain the energy which has left the
generating source but has not yet arrived
at the load end. In one sense, it is more
accurate to say that an r-f transmission line
guides and at the same time confines or
restricts an electromagnetic wave containing
energy than it is to say that the line actu-
ally conducts the energy in the form of a
current. However, unless the reader intends
to pursue the subject considerably beyond
the scope of this book, it will suffice and is
somewhat simpler to consider that the ener-
gy flows down the conductors to the load
in the form of a conduction current. But
while the current concept is permissable
and adequate for an understanding of what
follows in this book, the electromagnetic
field concept will be discussed briefly for
the benefit of the curious, the rigorous, and
those who expect eventually to concern
themselves with wave guides.

In simple terms a wave guide in prac-
tical form is essentially a hollow conductor
used to prevent spreading or dispersion of
radiated r-f energy, thus permitting r-f en-
ergy to be transmitted from one point to
another with very low losses by the simple
expedient of squirting the “radiation” into
one end and extracting it at the other.
Because the minimum permissable cross-
sectional dimensions of a wave guide are
limited in terms of wavelength from an elec-
trical standpoint, and the maximum are lim-
ited in terms of absolute dimensions from
a practical or economical standpoint, wave
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Figure 2-2.

END-ON OR CROSS-SECTIONAL VIEW

OF TWO-WIRE OPEN TRANSMISSION

LINE CARRYING ENERGY TOWARD
THE READER.

This is an instantaneous representation of the
electromagnetic field surrounding the line at a
particular point on the line at a particular
instant. It is assumed that the line is infinite
in length or is terminated in Z, A half
cycle of time earlier or later the direction of
BOTH fields of force would be reversed. Revers-
ing ONE field would send the wave in the op-
posite direction, away from the reader.

guides seldom are used below about 1000
Me.

Obviously the concept of power transmis-
sion by means of current in “go” and “re-
turn” circuits does not fit the case of the
wave guide. Therefore if we are after a
single concept which can be applied to all
types of rf or a-c power transmission, the
concept of guided travelling electromagnetic
lines of force is the answer.

Referring to the end-on view of our two
wire line shown in figure 2-2, the current
flowing in the wires will produce magnetic
lines of force as represented by the dashed
flux lines, while the voltage difference be-
tween the wires will produce electrostatic
lines of force (solid lines). It is impossible
to have current and voltage at a point on
the line without the existence of a corres-
ponding electromagnetic field, and vice
versa. They are so interrelated that it really
is immaterial whether at a point somewhere
along the transmission line we say that the
r-f current in and voltage on the wires are
due to the electromagnetic field, or vice
versa, or that they simply are two mani-
festations of the same phenomenon.

Even if we stick to the current concept
and consider the electromagnetic field sim-
ply as a by-product of the voltage on and
current in (or on) the conductors of the
transmission line, it should be kept in mind

= . .
teLecrmipthat wherever current is present on a line,

there always is an associated and corres-
ponding magnetic field, and wherever there
is voltage on a line, there is an associated
and corresponding electrostatic field.

WAVE MOTION ON A LINE

If we should connect an infinite line (or
a line that is terminated in Z,) to a source
of sine wave r-f voltage, the conditions ex-
isting at a particular instant could be repre-
sented by figure 2-3, which is a graphical
picture of a “frozen” wave. In this case the
horizontal axis represents distance along the
line. One cycle later, or an integral number
of complete cycles later, the “frozen” wave
would look exactly the same. At fractions
of a cycle later, the wave train and there-
fore the whole picture would be moved
a corresponding fraction of a wavelength to
the right, in order to depict the conditions
on the line at that instant. To get a moving
or true picture of what actually happens,
it would be necessary to run the picture past
the observer at a velocity which caused F
cycles to pass the observer per second. At
any frequency over a few cycles per second
the result would be a blur;cf‘-:ence the neces-
sity for showing a “frozen” wave.

If the horizontal axis is used to represent
time instead of distance along the line, the
same graphical representation then shows
the variation in voltage and current with
time at a fixed point on the line. This is
the familiar representation of ordinary 6o
cycle a.c. wherein voltage is plotted against
time in Cartesian rather than polar coordi-
nates. It can just as well apply to 20 kilo-
cycles or 20 megacycles as to 6o cycles.

REFLECTION AND STANDING
WAVES

In Chapter 1 under Reflection it was
stated that when a radiated wave strikes
an abrupt change in medium or a sharp
boundary, some of the wave is reflected, and
that all of it is reflected in the limiting case
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of a conducting sheet consisting of an infi-
nite plane of zero resistance. It was also
explained how reflection causes standing
waves in the medium. The same consider-
ations apply to waves propagated along
transmission lines. When they encounter a
discontinuity in the line such as a variation
in surge impedance, a portion of the energy
is reflected. When the discontinuity is the
limiting or extreme case of an open circuit
or a dead short, all of the energy is reflected.
In any case, standing waves will be present
if there is reflection; the variation of r-m-s
voltage or current amplitude with distance
along the line will be a function of the
amount of reflection or reflection coefficient.

Because there is no attenuation of the
wave on a line due to spreading (as there
is in the case of radiation and propagation
through space), a lossless line terminated in
an open circuit or short circuit or pure re-
actance will produce a reflected wave hav-
ing the same amplitude as the incident
wave. This is true because such termina-
tions absorb no power. In such a case the
two waves will combine to produce a stand-
ing wave of infinite standing wave ratio;
in other words, the voltage along the line
will vary from zero to infinity, and the cur-
rent will do likewise but at intermediate

points (for reasons explained under Stand-
ing Waves in Chapter 1).

A “standing wave” should not be con-
fused with a “frozen wave” of the type pre-
viously discussed; a standing wave is simply
an interference effect which causes the
voltage or current as read on an r-m-s meter
to vary cyclically with distance along the
line, while a “frozen” wave is simply an
instantaneous picture of a traveling wave.

Comprehension of the mechanism where-
by standing waves are produced is prere-
quisite to a clear understanding of other
transmission line phenomena; therefore some
deliberate reiteration and recapitulation per-
taining to reflection and the generation of
standing waves immediately follows, in order
to make absolutely certain that the reader is
able to visualize what transpires.

GENERATION OF A STANDING WAVE

Perhaps the simplest termination for a
transmission line is just to have it stop—in
other words, an open circuit. Let us see
what happens when a travelling wave en-
counters such a termination.

When energy consisting of in-phase volt-
age and current waves approaches the “end
of the line,” the abrupt ending is not antici-
pated by the travelling electromagnetic
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wave, and it acts up to that point just as
though the line were infinite in length.
But upon reaching the open end, the cur-
rent must disappear, because a current can'’t
exist unless it keeps moving, and at the
very end of the line it is stopped dead in
its tracks. This causes the magnetic field
at that point to collapse, but in so doing it
generates an e.m.f across the open end of
the line which adds in phase to the e.m.f
of the arriving or incident wave, causing the
e.n.f. across the extreme end of the line
to double,

When the wave arrived at the end, the
energy represented by the incident in-phase
current and voltage waves existed half as an
electric field and half as a magnetic field.
But upon reaching the end, the magnetic
field of necessity collapsed, and in so doing
converted itself into an electrostatic field
which adds to the already existing electro-
static field. This reinforced electrostatic
field, represented by a doubled e.m.f. across
the extreme end of the line, is maintained
by the continuing collapse of the incident
magnetic field, and serves in effect as a
generator which launches a new electro-
magnetic wave in the only direction it can
travel: the reverse direction. Because the
e.m.f. across the end of the line (or electric
field) is not reversed in phase, it is obvious
that in order to have a wave travelling in
the opposite direction, or a reflected wave,
the current (or magnetic field) must be re-
versed in phase. This condition is satisfied

by the absence of current at the extreme end
of the line; the current component of the
reflected wave is equal in amplitude and op-
posite in phase to that of the incident wave,
giving a resultant of zero. This is true at
the reflection point at all portions of the
cycle. But as we move away from the re-
flection point the reflected wave has trav-
elled increasingly farther than the incident
wave, and the finite time taken for the ad-
ditional travel represents a phase shift.

At a point a quarter wavelength from the
end of the line, the reflected wave always
has travelled a half wavelength farther than
the arriving wave. This means that at this
point the reflected current, which is re-
versed in phase (shifted 180 degrees) upon
reflection, is in phase with the arriving cur-
rent, because the 180 degree phase angle
due to difference in path length plus the
180 degree shift due to inversion at reflec-
tion adds up to 360 degrees, which is the
same as o degrees or no phase difference.
This condition exists at all times, and not
just at a certain point on or portion of a
cycle. Therefore, the resultant current at
this point, while oscillating in amplitude,
has a- higher r-m-s value than at points a
slight distance to either side where the phase
angle is not zero.

At a point a half wavelength from the
end of the line, the reflected wave has
travelled a full wavelength, or 360 degrees,
farther than the arriving wave. This is the
same as o degrees. Therefore the effective

STANDING WAVE —
{RESULTANT)

REFLECTED
WAVE ~
’

FORWARD
CURRENT

PROM R.F, J

Figure 2-4.

ILLUSTRATING DEVELOPMENT OF A
STANDING WAVE.

The example illustrated is a standing
wave of current on one wire of a loss-
less, two-wire open line terminated in an
open circuit. The other wire will have
an identical standing wave except for

SOURCE

reverse polarity. This is an instantaneous
picture; at an earlier or later time the
standing wave will have different am-

bt —
2 —

OPEN CIRCUIT LINE TERMINATION —

plitude but will OCCUPY THE SAME
LOCATION ON THE LINE. It osciflates
in amplitude at a sine rate but does not
travel laterally like the constant-ampli-
tude incident and reflected waves. This
same standing wave pattern also applies
to the VOLTAGE wave on a line with a
SHORT CIRCUIT termination.
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phase difference is due entirely to the 180
degree shift upon reflection, which puts the
incident and reflected currents in phase
opposition at this point. So the resultant
current at this point is zero at all times, just
as it is at the extreme end of the line.

Moving back to a point 3 wavelength
from the end simply adds 360 degrees to the
condition existing at % wavelength from
the end, because again the additional 360
degrees of travel (180 degrees each way)
has no effect upon the phase difference, or
the resultant. Hence, at a point 3 wave-
length from the end, the resultant cur-
rent is maximum again at all portions of
the cycle.

Without carrying things further it should
be obvious that these two conditions will
repeat alternately at all higher multiples of
a quarter wavelength from the termination.
Thus we see that at zero and all even mul-
tiples of quarter wavelengths (o, 2, 4, etc.)
from the open circuit termination, the re-
sultant r-m-s current is zero, while at all
odd numbers of quarter wavelengths, (1, 3,
5, etc.) from the termination the resultant
r-m-s current is maximum.

Now it is known from elementary alter-
nating current theory that two sine waves
of the same frequency always add to pro-
duce either zero (a special case) or a result-
ant sine wave, and the same still applies
to two sine waves of the same frequency
travelling in opposite directions. Therefore
the resultant or “standing wave” also will be
a sine wave. Inasmuch as we have the zero
and the crest (double current) points, all
that is necessary is to construct a sine wave
which intersects or includes these points.
Or, more laboriously, the instantaneous
magnitude of the incident and reflected
waves can be added algebraically at many
close, successive points for several cycles
along the line. The result will be the same:
a sine wave which takes in the already
determined zero and crest points on the
horizontal (distance) axis.

GRAPHICAL REPRESENTATION
FROZEN WAVE AND OF R-M-S
AMPLITUDE

OF A

Figure 2-4 shows how a reflected current

wave combines with the incident current
wave to produce a resultant as explained.
This is an instantaneous or “frozen” picture.
If a similar instantaneous representation
were constructed for every few de
throughout a cycle, it would be observed
that while the amplitude of the sine result-
ant varies in a sine fashion, it never moves
laterally. It oscillates in amplitude, but is
fixed in space. That is why it is called a
standing wave,

While useful in determining or proving
the characteristics or configuration of a
standing wave, such a series of graphical
representations is rather ineffective in as-
sisting the reader to visualize the actual,
continuous formation and maintenance of a
standing wave. Unfortunately the simul-
taneous existence on a transmission line of
an incident travelling wave sweeping to the
right, a reflected travelling wave sweeFing
to the left, an algebraic sum or resuitant
which “stands still” yet oscillates in magni-
tude is best illustrated in actual motion,
with the aid of moving picture film.

The amplitude oscillation of a standing
wave on a two-wire line terminated in an
open circuit is shown in figure 2-5. The
instantaneous amplitude and polarity of the
current are shown for every 30 degrees of
time over a complete cycle for both wires.
The bottom representation shows the r-m-s
current at different points along the line as
read on a thermocouple or other rf am-
meter. As such a meter has no “sense” as
regards polarity, and because a standing
wave has only instantaneous polarity, it is
permissible to show all current readings or
r-m-s values above the base line. When
such a curve is shown, it is implied without
further notation that it is a curve of r-m-s
readings as might be observed on a meter,
and not a curve of instantaneous values.

If the standing wave of voltage is plotted
for a line with open circuit termination,
it will be found that the lack of phase re-
versal upon reflection causes the resultant
or standing wave of voltage to be displaced
along the line by go degrees or a quarter
wavelength from the current curve. The
voltage peaks will coincide with current
nodes, and vice versa.
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EFFECT OF LINE TERMINATION ON
STANDING WAVE PATTERN

If a line is terminated in a dead short,
instead of an open circuit, the voltage “col-
lapses” (because a potential difference can-
not exist across zero resistance) and the cur-
rent is doubled, the current and voltage
roles being just reversed from the case of
the open circuit termination. The voltage
now undergoes the phase reversal upon re-
flection, and not the current. The result is
that the voltage peaks of the standing wave
which is formed by combination of the in-
cident and reflected waves occur at the same
distance from the termination as the cur-
rent peaks did in the case of an open cir-
cuit termination, and the current peaks oc-
cur at the same distance from the termin-
ation as the voltage peaks did in the case
of an open circuit termination. Thus, the

standing wave shown in figure 2-4 not only
holds for current in the case of an open
circuit termination, but also for voltage in
the case of a short circuit termination.
If the termination is a pure reactance,
the standing wave pattern will be some-
where intermediate to that of a short cir-
cuit termination and an open circuit term-
ination. The voltage and current nodes in
the standing wave pattern still will be 9o
degrees apart, but the standing wave will
contain both voltage and current at the
termination, instead of only one. If a very
small capacitance or a very large inductance
is used for a termination, the standing wave
will resemble or approach that obtained with
an open circuit termination, except that a
small amount of resultant current will flow
at the termination. If a very large capaci-
tance or a very small inductance is used for
a termination, the standing wave pattern
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will resemble or approach that obtained with
a short circuit termination, except that a
small amount of resultant voltage will ap-
pear at the termination.

If we should start with a reactance hav-
ing a value approaching infinity Copen cir-
cuit conditions) and lower it gradually (in-
crease C or decrease L), we would find that
in the case of capacitive reactance the whole
standing wave pattern is effectivel “slid
along” towards the termination in the case
of capacitive reactance and away from the
termination in the case of inductive react-
ance, the maximum shift approaching but
never reaching 9o degrees so long as the
reactance still %xas a finite value.

A more convenient way to remember this
relationship is that decreasing either L or C
moves the pattern away from the termin-
ation. This is explained by the fact that de-
creasing the value of L lowers the reactance
and makes the termination approach a short
circuit, while decreasing the value of C
increases the reactance and makes the term-
ination approach an open circuit.

EFFECT OF GENERATOR ON STANDING
WAVES AND VICE VERSA

In order to facilitate the explanation of
reflection and standing waves, certain sim-
plifying assumptions were made. They do
not affect the basic mechanism of the gen-
eration of standing waves, but they do en-
ter into the picture when we start consider-
ing practical lines.

Most important, we have assumed in the
foregoing explanations that there was only
one incident wave and one reflected wave:
in other words, a single reflection point. But
unless the generator is so far away as to be
just slightly this side of infinity, some of
the returning energy or reflected wave will
“bounce off” the generator and start down
the line again as an incident wave unless
the generator happens to have an internal
impedance which is non-reactive and ex-
actly equal to the surge impedance of the
line. In any case the returning waves (those
reflected from the line termination) will
have considerable effect upon the appar-
ent load on the generator, the exact effect
depending upon the relative magnitude and
phase of the arriving reflected wave as com-

pared to the voltage delivered by the gener-
ator. The net result is that a line which is
not terminated in Z, looks to the generator
like a pure resistance of Z, only for the
length of time it takes for the “leading
edge” of the first surge down the line to
arrive back at the generator. Then it can
look like most anything, as we shall soon
see: a reactance, a resistance equal to some-
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Eigure 2-6.

EFFECT OF LINE TERMINATION ON
STANDING WAVE PATTERN.

In the case of a lossless line and lossless
termination, the standing wave pattern Is the
same in all cases except for displacement along
the line with respect to the termination. The
reactances in (D) and (E) are equal in ohms
to the surge impedance. Decreasing the value
of either L or C moves the pattern away from
the termination, to approach a short circuit in
the case of L and an open circuit in the case
of C.
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A (10%)

B (so%)

Figure 2.7.

ILLUSTRATING EFFECT OF REFLECTION COEFFICIENT
UPON STANDING WAVE RATIO (SWR) AND SHAPE

As the magnitude of the reflection coefficient is Increased from

zero to 1.0, the standing wave increases in amplitude and the

shape gradually changes from a sine wave at zero amplitude to

a “full wave rectified” wave form at maximum amplitude. The

two curves shown are for a reflection coefficient of 10 per cent

(A) and 90 per cent (B). A curve showing reflection coefficient vs.
SWR s given in figure 2-8.

thing other than Z,, or a complex imped-
ance, depending upon the nature of the
termination and the length of the line in
terms of wavelength.

The reader need not be unduly concerned
for the moment with the reference to multi-
ple reflections on a line as a result of re-
flection at the generator end. The import-
ant end is the receiving end in so far as re-
flections are concerned, because all the in-
cident waves form a resultant incident wave
and all the reflected waves form a resultant
reflected wave, and the conditions at the
point of the first bounce, or receiving term-
ination, determine the points along the line
at which nodes, etc. will occur. For in-
stance, if there is cancellation of incident
and reflected voltage waves at a point a
quarter wavelength from the receiving end
of a long line, the same condition will hold
true as the length of the line is varied.
However, the phase relationships existing
at a point on a long line a quarter wave-
length from the generator will vary cyclic-
ally as the length of the line is increased
or shortened. It is for this reason that the
receiving end always is used as the refer-
ence point.

UNMATCHED TERMINATION WITH
RESISTIVE COMPONENT

In illustrating the principles of reflec-
tion and the generation of standing waves,
the discussion was confined to lossless term-
inations, in order to simplify the explan-
ation. When a transmission line is used for

the purpose of feeding energy to a practical
load circuit, the termination no longer is
lossless. It either is purely resistive or has
a resistive component. And if the load is
not exactly equal to Z,, there will be re-
flections, and when there are reflections
there are standing waves. Such an “un-
matched” or “mismatched” load may con-
sist of a resistance not equal to Z, (as-
suming Z, is purely resistive), or of a com-
plex impedence comprising both resistance
and reactance.

Regardless of the exact condition of mis-
match, as long as the mismatched termin-
ation has a resistive component part of the
arriving energy will be absorbed and part
will be reflected. This is different from the
conditions previously considered in which
reflection always was total, or complete.
When the incident wave is neither totally
reflected nor totally absorbed, the standing
wave of current or voltage no longer will
have zero amplitude at recurring points
along the line.

STANDING WAVE RATIO (SWR) AND
REFLECTION COEFFICIENT

The ratio of maximum r-m-s voltage (or
current) to minimum r-m-s voltage (or cur-
rent) as measured along the line is called
the standing wave ratio, abbreviated SWR.
Obviously when the line is non-resonant or
“fat” (no reflection), the SWR is 1.0, and
when the termination is dissipationless (to-
tal reflection), the SWR is infinite. In the
rase of a mismatched load having a resistive
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component (partial reflection), the standing
wave ratio will have a value somewhere be-
tween 1.0 and infinity, the exact value be-
ing determined by t?:e magnitude of the
ve?lection coefficient, which is simply the
ratio of the voltage or current of the re-
flected wave to that of the incident wave.
The greater the reflection coefficient, or per-
centage of reflection, the greater the SWR.
The relationship between the two is illus-
trated in figure 2-8.

In addition to magnitude, the reflection
coefficient has a phase angle, indicating the
phase difference between the incident and
reflected waves at the point of reflection.
If the load is purely resistive, or is an open
or short circuit, the phase difference is zero
or 180 degrees. But in the case of a com-
plex load impedence the picture is different;
the phase angle of the reflection coefficient
is somewhere betwen o and 180 degrees,
the exact phase angle depending upon both
the magnitude and power factor of the load
impedance.

The phase angle of the reflection coefh-
cient simply fixes the position of the stand-
ing wave pattern with respect to the load.
For instance, it is possible to substitute other
values of resistance and reactance in a com-

lex termination and maintain the same
SWR. However, the power factor of the
load will be different, the ratio of load im-
pedance to surge impedance will be differ-
ent, and the standing wave pattern will be
“lid along” the line. Even though the
magnitude of the reflection coefficient (and
therefore the SWR) remains unchanged,
the phase angle of the reflection coeficient
has been changed.

The term “SWR” always refers to voltage
or current unless power is specifically men-
tioned. The term “VSWR” (for voltage
standing wave ratio) oftentimes is used, par-
ticularly in tables and charts, to indicate
specifically that the voltage ratio and not
the power ratio is being given. The VSWR
must be squared to get the SWR in terms of
power. The SWR in terms of current is of
course the same as the VSWR.

SWR also may be expressed as a recipro-
cal fraction. Thus a VSWR of s is the same
as 2 VSWR of 0.2, and a VSWR of 3 is
the same as a VSWR of o.33.
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Figure 2-8.

MAGNITUDE OF REFLECTION COEFFI-

CIENT VS. STANDING WAVE RATIO

(VSWR), AND PEAK VOLTAGE FACTOR
(PVF).

The peak voltage factor is the ratio of maxi-

mum voltage on the line to the voltage on a

flat line delivering the same power to a load.

Unless the line loss is insignificant, these

curves are valid only near the load end of the
line.

Getting back to figure 2-8, the relation-
ship between reflection coefficient and SWR
holds regardless of whether or not the gen-
erator is matched to the transmission line.
When the generator is mismatched and
there actually are multiple reflections be-
tween the generator and the line termina-
tion, the incident wave is simply the result-
ant of all the forward travelling waves, and
the reflected wave is simply the resultant of
all the backward travelling waves.

EFFECTS OF SWR UPON SHAPE OF
STANDING WAVE

If the reflection coefficient is say 10 per
cent, meaning that 1o per cent of the in-
cident voltage or current wave is reflected,
then 10 per cent of the incident wave will
combine with it to form a resultant or vector
sum in the form of a standing wave similar

to B, C, D, or E of figure 2-6. The other
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90 per cent of the wave is absorbed in the
termination and produces a curve of r-m-s
voltage or current vs. distance which is a
straight line, such as shown in A of figure
2-6. The resultant or total r-m-s current or
voltage at any point along the line is due to
the combination of this unidirectional travel-
ling wave and the standing wave, which,
when relative phases are taken into consider-
ation, produces an r-m-s curve similar to
that of A in figure 2-7.

If the reflection coefficient is high, say
9o per cent, the resultant r-m-s curve or
combination of the travelling and standing
waves gives a curve similar to that of B in
figure 2-7. The interesting thing to note is
that when the standing wave ratio or SWR
is high, due to a high reflection coefficient,
the curve resembles a full-wave rectified sine
wave, with sharp nulls,* while in the case of
a low SWR, the curve approaches that of
an unrectified sine wave, with relatively
broad nulls. This is somewhat analogous to
the case of linear dection or demodulation
of two beating waves; the demodulated sig-
nal resembles the output of a full wave rec-
tifier when the two waves are of the
same magnitude, but approaches a sine wave
as the ratio of the two is increased or de-
creased from unity. The same condition ap-
plies here; as the ratio of the incident to the
reflected wave is increased (lower reflection
coefficient) the resultant approaches a sine
wave.

EFFECT OF LINE DISCONTINUITIES

So far we have in every case assumed
a transmission line which was uniform
throughout its length. But what happens
when it is not?

Whenever there is any sudden change in
the characteristic impedence of the line, par-
tial reflection will occur at the point of dis-
continuity. Some of the energy will be
transmitted and some reflected, which is es-
sentially the same as having some of the
energy absorbed and some reflected in so far
as the effect upon the line from the gen-
erator to that point is concerned. The dis-

*The term “null” is used to indicate a minimum
which may either be zero or have a finite
value,

continuity can be ascribed a reflection coeffi-
cient just as in the case of an unmatched
load.

In a simple case, such as finite length
of uniform line having a Z, equal to 500
ohms feeding into an infinite length of uni-
form line having a Z, equal to 100 ohms,
the behavior is easily predicted. The infinite
100-ohm line will have no standing waves,
will accept the same power from the 500~
ohm line as would a 100 ohm resistor, and
the rest of the energy will be reflected at
the discontinuity to produce standing waves
from there back to the generator. However,
in the case of a discontinuity which is not
straightforward and occurs an odd distance
down a line which is terminated in an un-
matched, complex impedance, things begin
to get somewhat complicated, especially
when the discontinuity is neither sudden
nor gradual but intermediate between the
two.

In any case, when a discontinuity exists
somewhere on a line and is not a smooth,
gradual change embracing several wave-
lengths, it is not possible to avoid standing
waves throughout the entire length of the
line. If the discontinuity is sharp enough
and is great enough to be significant, stand-
Ing waves must exist on one side of the dis-
continuity if not both.

LINE LOSSES AND THEIR
EFFECTS

So far it has been assumed that the trans-
mission line in every case was entirely loss-
less. This was done because in actual prac-
tice good transmission lines have such low
losses that in general their behavior is sim-
ilar to that of a lossless line except for grad-
ual attenuation of the transmitted power,
and also because the assumption of a dissi-
pationless line simplified the discussion.
Practical lines do have losses, however, and
it is desirable to know what effects these
losses produce besides attenuation, even
though the effects may be small.

Losses in transmission lines are of two
kinds: dielectric losses due to an imperfect
dielectric, and ohmic losses due to imperfect
conductors. The first is a shunt loss, and
the latter is a series loss. The shunt leakage,




EFFECT OF LINE LOSSES 93

or conductance, usually is designated as G;
the series or ohmic resistance as R.

The dielectric loss per unit length of line
varies directly as the frequency, assuming
the power factor and dielectric constant re-
main constant, while the ohmic loss varies
as the square oot of the frequency. The
variation in the relationship of the dielectric
loss is readily understandable; the amount
of energy dissipated during one cycle will
be the same regardless of the duration of
the cycle. Therefore the longer the cycle
(lower the frequency) the longer it takes
to dissipate a given amount of energy, which
is simply another way of saying that pro-
portionately less power is dissipated.

The ohmic loss relationship is not so ob-
vious. It might first appear that the ohmic
loss should be the same at all frequencies.
The explanation is a higher effective resis-
tance as the frequency is raised, due to skin
effect.

Because of these relationships, in practi-
cal lines the ohmic or conductor losses pre-
dominate at the very low frequencies and
the dielectric or insulation losses predomi-
nate at the very high frequencies. While
ordinary air is an afmost perfect dielectric,
line conductors have to be spaced and sup-

rted, and the best available insulation
EZgins to look bad if we go high enough
in frequency. Thus it readily can be seen
that in very low frequency lines the design
must be such as to minimize ohmic losses,
while in very high frequency lines especial
care must be taken to minimize the dielec-
tric losses. If the ohmic loss is, say, 100
times the dielectric loss, the thing to work
on is the ohmic loss, because in such a
case reducing the dielectric loss to zero
would make %)ut an insignificant reduction
on the total losses or attenuation of the line.

The relative losses at different orders of
frequency for various types and configura-
tions of actual transmission line will be
taken up later under a discussion of prac-
tical transmission lines. For the moment let
us examine the nature and magnitude of the
effects of dissipation upon the line.

EFFECT OF LINE LOSSES ON
CHARACTERISTIC IMPEDANCE

An infinitely long, lossy line will have

a characteristic impedance that contains neg-
ligible reactance (or is for all practical pur-
poses purely resistive) provided that either
(1) the attenuation per wavelength is small
or (2) the ohmic loss is equal to the di-
electric loss per unit length and the resist-
ance and conductance do not approach the
inductive and capacitive reactances per unit

length.

(%ondition (1) obtains for well-designed,
high quality practical lines at all radio fre-
quencies except the very lowest. However,
in the case of a radio frequency line having
high attenuation per wavelength, the charac-
teristic impedance still can be maintained
substantially resistive by balancing the ohm-
ic and die{ectric losses for that particular
frequency. But note that because of the
different frequency vs. loss ratio for the two
types of losses it is possible to make the
losses exactly equal at only one frequency.

When the frequency becomes so low
Cusually in the lower audio frequency
range) that the series resistance and/or the
shunt conductance per unit length ap-
proach the distributed reactances per unit
length, then simply making the ohmic and
dielectric losses equal will no longer result
in a resistive characteristic impedance.
However, this is of only academic interest
in the case of lines operating above 100 kc.

Thus we see that it is quite possible to
have a transmission line with a characteristic
impedance which has a reactive component
and changes with frequency. But both the
ohmic and dielectric losses per wavelength
are sufficiently low for practical lines of good
design at the radio frequencies with which
we are concerned to result in a characteristic
impedance which approaches a pure resis-
tance and is substantially constant with
frequency. As a matter of interest, however,
it should be noted that in the case of a very
lossy line with substantially all of the loss
in one branch (ohmic or dielectric), the
line must be terminated in a complex impe-
dance containing both reactance and resis-
tance in order to avoid reflection and stand-
ing waves. It should also be noted that the
generateor “sees” a complex impedance
when looking into such a line when the
line is matched and no standing waves are
present.
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Figure 2.9,
ILLUSTRATING EFFECT OF LINE ATTENUATION UPON STANDING WAVE

The line Is assumed to have a “normal” attenuation of approximately 2 db loss per electrical
wavelength for a unidirectional travelling wave. Reflection from point B is total; the termin-
ation is dissipationless and the reflection coefficient is 1.0. The effect of an unmatched resist-
ive termination such as to give a reflection coefficient of approximately 0.65 (partial reflection)
may be had by assuming that the line is terminated at point A instead of point B. Observe
that the r-m-s value of the standing wave oscillates about the amplitude of the incident wave
with a maximum displacement (d) equal to the amplitude of the reflected wave. The result
Is a decrease in average r-m-s amplitude and an increase in both the standing wave ratio and
absofute r-m-s amplitude variation as the distance from the generator is increased.

EFFECT OF LINE POWER FACTOR
ON SWR

The effect of a lossy line upon the stand-
ing wave ratio is illustrated in figure 2-9.
An_arbitrary attenuation of approximately
2 db per electrical wavelength for a undirec-
tional travelling wave is assumed. This at-
tenuation (that occuring when the line is
matched, with reflection coefficient equal to
zero and SWR equal to 1.0) is called the
normal attenuation of the line.

The incident wave becomes weaker as
it travels toward the load, while the re-
flected wave becomes weaker as it travels
toward the generator. The result is a
standing wave which oscillates about the
amplitude of the incident wave with a max-
imum displacement equal to the amplitude
of reflected wave. The “peaks” of the stand-
ing wave are equal to the amplitude of the
incident wave plus that of the reflected
wave, while the “nulls” are equal to their
difference.

It is apparent from the curves that the
effect is to produce both a higher standing
wave ratio and a higher absolute r-m-s am-
plitude variation or displacement as the dis-
tance from the generator is increased.. Thus
it may be said that when line losses are
significant, the effect of increasing the
length of the line for any given load is to

reduce the standing wave ratio at the genera-
tor end of the line.

The relationship between normal attenu-
ation and reduction in SWR is illustrated in
figure 2-10. Note that when the normal
attenuation of the line is considerable (yet
not too high per wavelength), a high SWR
at the generator end is impossible even
with a reflection coefficient of 1.0 (infinite
SWR) at the load end. A lossy line tends
to “smooth out” the standing waves at the
generator end.

EFFECT OF SWR ON TOTAL
LINE DISSIPATION

The efficiency of a transmission line may
be expressed as the ratio of the power dis-
sipated in the load to the total power deliv-
ered by the generator. Obviously it is im-
portant in the transmission of radio fre-
quency power to minimize the percentage
of power dissipated in the line itself, especi-
ally when (because of the frequency, length
of line, or type of line) the losses tend to
be appreciable.

The attenuation constant or “normal” at-
tenuation of a line at a certain frequency
is expressed in db per electrical wavelength
or per absolute unit length, and refers to
a unidirectional travelling wave: in other
words, to the attenuation of the line per unit




EFFECT OF SWR ON LOSS

length when it is infinite or else terminated
in its characteristic impedance, and no
standing waves exist on the line.

The presence of reflection, as indicated
by the existence of standing waves, increases
the percentage of total power dissipated in
the line and thereby decreases the cfliciency
of the line. This is explained as follows:

When standing waves exist, reflection
is present, and there is both an incident
wave component and a reflected wave com-
ponent, the standing wave simply being a
manifestation of the resultant of these two
travelling waves. The power delivered to
the load is equal to the difference between
the energy contained in the incident wave
and the energy contained in the reflected
wave. If the reflection coefficient is high,
there is considerable energy flowing in both
directions along the line, yet only a com-
paratively small amount of power is dis-
sipated in the load. This increases the ratio
of power dissipated in the line as compared
to that dissipated in the load and reduces
the efficiency of the line. For instance:

If the line has a characteristic impedance
of 100 ohms, the termination a reflection
coefficient of 0.8, and the r-m-s voltage of
the incident wave a value of 100, then the
voltage of the reflected wave will be 8o,
producing a resultant or standing wave of
r-m-s values having voltage nodes and loops
of 20 and 180 respectively (representing an
SWR of 9) near the load end.

The incident current will be 1 amp. and
the reflected current 0.8 amp., determined
in each case by the voltage and surge im-
pedance. Thus we have 100 watts arriving
and 64 watts returning, leaving 36 watts
to be dissipated in the load. But the trans-
mission line is carrying 164 watts: 100 in
one direction and 64 in the other. So ac-
tual line dissipation will be the same as
though 164 watts were being dissipated
in a perfectly matched load and no re-
flection and standing waves were present.
In effect, the average power factor along
the line has been increased considerably.

From figures 2-9 and 2-10 and the pre-
vious discussion relating to them we know
that when the normal or flatline attenua-
tion of a line is considerable, a high SWR
can exist only near the load end. Therefore,

VSWR AT LOAD
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Figure 2-10.

VSWR AT POINT “P” VS. VSWR AT

LINE TERMINATION FOR INDICATED

AMOUNTS OF “NORMAL” OR FLAT-

LINE ATTENUATION BETWEEN POINT
“P“ AND TERMINATION.

It is assumed that the attenvation per wave-
length of line is small. Note that a high SWR
at point “P s impossible when the normal
attenuation of the line is high. Even with a
reflection coefficient of 1.0 (infinite SWR at
the termination) a high SWR cannot exist at
point “P” if the normal attenuation amounts
to at least several db. When standing waves
exist, the actual line loss or total line dissi-
pation will be higher than the “normal” or
flat-line attenuation. The increase in total line
dissipation with SWR is illustrated in figure
2-11.

R I

11

figured percentage wise the increase in total
line loss due to a mismatched load is not so
great as is the increase in a section of line
adjacent to the receiving end. Except for
this factor, the increase in total line dissi-
pation with degree of load mismatch would
be even worse than it is.

The increase in transmission line attenu-
uation with increasing SWR at the load end
is illustrated graphically in figure 2-11. An
SWR equal to 1.0 indicates the normal or
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Figure 2-11.

ILLUSTRATING  INCREASE
IN  TRANSMISSION LINE
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between curves where neces-
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VSWR AT LOAD

flat-line attenuation for the transmission line
to which each particular curve applies.
It is apparent from the curves that unless
a very good line is employed, one having a
low “normal” attenuation, the load must be
closely matched to the line in order to avoid
a serious loss in power. However, if the
normal loss is negligible, then a fairly high
SWR can be tolerated from an efficiency
standpoint because even though the pres-
ence of the moderately high SWR increases
the line dissipation several times, it is still
low compared to the load dissipation. For
instance: if the normal attenuation is such
that the line efficiency is 99.5 per cent,
then it is possible to increase the line loss
20 times without having the line efficiency
drop below about 9o per cent. But if the
norma) loss is high to begin with, we cannot
very well afford to increase it 20 times.
Even when the normal attenuation is low
and moderate standing waves can be toler-
ated from the standpoint of line efficiency,
they nevertheless are objectionable in the
case of practical lines when the power is
sufficiently high. The peak voltage across
the line conductors or to ground increases
as the square root of the VSWR. (Refer

to figure 2-8.) In the case of a line carrying
high power, the presence of standing waves
might mean that the physical dimensions of
the line have to be increased in order to
avoid flashover, thus increasing the cost.
There is still another reason why a high
SWR may be undesirable even though the
line efficiency is tolerable. This has to do
with the frequency sensitivity of the line,
which will be taken up later.

Lines which are operated with a load
which is exactly matched or even nearly
matched to the characteristic impedance of
the line often are called non-resonant lines,
for reasons which will become apparent in
the following discussion. There is no hard-
and-fast line of demarkation, but usually a
line is classified as a “non-resonant” line if

the VSWR is less an 2.0.

INPUT IMPEDANCE OF
UNMATCHED LINES

It is readily apparent that when reflection
exists and some of the energy delivered by
an r.f. generator “bounces off” the load and
arrives %ack at the generator, the line will
not look like a pure resistance equal to Z,.
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The impedance the generator “looks into” is
determined by the ratio of voltage to cur-
rent at the sending end, and from our study
of standing waves we know that this ratio
depends upon the nature of the line termi-
nation and the length of line (assuming for
the moment a uniform line with no attenu-
ation). The sending end impedance will
be maximum when the line length is such
as to put a voltage loop (current node) at
the generator, and minimum at a current
loop (voltage node).

It should be noted that the impedance at
the sending end is not necessarily non-
reactive in the case of a mismatched or
“resonant” line. The power factor of the
impedance at the sending end is determ-
ined by the phase angle between the voltage
and current, which likewise is determined
by the nature of the line termination and
the length of line. Only at certain critical
line lengths will the relationship between
incident and reflected waves be such as to
result in unity power factor. At all other
lengths the load on the generator will be
reactive. This is illustrated graphically in
figure 2-12.

It will be observed that as the standing
wave ratio is increased from unity or flat
line conditions, the phase shift of the volt-

age or current no longer is uniform; it tends
to become concentrated at recurrent points
along the line. Also, the phase angle be-
tween the voltage and current approaches
9o degrees at points other than the critical
or “resonant” points as the SWR is increased
from unity to infinity. It will be observed
that in every case where the SWR is not
unity, the line may be divided up into quar-
ter wavelength sections, with the current
leading the voltage in one section, lagging
in the next, leading in the next, and so on
down the line, and also that the current is
in phase with the voltage (unity power
factor) at the points wEere the current
changes from leading to lagging and vice
versa.

If the SWR is small, the maximum phase
angle is small, which means that the maxi-
mum reactive component is small and the
power factor is high regardless of where
the generator is connected. If the SWR is
large, then the maximum phase angle ap-
proaches go degrees, the power factor a
proaches zero, and the line looks like a sug:
stantially pure reactance (either capacitive
or“inductive, depending upon whether the
current is leading or lagging) except when
the generator is connected at one of the re-
curring resonant “crossover” points.

REPLATS
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Figure 2-12.

ILLUSTRATING NON-UNIFORMITY OF PHASE SHIFT OF VOLTAGE AND CURRENT
ALONG A LINE WHEN STANDING WAVES ARE PRESENT

It will be noted that when the line is flat, the voltage and current are in phase at ail points,
and that the phase shift is uniform. When standing waves are present, the voltage or current
phase shift tends to become more concentrated at half-wave points as the SWR is increased,
with the phases of the voltage and current becoming more and more nearly in quadrature except
at the critical or “resonant” lengths. The line termination or “receiving end” is taken as the

phase reference.

It should be kept in mind that the recurring pattern may START at any

portlon of the cycle, depending upon the character of the termination.
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Figure 2-13.
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Thus we see that as the physical line
length or the frequency is varied, thus ef-
fectively varying the electrical length of the
line in either case, the magnitude of the im-
pedance and the magnitude and sign of its
reactive component will vary cyclically
whenever reflection is present. The exact
manner in which they vary is illustrated in
figure 2-13, which represents (left) condi-
tions existing on a hypothetical lossless line
with dissipationless termination (infinite
SWR), and (right) conditions existing on
an actual low loss line with dissipative ter-
mination sufhiciently mismatched to give 2
moderate SWR.

It is apparent that, regardless of the
SWR, at certain critical lengths (namely,
multiples of an electrical half wavelength)
the sending end impedance is the same as
the load impendance, both as to magnitude
and as to power factor. And figure 2-13
also shows that for all other lengths of line
the sending end impedance differs from the
load impedance. It is also apparent from
the curves that a lossless line terminated in
a short or open circuit looks like a pure re-
actance which can be either capacitative or

inductive and have any magnitude, depend-
ing upon its length, except at the critical
“resonant” lengths just mentioned. The
whole gamut is included when the electrical
length is varied between zero and a half
wavelength, or between zero and one quar-
ter wavelength if the option of short or
open-circuited termination is exercised.
Because an actual line of such short
length can be constructed to have extremely
low losses, in actual practice it is possible
to realize a reactance having very high “Q”,
much higher than can be obtained with or-
dinary “lumped constant” coils and capaci-
tors. It will also be noted from the curves
that in the regions of line length approxi-
mating an impedance maximum, the char-
acteristics resemble those of an ordinary
parallel or anti-resonant (tank) circuit made
up of lumped C and L. In the vicinity of
impedance minima, the curves resemble the
characteristics of an ordinary series resonant
circuit made up of lumped C and L.
Now let us see how these various char-
acteristics of the “resonant” line are utilized
to advantage and how in some applications
of transmission lines they are detrimental.

.o
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USE OF “RESONANT” LINES FOR
POWER TRANSMISSION

First let us consider how the behavior of
a resonant line as just described can be detri-
mental. We already have seen that the
standing waves cause an increase in the
total line dissipation and the peak voltage
on a line, reducing the efliciency of the line,
and also in some cases requiring a line of
larger physical size and greater cost in order
to avoid Hashover or excessive temperature
rise. In addition to these characteristics,
which may or may not be objectionable
depending upon the circumstances, a “reso-
nant” line has one feature which can be
a very serious disadvantage as compared to
a “non-resonant” line when the line is used
simply for transferring power from “here”
to “there” and operation on more than a
single frequency is involved.

From figure 2-13 we see that as the fre-
quency is varied, effectively changing the
electrical length of the line, the load on the
generator varies, both as to magnitude and
power factor. A resonant line may be said
to be frequency sensitive. The c{nange in
input impedance with frequency is a func-
tion of the length of the line and the re-
flection coefficient. If the line is very long
and the SWR high, only a slight change in
frequency can make a great difference in
the magnitude and power factor of the in-

ut impedance, even though the load may
Ee a pure resistance. Usually the picture is
modified somewhat by the fact that the im-
pedance of the load itself is not a pure re-
sistance and is frequency sensitive, but sel-
dom in such a fashion as to alleviate the
overall condition and oftentimes in such a
fashion as to aggravate the overall condition.

As an example, let us suppose a mis-
matched load which comprises nothing but
pure resistance and produces an SWR of
4.0 terminating a line which is 20 wave-
lengths long (which is not an unusually
long line at the higher frequencies). This
is not an idealized or academic case, because
in practical applications it is quite common
or possible to have a load which has a fair-
ly constant resistance and comparatively a
very low reactance over a frequency range
of 5 per cent or more.

Assuming the line has negligible losses,
which is another valid assumption in the
case of a good quality line, the standing
wave ratio at the sen(f,ing end will be ap-
proximately 4.0 and the input impedance
will be the same as the terminating imped-
ance. Increasing the frequency (or decreas-
ing the frequency) by only r1.25 per cent
will effectively increase or decrease the elec-
trical length of the line by a quarter wave-
length, because frequency and line length
in terms of wavelength are directly propor-
tional. This will increase or decrease the
impedance by the square of the VSWR, de-
pending upon whether the terminating im-
pedance is higher or lower than Z,. (At
a voltage loop the voltage will be 4 times
as high and the current % as great as at a
voltage node.) The input impedance will
still be resistive, but it will be increased or
decreased by 16 times. If the length is al-
tered by less than a quarter wave, the
change in impedance will not be so great,
but the input impedance then will have a
reactive component.

In the case of a c-w telegraph transmitter
operated on various frequencies this condi-
tion is undesirable but operation is never-
theless still possible, even though it entails
“tuning out” (or otherwise eliminating) the
reactance and matching the impedance each
time the frequency is changed (except when
by sheer accident two frequencies just hap-
pen to be so related that this is unneces-
sary). In the case of a “wide-band” service
which transmits simultaneously in the form
of sidebands a spectrum of frequencies hav-
ing considerable width, such as television, a
“frequency sensitive” line can produce dis-
tortion which is intolerable.

TROMBONE SECTION OR “LINE
STRETCHER”

When a transmission line is used under
resonant conditions, so that standing waves
of appreciable magnitude exist throughout
the length of line, it is necessary to make
provision for either adjusting the line pre
cisely to a resonant electrical length or else
“tuning out” any reactive component at the
sending end, so that the generator will
“look” into a non-reactive load. This can be
accomplished either electrically, by means of




100

TRANSMISSION

LINES

adjustable compensating reactances connect-
ed at the generator end, or physically by in-
serting in series with the line a section of
line having adjustable length. The latter
consists of a telescopic section of line
formed in the shape of a “U” which may
be slid in or out as required to achieve the
desired total line length. Such a telescopic
section is known as a “trombone section” or
“line stretcher.”

Trombone sections are practicable only
in the v-h-f and u-hf range, where the
physical size does not become formidable.
Because of the difficulty in constructing such
a device for a coaxial line, due to problems
encountered in supporting the inner con-
ductor and obtaining low contact resistance,
trombone sections are used almost exclu-
sively with parallel-conductor open lines.
Another reason why trombone sections are
seldom used with coaxial lines is that reso-
nant operation of coaxial lines tends to be-
come impractical when the SWR is high.
Under conditions of high SWR, the losses
become excessive in solid dielectric lines,
and the power handling capability of air
dielectric lines becomes quite low because
of flashover difficulties due to the relatively
close conductor spacing as compared to
“open” lines.

One advantage of the resonant line and
trombone section combination is that a par-
ticular installation can be used over a wide
frequency range with a wide variety of ter-
minations, and the trombone section may be
inserted at the most convenient point, any-
where along the line, without restriction.
To be most useful, the trombone section
should permit a variation of one half wave-
length in the tota] line length at the lowest
frequency employed.

SECTIONS OF TRANSMISSION
LINE USED AS CIRCUIT
ELEMENTS

The properties of low loss resonant lines
are such as to make them very useful as
high Q circuit elements, either (1) as paral-
lel resonant circuits, (2) as series resonant
circuits, or (3) as reactances having very
low power factor. Sections of transmission
line are widely used for such purposes when

frequencies become so high that circuits us-
ing lumped constants are either inefhcient
or impossible to attain. Because of their
configuration, circuit elements consisting of
sections of transmission line are called linear
circuit elements, as contrasted to the term
lumped circuit elements which is applied to
ordinary inductors and capacitors. It should
be kept in mind that the reactive effects
produced by linear circuit elements are not
due to the distributed C or L of the line
but to reflection effects which are determ-
ined by the relationships between C, L,
line length, line termination, and other
factors.

The three basic applications as circuit
elements enumerated above will be discussed
separately because of the wide application
and importance of linear circuit elements,

LINEAR PARALLEL-RESONANT
CIRCUITS (ANTI-RESONANT OR
“TANK” CIRCUITS)

Perhaps the characteristic of a resonant
line section which is most exploited in the
v-h-f and u-h-f bands is its ability to act
as a parallel resonant or “tank” circuit. At
extremely high frequencies ordinary tank
circuits utilizing coils and condensers be-
come inefficient and finally cease to function
in the intended manner, because they can-
not be made sufficiently small physically. A
conventional capacitor of the smallest prac-
tical physical size begins to show consider-
able inductive effect when the frequency
becomes sufficiently high. And if a u-h-f
coil is so designed as to have a high Q and
low distributed capacitance, we find that it
begins to resemble a short section of trans-
mission line rather than a conventional
solenoid.

It will be noted in figure 2-13 (left), that
when a line having negligible losses is ter-
minated in an open or closed circuit, points
on the line in the immediate vicinity of a
current node exhibit the characteristics of
a parallel resonant “tank” circuit. At exact
“resonance” the linear tank circuit looks
like a pure resistance of very high value
(infinite in the case of a hypothetical lossless
line), the voltage across the line is the
voltage of the source, considerable energy is
flowing along and is stored or contained in
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the line, and little power is required from
the generator to maintain this energy. Thus
at exact resonance a linear tank circuit acts
as a “flywheel” having high inertia and
very low friction. In the immediate vicinity
of exact resonance a curve of impedance vs.
frequency resembles that of a conventional
tank circuit consisting of lumped capacitance
and lumped inductance in parallel. How-
ever, at points substantially removed from
exact parallel resonance (maximum imped-
ance), the curve departs from the conven-
tional parallel-resonance curve obtained
with lumped constants.

Harmonic Response

The behavior of a linear tank circuit dif-
fers from that of a tank using lumped con-
stants in another respect. From figure 2-13
it can be seen that for maximum impedance
or paralle]l resonance, an open circuited line
can be any even number of quarter wave-
lengths long, while a short circuited line
may be any odd number of quarter wave-
lengths long. This means that a section
of transmission line theoretically has an in-
finite number of resonant frequencies, all
harmonically related. In actual practice the
usual integral relationship of harmonic re-
sponse is upset by end effect, which causes
an open end of a resonant line to act as
though the line were a very small fraction
of a wavelength longer than it actually is.
When a section of line is resonant on
a harmonic, quarter wavelength sections
which do not include an open end are
not so affected, and are a full quarter wave-
length long (allowing for the velocity fac-
tor of the line. The net resule is that the
parallel resonant frequencies of a section of
line are not in exact intergral harmonic
relation, the frequency of resonance on a
harmonic being somewhat higher than an
integral multiple of the fundamental reso-
nant frequency.

The relationship between fundamental
and harmonic frequencies is further upset
when lumped reactance is present across the
line. For instance, a short-circuited quarter-
wavelength parallel-resonant line can be
made considerably shorter physically than a
quarter wavelength as calculated from the
velocity factor of the line if lumped capacity

is connected across the open or high imped-
ance end of the line section. However,
as the physical “shortening effect” (or elec-
trical “lengthening effect”) in terms of
wavelength is determined by the magnitude
of the capacitive reactance, and as the re-
actance of the lumped capacitance is in-
versely proportional to frequency, it can
be seen that if enough capacitance is em-
ployed to provide appreciable shortening of
the line at the fundamental frequency, then
the near-integral relationship of the har-
monic resonant frequencies will be com-
pletely upset.

The amount by which a fundamentally
resonant quarter-wave section of line is elec-
trically lengthened or physically shortened
by a given amount of lumped, shunt, capaci-
tive reactance depends upon the surge im-
pedance of the line. The higher the char-
acteristic impedance of the line, the greater
the effect of a given lumped, shunt, capaci-
tive reactance upon the resonant length (or
upon the resonant frequency when the
length is constant).

For resonance, the characteristic imped-
ance of the line in ohms multiplied by the
tangent of the length of the line in elec-
trical degrees must equal the reactance of
the capacitor in ohms. From this it is ap-
parent that doubling the surge impedance
of a capacity-loaded quarter-wave linear
tank has the same effect upon the resonant
frequency as doubling the lumped shunt ca-
pacitance, and vice versa.

From figure 2-13 it can be seen that in
the hypothetical case of a parallel resonant
section of line which is absolutely lossless,
the impedance and therefore the Q are
infinite in magnitude, and the line looks like
an open circuit. In practical linear tank
circuits the Q will of course be finite, be-
cause of losses in the line section and in any
capacitor which may be connected across
the circuit.

Tank Circuit Q

If no lumped capacitance is employed,
the Q of a parallel-resonant quarter-wave
section of coaxial line utilizing copper con-
ductors and air as the dielectric will be as
shown in figure 2-14, provided that the
ratio of the diameters of the effective sur-
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faces is 3.6. The ratio of 3.6 gives the
highest Q for a given outer diameter. The
Q for other diameter ratios may be obtained
from the Q curve of figure 2-15.

With metals other than copper, the Q
varies inversely as the square root of the
eftective resistivity of the metal used for
the conductors. It should be kept in mind,
however, that due to skin effect the effective
resistivity is not the same as the d- resis-
tance of the metal, and that at a given fre-
quency the ratio of d-c resistance to effective
resistivity is not constant but varies with the
resistance of the metal,

It is obvious that for good Q, only metals
of high conductivity such as aluminum,
copper, and silver should be used. Solid
copper or silver-plated metal ordinarily is
employed, the latter havin% a slightly lower
effective resistivity than solid copper if the
plating is done properly.

When a section of line used as a linear
tank circuit is shunted by a capacitor, it is
important that the capacitor have the highest
possible Q. The Q of a “quarter wave”
section of low loss line is not greatly re-
duced by a moderate amount of physical
“shortening” by means of shunt capacitance
if the capacitor is a pure reactance, but in
actual practice it is difficult to achieve a ca-
pacitor having a Q in the v-h-f and u-h-f
range of the same order as an air dielectric
line unless the plates of the capacitor are

entirely supported by the line conductors,
so that no insulation other than air appears
across the “hot” end of the line. When a
linear tank circuit must be made tunable,
the use of a variable lumped shunt capaci-
tor often is circumvented by using instead
a laterally adjustable shorting plunger to
change the effective length of the line.
However, the heavy currents flowing in the
shorting plunger require that it make very
low resistance contact with the inner and
outer conductors if an appreciable reduction
in Q is to be avoided.

Impedance Versus Q

It will be noted from figure 2-15 that
maximum open-end impedance of a coaxial
linear tank is obtained with a considerably
higher ratio of D to d than that giving
maximum Q (assuming a given inside di-
ameter of outer conductor), but that both
curves are fairly broad.

So far we have not mentioned any loading
on the linear tank other than its inherent
losses. But a tank circuit is not useful unless
we connect it to something or connect some-
thing to it, and in either case there will be
additional loading of the tank circuit and
lowering of the effective Q. In fact, if the
loading is fairly heavy, it may be found that
the loaded impedance of a linear tank de-
sigred for maximum unloaded impedance
may be but little higher than a tank using
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Figure 2-15.
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the same outer conductor but with the inner
conductor proportioned for maximum un-
loaded Q rather than maximum unloaded

impedance.
Coupling

Coupling to a linear tank circuit usually
is made either by tapping directly on to the
circuit element at an appropriate imped-
ance point or by means of a small, induc-
tively coupled loop which sometimes is
called a “hairpin loop.” Because the Q of
a linear tank usually is quite high, and
heavy current is flowing in the conductors,
a high coupling coefficient is obtained.

It should be kept in mind that a gener-
ator or load can be tapped on to a quarter-
wave linear tank circuit at any distance from
the shorted end and the tank will appear
resistive, just as in the case of tapping on to
the coil of a tank circuit using lumped
constants, so long as the total length of the
line is resonant at the frequency involved.
For instance, it is true that the open end
of a short-circuited one-eighth wavelength
line “looks” predominantely reactive (purely
reactive in the case of a lossless line); but if
we tap on to a resonant quarter-wave linear
tank circuit an eighth wavelength up from
the shorted end it looks like a pure resis-
tance, the magnitude being determined by
the Q of the circuit, which in turn is de-
termined by the inherent losses and external
loading.

Quarter Wave vs. Longer Tank Elements

Linear parallel-resonant tank circuits or
dinarily are made with an electrical length
of either a half wavelength or a quarter
wavelength, usually the latter. The Q of
the tank is not improved by making the
line longer than a quarter wavelength, even
though the energy storage is greater in a
longer line. The line losses and energy
storage go up together as the length is in-
creased, keeping the Q of the unloaded line
the same. A longer line will stand more
external loading, however, for the same
reduction in Q, or conversely the reduction
in Q is less for a given external loading.
But the usual practice is to obtain a higher
loaded Q, when such is required, by making
the line only a quarter or half wavelength
long and using larger diameter conductors,
tapping down on the tank to maintain the
desired impedance.

One advantage of a quarter-wavelength
tank over a half-wavelength tank is that the
former is easily “tuned” by means of a
movable shorting plug or bar, or by a vari-
able capacitor. Also, a quarter-wavelength
tank is responsive only to odd harmonics,
while a half-wavelength tank is respansive to
both odd and even (for reasons which are
apparent from study of standing wave pat-
terns). The response of a high Q linear
tank to the second and third harmonics
(usually the only ones to which attention
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Figure 2.16.
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Because the voltage on a linear tank fol-
lows a substantially sine function and the
voltage between turns of a coil is sub-
stantially uniform (in a high Q tank using
lumped constants), and also because the
effective or equivalent mutual coupling
Is not the same for both linear and
lumped circuits, the points of attach-
ment or taps for the two types of cir-
cuit will not have quite the same physi-
cal relationship for the same impedance
transformation.

must be given) can be greatly reduced by
using a small amount of capacity loading,
causing the second and third harmonic re-
sponse frequencies to be removed by several
per cent from the actual harmonic frequen-
cies. Another common method of virtually
eliminating the third harmonic response of
a quarter-wavelength tank is to tap down
on the tank to a point which corresponds to
a voltage node at the harmonic (approxi-
mately 1/3 of the way down from the open
end).

Parallel Conductor Open Line vs. Coaxial
Line Tank Circuits

While the foregoing discussion of linear
tanks has assumed a section of coaxial line,
the same considerations apply to sections of
balanced, two-conductor open line except for
minor qualifications. Coaxial line is used
almost exclusively for linear tank circuits
above approximately 200 Mc. because the
radiation from and stray coupling between
open lines of practical configuration becomes
excessive at such frequencies. Sections of

two-conductor open line oftentimes are used
on lower frequencies, because adjustments
are more easily made than with coaxial line,
due to the fact that both conductors are
exposed throu%hout their length.

Except at close spacings (ratios less than
3 or 4), the coaxial line curves of figure
2-15 apply approximately to two-conductor
open lines if the ratio of center-to-center
spacing to conductor radius is substituted for
the radio D/d and the values of surge im-
pedance are doubled.

Proximity Effect

At comparatively close spacings the effect
of one conductor upon the other results in
a current concentration along the inner
sides of the two parallel conductors, and
the current distribution over the surface of
the conductors no longer is uniform. Also,
undesirable eddy currents are produced.
The overall effect is called “proximity ef-
fect,” and it acts to cause both Q and surge
impedance to be lower at very close spac-
ings than would otherwise be the case.
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Practical Applications of Linear Tanks

Linear tank circuits commonly are used in
connection with v-h-f and u-h-f antenna
systems as impedance matching devices (fig-
ure 2-16) and as selective filters to suppress
undesired frequencies, just as lumped-con-
stant tank circuits are used for such pur-
poses at lower frequencies. They also are
widely used as transmitter final plate tank
circuits and as receiver input circuits in the
v-h-f and u-h-f range. Although it is open
to argument as to whether the latter circuits
can be considered part of the antenna sys-
tem, the function of such tank circuits is
so closely related to the antenna system
to which they are coupled that they can-
not very well be ignored in a study of over-
all antenna systems.

LINEAR SERIES-RESONANT CIRCUITS

It will be noted in figure 2-13 (left) that
when a line having negligible losses is ter-
minated in an open or closed circuit, points
on the line in the immediate vicinity of a
voltage node exhibit the characteristics of a
series resonant circuit. At exact “resonance”
the linear series-resonant circuit looks like
a short circuit having a very low, non-re-
active impedance (zero in the case of a
hypothetical lossless line). In the immediate
vicinity of exact resonance a curve of im-
pedance vs, frequency resembles that of a
conventional series resonant circuit con-
sisting of lumped capacitance and lumped
inductance in series. However, at points
substantially removed from exact series reso-
nance (minimum impedance), the curve
departs from the conventional series-reso-
nance curve obtained with lumped con-
stants.

From figure 2-13 it can be seen that for
minimum impedance or series resonance,
an open circuited line may be any odd
number of quarter wavelengths long, while
a short circuited line may be any even num-
ber of quarter wavelengths long.

From figure 2-13 it also can be seen that
in the hypothetical case of a series-resonant
line which is absolutely lossless, the imped-
ance looking into the line is zero, and the
voltage across the line at an electrical dis-
tance of ¥% wavelength from the zero im-

pedance point is infinite when such a line is
connected across a generator. In the case of
practical linear series-resonant circuits the
line losses cause both the input impedance
and the resonant rise in voltage across the
line at the current node to assume finite
values, though in the case of very low
loss lines the input impedance will be vir-
tually zero and the voltage at the voltage
loop will be quite high. This condition is
compatible with that existing in a series res-
onant circuit using lumped constants: the
input impedance is low and the voltage
across the input is that of the generator, but
the voltage across the coil or the capacitor is
many times greater.

Series-resonant linear circuits are not so
widely used in connection with antenna
systems as are parallel resonant or “tank”
circuits using linear elements, though they
are found very useful for such purposes as
the suppression of harmonics, and the in-
corporation of “compensating reactance” in
certain antenna systems to make them less
frequency sensitive.

LINEAR ELEMENTS AS LOW LOSS
REACTANCES

From figure 2-13 it can be seen that a
section of line having negligible losses can
have almost any magnitude of reactance,
either capacitive or inductive, depending
upon the electrical length of the line an
whether the far end is open circuited or
short circuited. This is illustrated graphi-
cally in figure 2-17. In the hypothetical
case of a section of lossless line, a pure re-
actance having zero power factor would re-
sult. Losses present in practical lines result
in a small resistive component, and therefore
a finite power factor. However, the losses in
a section of well constructed line are so low
that such a section of line can serve as a
reactance having a power factor much lower
than can be realized at the higher frequen-
cies in conventional “lumped constant” ca-
pacitors and inductors.

Line Matching Stubs

Sections of line called stubs commonly
are used as low loss reactances to “cancel” or
eliminate undesirable reactive components
in antenna systems and provide an imped-
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ance match. They function in the following
manner,

When standing waves exist upon a line,
there are recurring points on the line (four
every wavelength) where the resistive com-
ponent is equal to the characteristic imped-
ance of the line. If the line is shunted at
this point with a reactance which is equal in
magnitude and opposite in sign to the re-
active component existing at that point on
the line, then the line will be perfectly
mached at that point, and, assuming a uni-
form line, no standing waves will exist from
that point back to the generator. (See
figure 2-18A.)

Naturally when this arrangement removes
standing waves only betwen the stub and
source, the stub should be placed as close
as practical to the mismatched load or to
the line discontinuity responsible for the
standing waves, even though there are many

recurring points on a long line where a
stub having the appropriate amount and
kind of reactance will eliminate the stand-
ing waves. Increasing the distance between
the load and stub not only increases the
total line loss, but also makes the overall
antenna system more frequency sensitive.
While the characteristics and point of
attatchment of a stub which will remove
standing waves ean be predetermined with
a fair degree of accuracy (see figure 2-19),
it often is necessary to “touch up” the ad-
justment to obtain a perfect match, be-
cause of various unpredictable factors which
usually enter into any practical installation.
This final adjustment by experimental
means is easily accomplished in the case of
a two-conductor open line where both con-
ductors are exposed, but is rather difficult
in the case of a coaxial line. In the latter
case the stub length can be made variable
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by means of a shorting plunger, but varying
the point of attachment to the line is not
so easily accomplished.

Double Stub Matching

This difficulty is circumvented by the use
of two stubs of adjustable length, located
anywhere on the line, with a predetermined
spacing between stubs (commonly either
1/8 or 3/8 wavelength). Such an arrange-
ment (figure 2-18D) is limited as to the
range of complex impedances which may be
matched, while a single stub arrangement is
not. However, where the standing wave
ratio is not unusually high, no particular
attention need be paid to the exact point
of attachment of the two stubs, or to the
exact value of fixed stub spacing to be
employed.

The functioning of the dual stub arrange-
ment is not as simply analyzed as is Sxe
single stub arrangement, even though the
adjustment is no more difficult. The two
stubs, together with the resonant portion
of the line to which they are connected,
act as a combined impedance transformer
and reactance cancelling circuit just as in
the case of the single stub arrangement.
The additional variable-length stul produces

somewhat the same effect as being able to
change the position of the single stub.

The Stub as a Transformer

It should be appreciated that a matching
stub is basically an impedance matching
device, and a very good one because it can
transform or “match” any complex imped-
ance to the characteristic impedance of the
line. The fact that standing waves can be
eliminated by means of a stub near the
load end simply indicates that the stub, in
conjunction with the resonant section of line
between stub and load, in effect transforms
the mismatched load impedance into a pure-
ly resistive load equal to Z,.

Now if the stub arrangement actually
is nothing more than an impedance trans-
former, it is apparent that the arrangement
can be used not just to transform a mis-
matched load impedance into an impedance
equal to the characteristic impedance of the
line, but also to transform the line imped-
ance to some other value at the generator
end, should this be necessary or desirable.
For instance, a transmitter designed for o
eration only into a 300-0hm load could &
used in conjunction with a 6co-chm non-
resonant line and an antenna having an
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best accomplished by means of an ad-
justable, short length of line known
as a “stub.” For open two-conductor
lines the configuration may be as
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possible to make experimental adjust-
ments without varying the stub po-
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input or feed point impedance of 73 ohms
by utilizing a matching stub at each end
of the line, as in figure 2-18B. Impedances
are matched throughout the system, and the
line works under “flat line” conditions.

When studying or considering the use of
matching stubs in connection with antenna
systems used for receiving, it should be kept
in mind that the role of the antenna pro
is reversed: it no longer is the load, gﬁ:
rather the generator. To remove standing
waves from the line, a stub at the receiver
end is required. The ratio of antenna im-

dance to line impedance will have no
E::aring upon the standing wave ratio. How-
ever, if the antenna impedance is apprec-
iably different from the characteristic im-
pedance of the line, and the line is matched
at the receiver end, then a stub can be used
to advantage at the antenna end to enable
the antenna to deliver maximum power into
the line.

Stub construction may follow either the
configuration of figure 2-18A, or that of
figure 2-18C, depending upon which phys-
ical arrangement best suits the particular in-
stallation.

Stub Design and Adjustment

While it is possible to obtain a perfect
match and equally good performance with
either a shorted stub or an open stub by
observing appropriate dimensions, a shorted
stub is much more readily adjusted. There-
fore, the following discussion of practical
application of single stub matching to an

open parallel conductor line will be confined
to that type.

If the transmission line is so elevated
that adjustment of a “fundamental” shorted
stub cannot be accomplished easily from the
ground, then the stub length may be in-
creased by exactly one or two electrical half
wavelengths, without appreciably affecting
its operation,

While the correct position of the shorting
bar and the point of attachment of the stub
to the line can be determined entirely by
experimental methods, the fact that the two
adjustments are interdependent or “inter-
locking” makes such a cut-and-try procedure
a tedious one. Much time can be saved by
determining the approximate adjustments
required by reference to a chart such as
figure 2-19 and using them as a starter.
Usually only a slight “touching up” will
produce a perfect match and flat line.

In order to utilize figure 2-19, it is first
necessary to locate accurately a voltage node
or current node on the line in the vicinity
that has been decided upon for the stub,
and also to determine the SWR.

Stub adjustment becomes more critical as
the SWR increases, and under conditions
of high SWR the current and voltage nulls
are more sharply defined than the current
and voltage maxima, or loops. Therefore,
it is best to locate either a current null or
voltage null, depending upon whether a
current indicating device or a voltage indi-
cating device is used to check the standing
wave pattern,
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The SWR is determined by means of a
“directional coupler,” or by noting the ratio
of Epax to Epyp or I, to Iny, as read
on an indicating device. The correct meth-
od of making such measurements will be
treated later in this chapter.

It is assumed that the characteristic im-
pedance of the section of line used as a stub
is the same as that of the transmission line
proper. And it is preferable to have the
stub section identical to the line physically
as well as electrically.

The procedure is somewhat more com-
plicated in the case of single stub matching
of a coaxial line. The SWR can be determ-
ined by means of either a directional coupler
or a section of slotted line, which will be
described later under the subject of measure-
ments. However, unless the calculated posi-
tion for the stub happens to turn out to be
exactly right, the lack of flexibility of the
single stub arrangement makes it impossible
to do a simple “touching up” job on the stub
position. With the douile stub arrangement
previously mentioned, the “touching up” is
facilitated, but the mathematical or graph-
ical determination of the theoretically correct
stub positions and lengths is somewhat more
complicated, and will not be dealt with
here. It is recommended that if the reader
has or expects to have need for solving num-
erous transmission line problems of this and
similar nature he familiarize himself with
the workings of the “circle diagram,” a very
useful device which permits rapid graphical
solution of a wide variety of transmission
line problems.*

Electric Wave Filter Elements

Sections of low loss transmission line are
useful as reactive elements in electric wave
filters of the low pass, high pass, and band
pass types in the v-h-f and u-h-f range. They
are especially useful as substitutes for
lumped capacitance, as capacitors having
very low power factor in this frequency
range are quite expensive. The character-

*For an excellent treatment of the circle dia-
gram and its application to common transmis-
sion line problems see King, Mimno, and
Wing, Transmission Lines, Antennas, and
Wave Guides, McGraw Hill Book Co., Inc,
1945,

istics of the flter are modified somewhat
when sections of line are substituted for
some of the “lumped” reactors, because the
reactance of linear elements changes with
frequency in a somewhat different manner
than does that of conventional capacitors
and inductors.

Filters of this type are useful in the
suppression of spurious transmissions and re-
ceiver responses, and have the advantage
over highly selective resonant circuits of
not requiring readjustment for a moderate
change in frequency.

MISCELLANEOUS APPLICATIONS
OF LINEAR ELEMENTS

In addition to such fundamental applica-
tions as parallel resonant tank circuits, series
resonant circuits, and as low loss reactances,
sections of transmission line are used for
various other important applications in con-
nection with antenna systems, applications
which do not fall stricly within any of
these three categories. In some such appli-
cations the line section serves a composite
function and is difficult to classify. Some
of the more important of these applications
will be described without any attempt at
classification.

QUARTER-WAVE LINEAR
TRANSFORMER (Q” SECTION)

From our previous study of standing
waves, reflection coefficient, and SWR, we
know that if a 100-ohm line is terminated
with a resistive load of 50 ohms, the SWR
will be 2.0 and a current loop (voltage
node) will appear at the load and every
electrical half wavelength back towards the
generator. Voltage loops (current nodes)
will occur every half wavelength at inter-
mediate points, the closest being a quarter
wavelength from the load.

This means the voltage at the closest
loop will be twice that at the load, and
the current at the same point will be half
that at the load. Thus, at a point a quar-
ter wavelength from the load the voltage is
doubled and the current halved, which rep-
resents the same energy or power but four
times the impedance.

If the termination were 25 ohms, the
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Figure 2.20,
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TRANSFORMER (“Q‘ SECTION).

A section of line an electrical

quarter wavelength long “inverts”

the load, thus making it useful as

an impedance transformer. It

functions properly only when the
load is non-reactive.

same relationships would apply except that
the SWR would be 4.0, the voltage quad-
rupled, and the current reduced to a quar-
ter, representing the same energy or power
but 16 times the impedance.

If the load impedance were made 200
ohms and then 400 ohms, the SWR still
would be 2.0 and 4.0 respectively, but the
current and voltage relationships would be
reversed and the impedance at a distance of
a quarter wavelength would be reduced to
1/4 or 1/16, respectively, instead of being
increased to 4 times or 16 times as high.

Thus we see that a section of line which
is one or any odd multiple of quarter wave-
lengths long “inverts” the load and can be
used as an impedance transformer, and fur-
thermore that the relationship between the
input and load impedances is such that their
geometric mean is equal to the characteristic
impedance of the linear transformer sec-
tion, or, referring to figure 2-20,

(Z,)=1Z,Z,
where Z,=surge impedance of quarter-
wave transformer
Z,=reflected or sending end im-
pedance
Z,=load impedance

While the linear transformer may be any
odd number of electrical quarter wave-
lengths long, assuming that the losses are
negligible, the transforni>r section usually is
made one quarter wavelength long for reas-
ons of economy and convenience as well as
to minimize the frequency discrimination.
The quarter-wave linear transformer also is
known as a “Q Section.”

In practical applications the Q section

usually is made with a fixed surge imped-
ance. However, when it must be adjustable
to allow for precise adjustment, or for use
where the load impedance is not known
accurately, the surge impedance of the Q
section can be made variable within limits
in the following manner. In the case of
parallel conductors (figure 2-20-A) the
spacing between conductors is made adjust-
able. In the case of a coaxial linear trans-
former, the conductors can be made eliptical,
with provision for rotating the inner con-
ductor with respect to the outer one. Ob-
viously the latter scheme is practicable only
at v-h-f and u-h-f, where the length of a
linear quarter-wave section is short.

Unlike the stub matching arrangement
previously discussed, the use of a linear
quarter-wave transformer requires that the
load impedance be nonreactive for proper
operation. Fortunately this is not a serious
disadvantage in many antenna system appli-
cations.

As is the case with any “resonant” im-
pedance transformer, the frequency discrim-
ination becomes high for high ratios of im-
pedance transformation. That is, the overall
antenna system becomes more frequency
sensitive as the impedance transformation
ratio goes up. This may or may not be de-
sirable, and may or may not be a disad-
vantage, depending upon the particular ap-
plication. For broad-band or multi-channel
operation where it definitely is detrimental,
the effects may be greatly reduced by em-
ploying two quarter-wave linear transform-
ers in tandem, so that each Q section han-
dles a transformation ratio equal to the
square root of the total impedance trans-
formation ratio.
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Development of Exponential Line From
Tandem Q Sections

If the number of articulated Q sections
should be increased indefinitely, the imped-
ance transformation ratio handled by any
one section would be minutely small, and
the adjacent quarter-wave sections would
differ only very slightly in characteristics.
Such an arrangement would resemble a
transmission line having a gradual taper in
the conductor spacing or diameter, such as
to give an exponentiaily varying characteris-
tic impedance. As would rge expected, an
“exponential” or “tapered” line of this type
would have negligible frequency discrimin-
ation or “Q”, provided that the taper was
not too great per wavelength at the lowest
frequencies involved.

METALLIC INSULATORS

From previous discussion of the quarter-
wave shorted line (resonant tank circuit),
we know that if the line losses are low in
the quarter-wave section the impedance

across the open end is extremely high. At
the higher frequencies, where a cLuarter
wavelength is short in terms of physical
length, this permits the use of a stiffly con-
structed quarter-wavelength section as a
mechanical support for the main transmis-
sion line. Such supports are called insulat-
ing stubs or metallic insulators. The basic
types are shown in figure 2-21. Obvioule
this restricts the frequency range over whic
the line may be employed, but for many
applications this is not disadvantageous.

Contrary to the conditions existing in the
case of conventional dielectric insulators,
the losses in a metallic insulator become less
as the conductivity of the metal is increased,
because the resonant impedance goes up
with the conductivity. However, unless the
line impedance is very high, such as could
exist at certain points under conditions of
a very high SWR, the conductivity of the
metall’{ic insulators will be sufficiently high
even in the case of unplated steel to give
sufficiently high resonant impedance to keep
“insulator” losses negligible.

Figure 2-21.

INSULATING STUB SUPPORTS
FOR  TRANSMISSION  LINES
("METALLIC INSULATORS").

The “U shaped resonant sup-
ports for the open, paralle! con-
ductor line can be used at v-h-f
and higher frequencies. Stub-sup- -
ported coaxial lines are practical
only at u-h-f and microwave fre-

quencies.

(METALLIC INSULATOR)

STUB OFFERS HIGH Z
AT THIS POINT

STIFF INSULATING
$TUB SUPPORT

“SHORTING BAR~” OF STUB
(VOLTAGE NODE ) IS ATTACHED
FIAMLY TO SUPPORTING STRUCTURE

T —

——

A/4 “CLOSED” TANDEM STUB
J_ PROVIDES STIFFER SUPPOAT

“TEEC~” STUB SUPPORTED
COAXIAL LINE
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Figure 2-22.

BROAD-BANDED STUB SUP-
PORTS FOR OPEN AND COAX-
IAL LINES.

The line is made less frequency
sensitive by incorporation of a
reactance - cancelling section of
line having a somewhat lower
surge impedance, usually about
80 or 85 per cent of Z, By
itself the reactance - cancelling
section has no effect upon the
line, because any half-wave sec-
tion of line “repeats” the load.
But combined with the stub, as
shown here, it produces a “‘triple
hump’*  resonance characteristic
which is much broader than the
resonance curve of the loaded
stub alone.

A stub-supported line can be made less
frequency sensitive by spacing the stubs
an odd number of quarter wavelengths, so
that the reflections more or less cancel.
However, this is effective only when the
line is short in terms of wavelength.

A highly effective and widely used meth-
od of “broad banding” a stub-supported line
is the reactance-cancelling arrangement
shown in figure 2-22, wherein the charac-
teristic impedance of the line is made lower
for a distance of a quarter wavelength in
either direction from the point of attach-
ment of the insulating stub. A properly de-
signed, stub-supported line using this type
of broad banding can be used over a fre-
quency range of at least plus-minus 15 per
cent, while a simple stub-supported line or-
dinarily is useful over a frequency range of
about 1 per cent.

“BAZOOKA” LINE BALANCE
CONVERTER

In some applications of transmission lines
it is desirable or necessary to feed a sym-
metrical or “balanced” load with an asym-
metrical or “unbalanced” line, or vice versa.
If the line is simply attached to the load in
such cases, either the load may be unbal-
anced, or else the operation of the line may
be disturbed, or both. The condition usually
is typified by the presence of current on the
outer surface of the outer conductor of a
coaxial line (causing line radiation), and

by an unsymmetrical distribution of voltage
to ground and an inphase current compon-
ent on a two-wire open line (causing in-
creased line radiation). In addition to ag-
gravating line radiation or “antenna effect”
as it is called, the load on the generator
may no longer be strictly balanced or strict-
ly unbalanced, but intermediate between the
two. Obviously these conditions are to be
avoided in the interest of optimum perform-
ance of the overall system.

It is possible to transfer from a symmetri-
cal (parallel conductor) line to an asymmet-
rical (coaxial) line or vice versa without det-
rimental effects by incorporation of a device
called a line bache converter or balun.
One widely used type which accomplishes
this without effecting an impedance trans-
formation is called a “bazooka.”

The basic principle is illustrated in figure
2-23. The resonant “detuning sleeve” acts
with the outer conductor of the enclosed
section of line to form a shorted quarter-
wave coaxial section and permits a high im-
pedance to exist between points A and B,
which means that point B is thusly isolated
and need not be at ground potential even
though the outer conductor of the coaxial
line is grounded at a point or points below
the detuning sleeve.

In effect the detuning sleeve acts as the
outer conductor of the coaxial line for the
last quarter-wavelength, and the regular
outer conductor (which is an inner con-
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Figure 2.23.
“BAZOOKA” TYPE OF LINE BALANCE CONVERTER

A quarter-wavelength detuning steeve is used to isolate the end of the outer conductor
of a coaxial line so that it can be connected to a symmetrical (balanced) line or load
without unbalancing it, and without causing undesirable currents to flow on the out-
side of the outer conductor of the coaxial transmission line (except within the detuning
sleeve). No impedance transformation takes place; the ratio of line impedances is 1 to 1.

ductor so far as the sleeve is concerned) is
left “floating,” so that the impedance to
ground will be determined by the nature of
the load or line to which points B and C
are connected. If they are connccted to a
symmetrical line, as illustrated, then they
will be “nailed down” by the symmetrical
line and will have equal impedance to
ground.

The simple type of line balance converter
shown provides very good performance over
a narrow band of frequencies. Where broad
band characteristics are required, more com-
plicated converters are employed.

One important characteristic of this type
of line balancer is that it provides a 1 to 1
ratio of impedance transformation. The
system is perfectly matched when the im-
pedance across the balanced parallel con-
ductor line or load is equal to that across
the unbalanced coaxial line or load.

PHASE INVERTER TYPE OF COMBINED
LINE BALANCE CONVERTER AND
IMPEDANCE TRANSFORMER

The fact that a half wavelength of line
“repeats” the load but with an 180 degree
phase reversal, and thus acts as a phase in-
verter, permits the simple form of line bal-
ance converter shown in figure 2-24. How-
ever, unlike the “bazooka” formed by the
addition of a detuning sleeve, the phase
inverter arrangement does not provide a
1 to 1 impedance ratio, but rather a 4 to 1
ratio. The latter is due to the fact that the
same voltage appears across the asymmetrical
or “unbalanced” line as appears between
each element of the symmetrical or “bal-

anced” line and ground, and vice versa,
giving a voltage ratio of 2 and an impedance
ratio of 4. As is the case with the simplest
form of “bazooka,” the phase inverter type
of line balance converter exhibits optimum
performance over but a narrow band of fre-
quencies.

ASYMMETRICAL
(UNBALANCED)
INPUT OR OUTPUT = Z

SYMMETRICAL
{BALANCED)
INPUT OR OUTPUT 2 42Z

Figure 2-24.

PHASE INVERTER TYPE OF LINE
BALANCE CONVERTER AND IMPED-
ANCE TRANSFORMER.

In this arrangement the phase inverting prop-
erties of a half wavelength of line are used
to effect a line balance converter, but this time
with an impedance transformation of 4 to 1.
The latter is due to the fact that on the bal-
anced line the same voltage appears between
each conductor and ground as appears between
the “hot”” coaxial conductor and ground, thus
giving a voltage step-up or step-down of 2, or
an Impedance transformation of 4, When
computing the physical length of the phase
inverting section, the velocity factor of the line
must be taken into consideration.
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“BAZOOKA® EQUIVALENT

Figure 2.25.

EQUIVALENT LUMPED CON-
STANT CIRCUITS OF THE LINE
BALANCE CONVERTERS ILLUS-
TRATED IN FIGURES 2-23 AND

PHASE INVERTER EQUIVALENT 2-24,

Figure 2-25 illustrates in terms of equiva-
lent lumped constant circuits the difference
between the two types of line balance con-
verter discussed.

PRACTICAL TRANSMISSION
LINES

When it comes to practical transmission
lines and their physical characteristics, we
find that there are numerous variations of
the radio frequency transmission line differ-
ing in minor and major respects, but all ex-
hibiting the same basic behavior. And usu-
ally when convenience, performance, overall
economy, and other pertinent factors are
considered it will be found that one particu-
lar type of line is best suited for a particular
application.

All transmission lines can be classified as
either shielded or unshielded. They also
may be classified as symmetrical = (also
known as “balanced”, or “push pull”) or as
asmmetrical (also known as “unbalanced” or
“single ended”). The only qualification that
must be made with this system of general
classification is made necessary by the semi-
shielded multi-wire line or “cage,” in which
a center conductor is surrounded by several
wires which are grounded. While the line
resembles an asymmetrical coaxial line more
closely than it does a symmetrical parallel-
conductor line, the shielding is poor com-
pared to a true coaxial line.

While two-conductor parallel open lines
are referred to as “balanced” lines and co-
axial lines commonly are called “unbal-
anced” lines, this terminology is equivocal,
because “balanced” and “unbalanced” also
are employed (and more correctely so) to
indicate how a line is functioning rather
than a certain type of line. “Unbalance” is
more correctly applied when used to indicate
abnormal operation of a line. For this reason
it is reccommended that, widespread usage to

the contrary, the reader adopt “symmetrical”
and “asymmetrical” to designate the type
of line and “balanced condition” and “un-
balanced condition” to indicate how the line
is functioning with regard to the presence
of undesirable “antenna effect” (which is
described elsewhere in this chapter).

SYMMETRICAL UNSHIELDED
LINES

Lines in this category consist of parallel
conductors, usually two but sometimes four
or a higher even number, spaced sufficiently
close to keep radiation and induction effects
within tolerable limits, and symmetrically
disposed and cross-connected with regard to
polarity when four or more are employed.

THE TWO-WIRE OPEN LINE

One very common type of line in the
“symmetrical, unshielded” category consists
of two round conductors, usually wire but
sometimes tubing, spaced from 1% to 12
inches by means of the fewest number of
ceramic, polystyrene, or other low loss “spac-
ers” or “spreaders” which will maintain the
spacing with satisfactory rigidity. This type
of line can be designed to have the lowest
losses of any practicable transmission line
at frequencies below about 50 Mc., and it
is inexpensive to construct. At higher fre-
quencies the radiation becomes appreciable,
but this type of line still finds some appli-
cations at frequencies up to approximately
300 Me.

An unshielded line using two, identical,
parallel conductors is generally known as a
two-wire open line, even when the conduc-
tors happen to be tubing instead of wire.
For “fat line” power transmission, con-
ductors larger than no. 6 B&S gauge ordi-
narily are used only to provide mechanical
rigidity or to permit a lower value of surge
impedance for a given spacing, and not

.
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to decrease line losses (which are already
very low) or to increase the power handling
capability (which is already high). For a
high Q resonant tank circuit, however,
larger conductors are more appropriate.
They also are more appropriate to a “Q
section” transformer when a low value of
surge impedance (175 to 300 ohms) is re-
quired.

The two-wire open line almost invariably
is operated under ﬁlanced conditions, or at
least an attempt is made to secure the best
possible balance. When the line is long and
runs near the earth or other object for con-
siderable distance, the two wires sometimes
are transposed every few feet in order to
minimize unbalance caused by unequal ca-
pacity effects. Transposition of the con-
ductors also is advisable when several open
lines run parallel for some distance in close
proximity; otherwise “cross talk” (mutual
coupling) and line unbalance are likely.

Commercial installations in locations sub-
ject to sleet and icing often provide for run-
ning a heavy 6o-cycle current through the
line from a low voltage transformer, the
current being high enough to heat the line
sufficiently to melt the ice.

Surge Impedance of Two-Wire Open Line

The surge or characteristic impedance
of a well constructed two-wire open line
using a practical minimum of insulation
(low loss) for support, and operated under
balanced conditions (currents in the two
wires equal in amplitude and 180 degrees
out of phase), is given in figure 2-26. Very
close spacing (center to center spacing only
slightly greater than the conductor di-
ameter) causes a non-uniform current dis-
tribution over the outer surface of each
conductor, the current being greater on the
adjacent portions of the conductors. The
increased losses due to this effect (described
earlier in this chapter under “proximity
effect”), together with mechanical difficul-
ties and voltage breakdown considerations,
make it impracticable to obtain extremely
low values of surge impedance with this type
of line by resorting to very close spacing.

The values of surge impedance given in
figure 2-26 are the “free space” values.
Proximity to large objects such as the earth

will lower the surge impedance, but the
reduction in impedance is negligible unless
the separation approaches the magnitude of
the line spacing. It is assumed that in every
case the line balance is maintained by pre-
serving symmetry between the two line con-
ductors and the juxtaposed object.

Attenuation of Two-Wire Open Line

The attenuation of a well constructed
two-wire open line using low loss insulation
and a practical minimum of it for support
runs about as follows when the line is oper-
ating under balanced conditions and does
not run near any large objects. For a 6oo-
ohm line, operated under nonresonant condi-
tions (VSWR not much over 1.0), the deci-
bel loss per 100 feet will run about .018
times the square root of the frequency in
megacycles for no. 8 B&S copper wire, and
about .034 times the square root of the
frequency in megacycles for no. 14 B&S
copper wire.

These figures are based on actual meas-
urements, and are somewhat higher than the
theoretical losses. The figures are typical
for clean insulators and dry weather; with
damp weather and a dust and soot deposit
on the insulators, particularly near the sea-
shore, the losses will increase considerably.
It will also be observed that above approxi-
mately 100 Mc. the losses go up faster than
the square root of the frequency, because
of radiation losses, unless very close spacing
is used.

It is interesting to note that at frequencies
low enough that radiation losses are not ap-
preciable, only a well constructed, gas di-
electric, large diameter coaxial line has losses
as low as a well constructed, two-wire, open
line using no. 12 copper wire.

Large commercial installations commonly
use a 6oo-ohm line consisting of two no. 6
B&S copper wires spaced 12 inches to trans-
mit many kilowatts of power at frequen-
cies up to approximately 20 megacycles.
Radio amateurs commonly use no. 12 or no.
14 B&S copper wire spaced either 6 or 4
inches for frequencies below 15 Mc., and
spaced either 4 or 2 inches above 15 Mec.

Effect of Spacing Insulators; “Periodicity”

Since the spreader insulators and stand-off
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Figure 2-26.

SURGE IMPEDANCE OF TWO0-WIRE OPEN LINE AS A FUNCTION OF CONDUCTOR DIAMETER AND CENTER-
TO-CENTER SPACING. THE DASHED CURVE NOT ONLY APPLIES TO 1 INCH DIAMETER TUBING, BUT
ALSO IS A UNIVERSAL CURVE APPLICABLE TO ANY UNIT OF MEASUREMENT, IN WHICH CASE IT
APPLIES TO THE RATIO BETWEEN CENTER-TO-CENTER SPACING AND THE CONDUCTOR DIAMETER.

insulators have a higher dielectric constant However, when the frequency is high
than air, they constitute irregularities in the enough that the reflection from one insu-
line constants. The higher the frequency, lator no longer is insignificant, and the insu-
the bigger the “bump” in the line looks to lator spacing begins to be comparable to the
the travelling wave. In other words, the re- wavelength, then other factors enter the
flection coefhcient of a single insulator in- picture. Under these conditions, reflection
creases with frequency. At the lower fre- from the insulators makes it impossible to
quencies, where there are many insulators achieve a perfectly “flat” line, regardless
per wavelength and the reflection coefficient of what is done at the termination. This in-
of each insulator is negligible, the only effect creases the line loss and makes the line
of the insulators (other than to introduce a frequency sensitive,

very slight dielectric loss) is to lower the A particularly bad condition is encoun-
velocity factor and impedance of the line tered when the insulators are spaced exactly
slightly. an electrical half wavelength or multiple

World Radio Histol
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thereof apart. Under these conditions the
reflections all add up in phase at the sending
end of the line, producing the effect of a
single discontinuity or irregularity of serious
proportions. Another way of explaining the
condition is as follows. We know that a
section of line a multiple of an electrical
half wavelength long “repeats” the load.
Thus, under the aforementioned conditions
all of the insulators are effectively in parallel
across the line at the same point.

The avoidance of, or remedy for this con-
dition is obvious. The insulator spacing
should be so arranged that the reflections
do not add up in phase. When the line
must be used over a wide range of fre-
quencies, the safest procedure is to stagger
the spacing in random fashion. When the
line is to %e used at a single frequency an
improvement over random spacing can be
obtained by spacing the insulators by an
electrical quarter wavelength, so that the
reflections cancel. However, the latter ar-
rangement need not be resorted to unless
the reflection from each individual insulator
is for some reason unusually high and a very
flat line is necessary.

The undesirable condition whereby re-
flections from individual line discontinu-
ities all add up in phase to produce a high
SWR because of their regular spacing along
the line is aptly called periodicity. It can
occur in any type of transmission line at one
or more frequencies unless precautions are
taken to avoid it.

Effect of SWR on Attenuation

From figure 2-11 it is apparent that a
line with a normal or flat line attenuation
as low as that of a well constructed two-wire
open line can be operated at a rather high
SWR without the total line loss becoming
serious, particularly if the total line length
is short enough and the frequency low
enough to keep the normal or flat line loss
less than o.1 db or so. And because a typi-
cal line consisting of no. 12 B&S copper wire
spaced 6 inches will handle lots of current
without overheating and lots of voltage with-
out arcing over, it is possible to transmit
considerable power over such a line even
with a VSWR as high as 15 to 1.

Thus we see that a two-wire open line

can handle fairly high power with tolerable
attenuation even when the SWR is high.
In fact, the two-wire open line is the best
suited of all common transmission lines for
use as a “resonant” line when both attenu-
ation and power handling capability are
considered.

Velocity Factor of Two-Wire Open Lines

Because the supporting and spacing in-
sulators have a dielectric constant consider-
ably higher than that of air; because of line
losses; and because of various other fac-
tors; the velocity factor of a two-wire open
line is slightly Kass that 1.0, though it gen-
erally is higher than that of any other type
of transmission line. For typical lines the
velocity factor will run between o0.95 and
0.98. With lines having large conductors,
close spacing, and numerous insulators it
will run close to 0.95; and with lines having
small wires, large spacing, and few insula-
tors it will run close to 0.98.

Radiation From and Pickup by a Two-Wire
Open Line

The radiation from or pickup by a two-
wire open line which has a spacing not ex-
ceeding a small fraction of a wavelength
and is long in proportion to the spacing is,
under perfectly balanced, flat line condi-
tions, roughly equal to that of a doublet
antenna having a length equal to twice the
line spacing. Thus it can be seen that the
amount of power radiated or picked up by
the line is very low compared to that picked
up by or radiated by the antenna to which
the line is connected. In the transmitting
case it can be ignored as an insigniﬁcant
increase in line attenuation, but in the re-
ceiving case the small amount of pickup
bv the line may significantly degrade the
discrimination of a highly directional receiv-
ing array, or significantly degrade the noise
reduction obtained by placing the receiving
antenna out of a high ambient noise field.

The radiation or pickup of the two-wire
line will increase considerably if it is op-
erated under “resonant” conditions with a
high SWR, but still will not be excessive
for most applications so long as the line is
accuratelv balanced.

Radiation or pickup usually will be in-
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creased to a prohibitive magnitude, regard-
less of the SWR, if the line is operated
under conditions of appreciable unbalance
(instantaneous current not exactly equal and
180 degrees out of prase in the two conduc-
tors at every point on the line). It is for
this reason that the condition is known as
“antenna effect.” The result of line un-
balance is to produce an “in phase” com-
ponent in the two wires, and this in-phase
current causes the two wires to act as an
antenna.

It should be noted that when the unbal-
ance is due entirely to the phase relation-
ship being other than 180 degrees, the cur-
rent or voltage on the two wires will read
the same on a meter, because while the
instantaneous values will be different at a
given point on the line, the r-m-s, average,
and peak values will be the same in the two
wires. Therefore, just because the current
reads the same in the two wires on a meter
it cannot be assumed that no in-phase com-
ponent exists. However, phase unbalance is
not so common as amplitude unbalance, and
fortunately the latter type of unbalance can
be detected by comparing the r-m-s, peak,
or average current in the two wires at the
same point on the line as read on the meter.

Some idea as to the importance of avoid-
ing unbalance can be had from the fact that
an in-phase component equal to only 25
per cent of the current flowing in one wire
may, under some conditions, cause the line
to radiate or pick up as much power as the
antenna proper. The exact magnitude of the

effect "< dependent not only upon the degree
of line u. halance, but also upon line length,
spacing between the line and grounded ob-
jects or ground, and various other factors.
In almost any practical case, however, the
effect will assume objectionable proportions
if the line is nor accurately balanced.

Line unbalance can be caused by an
unbalanced condition at either the load or
the generator, or by not preserving symmetry
of the two wires with respect to ground
and other objects.

THE MULTI-WIRE OPEN LINE

It is possible to reduce both the surge
impedance and the radiation (or pickup)
considerably by going to four, six, or a
greater even number of parallel conductors,
so disposed and polarized as to observe
geometrical symmetry. The most common
version is the four-wire arrangement with
diagonally opposite wires cross connected
as shown in figure 2-27. The surge im-
pedance for various combinations of con-
ductor diameter and spacing is given in the
same figure. The chief disadvantage of this
type of line is the complication of main-
taining uniform tension on all four wires
when a change in direction is required.

MOLDED PAIR OR “RIBBON”
PARALLEL LINE

Instead of using spacers to hold the two
wires of an open wire line in position, it
is possible to construct an open line using

DISTANCE *D* IN INCHES

Figure 2-27.

SURGE IMPEDANCE OF FOUR-
WIRE OPEN LINE FOR COMMON
WIRE SIZES AND SPACINGS.
SURGE IMPEDANCE USING NO. 10
OR 14 B&S MAY BE OBTAINED

‘Ml 2 3 4 L] 6 7 8 ¢ 10
HERRERENIINERII N EEERE
!1‘: 21 =kS ERK '
2 44 l|1~‘1|> = = 9 1]
! !
I e R e
o | O T AT L
] Tt -8 =Sl
: TR
§ W‘.,! t.‘d/,/l’: i )
2 ol HIHIEPZS I
Q i et
3 l;’]“. {,IL I —t1
‘?.IIE.’,”I(' 5 ﬁ’
eol L LLLITITTT p=p=s

BY INTERPOLATION.




RIBBON PARALLEL LINE

119

a continuous, flexible dielectric to position
the wires. One widely used line of this
type consists of two parallel conductors of
~ stranded wire moulded into a spacing strip
or ribbon of polyethylene. Polyethylene is
a fexible, low-loss plastic which is described
in detail later in this chapter under “Solid
Dielectric Coaxial Cable.” However, in the
case of “ribbon” line it often contains an
anti-oxidant which gives it a dark brown
color.

Moulded pair line using polyethylene
dielectric is sold in numerous power and
impedance ratings, and under various trade
names. In many cases the same or nearly
the same style of line is available under two
or more trade names. While ribbon line is
available in 75, 100, 150, 200 and 300
ohms characteristic impedance, the follow-
ing discussion will be devoted to what,
at the time of this writing, is the most wide-
ly available and commonly known line of
this description, namely, “Twin-Lead.”

Twin-Lead is available in a “receiving”
size in three surge impedances: 300 ohms,
150 ohms, and 75 ohms, the only signifi-
cant physical difference in the three lines
being in the spacing between conductors.
It also is available in a “transmitting” size
in 75 ohm surge impedance. Though the
transmitting size uses much larger con-
ductors than the receiving size, the attenu-
ation characteristics are improved onl
slightly. However, it will handle mucK
more power without damage (over 1 kilo-
watt continuously at 30 Mc.).

The 300 ohm receiving Twin-Lead line
is widely used by radio amateurs for trans-
mitting purposes, and stands up satisfactorily
under intermittent service at powers up to
about 500 watts at 30 Mc. and about 200
watts in the upper v-h-f range when the
VSWR is kept ;::v 150-ohm Twin-Lead
will stand slightly less. The 75-ohm receiv-
ing Twin-Lead will stand about 100 watts
up to approximately 14 Mc. if the VSWR
is low.

The chief disadvantage of using the 300-
ohm receiving type line for transmitting
purposes is that the surge impedance and
velocity factor are lowered considerably
when the line becomes wet, causing varia-
tions in the loading at the transmitter. The

normal or “fat-line” loss goes up only slight-
ly when the line is wet if there is no soot
or salt deposit on the line, but under some
conditions the lowered surge impedance
may upset the functioning of the antenna
system to the extent of an appreciable in-
crease in the total attenuation of a long
line, due to increased SWR. If the line is
comparatively short and is clean, the onl
significant cgange noticed in operation will
be a change in loading at the transmitter,
and this can be taken care of by a slight
adjustment in tuning.

If the range in frequency over which
the transmitter works is narrow and the dis-
tance between transmitter and antenna is
short in terms of wavelength (as often is
the case below 4 or 5 Mc.), then the effects
of moisture on the transmitter loading usu-
ally can be considerably reduced by making
the line exactly one, two, or three (the
fewer the better) electrical half wavelengths
long. Because such a line “repeats” the
load, a moderate change in surge impedance
will have but little effect at the generator
end of the line, assuming of course that
the characteristics of the antenna proper
do not change appreciably when it becomes
wet. The only reason ti:at this procedure
does not virtually eliminate the change in
loading due to s[":ifting surge impedance is
that moisture on the surface of the line
affects not only the surge impedance but also
the velocity factor and electrical length
of the line as well.

The effects of moisture on 300 ohm
Twin-Lead can be considerably reduced by
applying a film of Simoniz Wax or Sili-
cone waterproofing compound. The 75-ohm
type line is not significantly affected by
water clinging to it; the surge impedance
and velocity factor will remain substantially
constant. However, a heavy coating of ice
will produce some change in surge imped-
ance. The effect of water upon 150-0hm
Twin-Lead is not nearly so pronounced as
in the case of 300-ohm Twin-Lead, but
waterproofing compound still can be em-
ployed to advantage.

The velocity factor of Twin-Lead trans-
mission line (dry) runs about 82% for the
300-ohm line, about 77% for the 150-ohm
line, about 68% for the receiving type 75-
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ohm line, and about 71% for the transmit-
ting 75-ohm line.

The normal or “flat-line” attenuation for
the four types of Twin-Lead when reason-
ably clean and dry is given as a function
of frequency in figure 2-28. For a VSWR
appreciably above 1.0 the attenuation may
be determined by applying a conversion fac-
tor obtained from figure 2-11.

The 300-ohm Twin-Lead matches the
input impedance of many television receiv-
ers and is ideally suited to the purpose be-
cause of the small field of the closely spaced
wires and the lack of “bumps” in the line.
The latter prevents a surge impedance which
is frequency sensitive at v-h-f and u-h-f,
thus avoiding one possibility of distortion
on a television screen.

Twin-Lead parallel conductor line quali-
fies as an “open wire” line in that it is un-
shielded. However, through loose usage the
term “open wire” often is employed to indi-
cate specifically a line which uses air as
the dielectric (except for well-separated
spacers), as contrasted to a closely spaced
line which depends upon a continuous rub-
ber or plastic dielectric to maintain the
spacing. Therefore, to avoid ambiguity, it is
recommended that the ribbon or “Twin-
Lead” type of line be classed as a “moulded
pair” line. Thus any closely-spaced, bal-
anced line using a continuous, solid die-
lectric for spacing can be classed either as
a “moulded pair,” a “twisted pair,” or a
“shielded pair” as appropriate. The latter
two types will be dealt with subsequently.

TWISTED PAIR LINE

Ordinary rubber covered twisted wire,
such as “yellow and green” lamp cord, or
outdoor telephone wire, can be used as an
r-f transmission line at the lower frequen-
cies. But the losses are high, particularly
if the line is wet, unless the line length
is kept quite short. The loss for such wire
(dry) is about 3 db per hundred feet at
5 Mc. and about 12 db per hundred feet at
30 Mc. The loss may be tolerable for some
receiving applications below 15 Mec., be-
cause usually the atmospheric noise de-
livered by a good antenna is much greater
than the set noise at these frequencies. The
surge impedance for such lines is about
100-150 ohms, the exact value depending
upon the particular type of line and whether
it is wet or dry.

The losses and the surge impedance both
can be reduced somewhat by improvising a
line of no. 12 rubber covered wire (of the

used for house wiring) twisted to-
gether by hand.

A commercially manufactured line (com-
monly known as EO-1 cable), using no. 12
solid copper conductors and a high quality
of rubber dielectric, twisted together and
covered with an outer weatherproof wrap,
is useful for many transmitting applications
where neither frequency nor line length is
excessive. This cable has a characteristic
impedance of 70 ohms, and a normal (flat
line) attenuation of about o.7 db per hun-
dred feet at 5 Mc. and about 3 db per
hundred feet at 30 Mc. If the ends are
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carefully sealed, the attenuation of this line
goes up only very slightly and the surge
impedance down only sli%htly when the
line becomes wet. It is relatively inexpen-
sive, easy to install (as it need not be spaced
from metallic objects), and ideally suited
for such applications as link coupling to
a nearby antenna tuner or matching device
at frequencies below 30 Mc.

Any of rubber-dielectric twisted-
pair line should be operated with the low-
est possible SWR, as the efficiency goes
down rapidly as the SWR is increased. The
power handling capability also is greatly
reduced by a high SWR. Type EO-1 cable
will handle approximately 1 kilowatt at fre-
quencies up to 30 Mc. if the VSWR is
kept below 1.5,

Because of the close spacing of the con-
ductors, radiation or pickup from a twisted
pair line operating under perfectly balanced
conditions is negligible at any frequency at
which the use of such line is otherwise
practical.

The velocity factor of twisted pair lines
runs from about o.55 to 0.65, depending
upon the characteristics of the dielectric
material and upon the method of fabri-
cation (number of twists per foot, etc.).

ASYMMETRICAL SHIELDED
LINES

Lines in this category consist of two
concentric, coaxial conductors which are
spaced by a dielectric, the outer tubular con-
ductor confining the field and therefore
effectively shielding the inner conductor.
Such lines are called coaxial lines for ob-
vious reasons. While there are several spec-
ialized types which are used for special
applications (such as video, delay, or pulse
work), there are only two basic types which
are commonly used as antenna “feeders.”
These are the gas dielectric (bead or stub
supported) type, and the semi-fexible, solid-
dielectric type.

Before proceeding to practical examples
of and various considerations pertaining to
the two types, one general consideration
regarding proper and improper operating
conditions which is applicable to both types
of line will be discussed.

w4

Line Balance in Asymmetrical Lines

When a coaxial line is operating proper-
ly, the r-f current flowing on the outer por-
tion of the inner conductor is equal to the
r-f current flowing on the inner surface Q)
of the outer conductor. Because the two cur-
rents are equal, the line may be said to be
operating under balanced conditions. Note
that under this condition there is no current
flowing on the outside of the outer con-
ductor; in other words, the field is com-
pletely contained within the line, and there
is no radiation from or pickup by the line.
There is no “antenna effect.”

Unless this condition obtains, one of the
chief advantages of the coaxial line—its abili-

to operate with no significant external
field—is not being exploited. It is possible te
reduce antenna effect to an insignificant
magnitude for one particular frequency, re-
gardless of the load and generator character-
istics, simply by the judicious application of
detuning stubs and line balance converters
(described previously in this chapter), and
by careful orientation of the line with re-
spect to the antenna. If the line is effec-
tively detuned at the antenna end, and if
the inductive coupling between the line and
radiating portions of the antenna is kept
low, the “antenna effect” will be negligible.
To minimize inductive coupling between
the outer conductor of the line and the radi-
ating portions of the antenna, the line pre-
fera%]y should be brought away from the
radiating system in a symmetrical manner
for as great a distance as possible, so that
the significant forces acting on the line to
produce antenna effect by induction will
tend to cancel.

Because “balanced” is synonymous with
“symmetrical” to many people, it is safer to
refer to such a coaxial line as operating un-
der “normal” conditions, or “without an-
tenna effect,” rather than to refer to the
operation as “balanced.”

Antenna effect, when present, produces
exactly the same undesirable effects as does
an in-phase component on an unshielded
two-wire line. Its presence can be detected
in transmitting applications by inductively
coupling a sensitive current indicating de-
vice to the outer conductor of the line at
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various points along the line. In the case
of receiving applications, its presence can be
detected by inductively coupling a high-
output signal generator to the outer con-
ductor of the line at various points,

Coaxial lines, operating without anten-
na effect, are better suited than two-wire
unshielded lines for applications where jux-
taposed lines may give spurious coupling or
cross talk trouble; for use at frequencies so
high that an open line does not provide
adequate restriction of the field; for ap-
plications requiring complete impunity to
all types of weather (including sleet and
ice) or requiring that the line be run under

ound; and to all applications utilizing a
ow impedance, asymmetrical or “single-
ended” generator and load.

It should be noted that, in the receiving
case, it is not possible to make the outer
conductor immune to induced currents re-
sulting from intercepted radiation unless the
line is grounded continuously throughout
its length. Such currents, however, do not
constitute antenna effect unless they are
coupled into the receiver. No matter how
well the outside of the outer conductor is
isolated from the antenna proper, the line
still will act as a receiving antenna unless it
is buried or continuously grounded through-
out its entire length, an obviously imprac-
ticable procedure. If proper isolation is used
at the receiver in the method of coupling the
line to the receiver, these induced currents
are not transferred to the input circuit of
the receiver and therefore produce no detri-
mental effects, and are not considered a
manifestation of antenna effect.

COAXIAL LINES USING GAS
DIELECTRIC

The ideal coaxial line would employ no
spacing insulators to position the inner
conductor, thus permitting a continuous
vacuum or gas dielectric. But in a practical
gas-filled line some means must be em-
ployed for positioning the inner conduc-
tor, the usual arrangement being a succes-
sion of captivated “spacers,” “washers,” or
“beads” of glazed, low-loss ceramic material.
Dry air or nitrogen under pressure is bet-
ter than a vacuum from a practical stand-
point, because in the case of a vacuum

a minute leak in the line would permit
moisture to enter, while in the latter case
it would not.

Thus, the lowest loss practical line con-
sists of two coaxial copper tubes, with the
inner one positioned by isolantite or similar
spacing washers, and the whole line made

as tight and filled with gas under pressure.

ne or more gas inlet fittings, and, when a
long, straight run is used, one or more ex-
pansion joints complete the necessary fea-
tures.

This is the most efficient of all practical
coaxial lines, but is much more expensive
and difficult to install than the semi-flexible
solid-dielectric type line which will be
described later. Also, it obviously is prac-
ticable only in a permanent installation. In
spite of the greater cost, the line is econom-
ical in the case of an AM or FM broad-
cast station, because the carrier power in
watts is high, the dollar investment and
running expense per watt is high, and a
db saving in transmission line loss there-
fore represents a considerable dollar saving
when f?gured over a period of several years.

It is for these reasons that the gas filled
line (including dry air) has become more
or less standard practice in the AM, FM and
television broadcast station fields. In the
FM and television field the characteristic
impedance has been standardized at a nom-
inal s5o-ohm impedance (actually s51.5
ohms), In the AM broadcast field the stan-
dard characteristic impedence long has been
70 ohms, but in some of the new installa-
tions 50-ohm line is being employed, par-
ticularly where the station operates both
an AM and an FM or television transmitter.
The one type of line can be used for both
installations, thus affording economy and
simplification in the stocking of spare fit-
tings and accessories. The new, commer-
cially available so-ohm line is designed to
minimize discontinuities in the line charac-
teristics; it exhibits very low reflection at
frequencies up through 200 Mec., and tol-
erable reflection at still higher frequencies.

The standard line diameters (outer con-
ductor) are %; 1%; 3%; and 6% inches.

Power Handling Capability

As the line diameter is increased, the
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Figure 2-29.

CUT-AWAY VIEW SHOWING INTERIOR CON-

STRUCTION OF TWO SIZES OF GAS DIELEC-

TRIC COAXIAL LINE OF COMMERCIAL
MANUFACTURE (ANDREW CO.).

power handling capability goes up and the
attenuation goes down. The power hand-
ling capability for the various sizes of line
is aproximately as follows for a frequency

of 100 Mc. and a VSWR of 1.5:

%" dia. 2 Kw.
1%” dia. 7 Kw.
3¥” dia. 28 Kw.
614" dia. 110 Kw.

For a perfectly flat line (VSWR equal to
1.0) the power handling capability is in-
creased about 50 per cent, while a VSWR
of 2.0 reduces the power handling capa-
bility to about 75 per cent of the values
given above. The power handling capabil-
ity for a VSWR less than 2.0 is determined
by maximum safe temperature rise, and not

by breakdown voltage.
Attenuation

The normal or flat-line attenuation of the

o

Figure 2-30.

ILLUSTRATING GAS TIGHT, FLANGED CON-

NECTOR WHICH PERMITS RAPID FABRICA-

TION OF A COAXIAL LINE FROM STANDARD-

1ZED 20-FOOT SECTIONS AND FITTINGS
(ANDREW CO0.).

various sizes of line at a freciuency of 100
Mec. is approximately as follows, the loss
being expressed in db per hundred feet:

%" dia. 0.45 db
13" dia. o.25 db
3" dia. o.15 db
6" dia. 0.06 db

The db loss increases approximately 5o
per cent at a frequency of 200 Mc. By re-
ferring to figure 2-11 it will be seen that
the total attcnuation in db for typical line
lengths goes up only very slightly for any
VSWR not exceeding 2.0.

Unless the line length is quite short, the
optimum or most economical line diameter
for a given power is determined by line
attenuation rather than by power handling
capability. This is particularly true above
100 Mec.

“Prefabricated” line, including all neces-
sary elbows, solderless couplings, expansion
joints, gas inlet fittings, pressurizing equip-
ment, etc. is available commercially at
such reasonable prices that there no longer
is any justification for the old practice of
individual fabrication of the line from basic
components such as spacing washers and
bulk tubing, using basic metal working
procedures such as sawing and soldering.
Examples of prefabricated line material are
illustrated in figures 2-29 and 2-30.

Either dehydrated air or oil-pumped ni-
trogen, under a pressure of 10 lbs. or more,
will satisfactorily prevent moisture from
getting into the line, or condensing on the
inside of the line as a result of a tempera-
ture change. A leak is evidenced by a
gradual loss in the gas pressure. Higher
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pressures permit earlier detection of any
leak which might develop in service.

Expansion joints can be avoided in long
runs of the % inch size line by arranging it
in a sinuous path. Sufficient curvature to
avoid expansion troubles increases the
length of the line required to reach between
two points by only a few per cent. The
method is not practicable for the larger
diameter lines.

It is very important that a gas filled line
never be operated with a short or without
a termination, even for an instant, because
the Q is high enough to build up terrific
voltages under such conditions, even
though the power fed to the line may be
quite low. The resulting arc usually will
“burn” one or more of the spacing washers
or beads and make it necessary to repair
or replace any section of line in which
an arc occurs.

The velocity factor of gas-filled coaxial
lines varies widely with the amount of cer-
amic material used to position the inner
conductor, and may be anything from about
0.83 to 0.94.

SOLID DIELECTRIC COAXIAL CABLE

A standardized series of semi-flexible co-
axial cables (designated RG/U) using solid
polyethylene as a dielectric is commer-
cially available for applications requiring
a line which will stand limited twisting or
flexing, or for applications where addi-
tional attenuation can be tolerated in the
interest of ease of installation and virtual
elimination of maintenance responsibility
and work,

Polyethylene has excellent characteristics
for the purpose. Both the dielectric con-
stant and power factor are very low even in
the v-h-f /u-h-f range, giving a loss factor
that compares favorably with polystyrene.
Polyethylene remains flexible at minus 40
degrees F., and will withstand temperatures
up to 180 degrees F. safely when used in
this application. It is mechanically stable
and very inert, there being no known sol-
vent at temperatures ordinarily encountered.

Except for a special “lossy” line which
is used as an attenuator, the center con-
ductor consists of either solid or stranded

wire which is either solid copper or copper-
clad steel. The outer conductor consists
of either a bare or plated copper braid,
either a single or double layer, woven so as
to have minimum r-f resistance.

The braid usually is covered with a
Vinylite plastic jacket. This material is
virtually immune to sunlight and imper-
vious to and insoluble in any materials
such as oil or water which might come in
contact with the jacket in ordinary use.
It therefore forms a tough, abrasive-resistant
jacket which is waterproof and shows good
aging qualities when exposed to weather.
Like polyethylene, Vinylite is a thermo-
plastic, and softens at approximately the
same temperature as polyethylene. Some
cables intended for military use in exposed
or vulnerable locations are provided with an
additional sheath or jacket of steel braid.
These cables are designated as “armored,”
and otherwise have the same characteristics
as the more common, unarmored cables.

Prior to 1944, many r-f cables were man-
ufactured which resemble the present
“RG/U” series of polyethlene dielectric
cables except that the dielectric material
was not polyethylene and had inferior
characteristics, the most important bein
that the attenuation increased rather rapidly
with the age of the cable. Polyethylene
may be distinguished by the fact that the
unpigmented variety ordinarily used in co-
axial cables is grey, translucent, melts rather
sharply at about the temperature of boiling
water, and does not become tacky or rub-
bery at temperatures approaching the melt-
ing point. Upon solidifying after being
melted, it resembles the original material
in every r 5

Because both polyethylene and Viny-
lite are thermoplastic, a very neat and ef-
fective splice can be made in cables usin
these materials by fusing together the butt
ends of first the polyethylene and then the
Vinylite by heating to” between 225-235
degrees F. Special jigs and moulds are
available which greatly facilitate the splic-
ing operation.

Eccentricity of the inner conductor and
variations in diameter of the cable compon-
ents are held to very close tolerances. The
result is that a long, uninterrupted run ex-
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Figure 2-31.

NORMAL OR “FLAT-LINE AT-
TENUATION OF POPULAR RG /U
RADIO FREQUENCY CABLES AS
A FUNCTION OF FREQUENCY.
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hibits less reflection than does a gas-filled equal to 10 times the outer diameter of the
line. The difference is most noticeable in cable during installation without damage
the u-h-f range, where the ceramic spacing or risk of future trouble, but should not
washers in a gas-filled line constitute an ap- be used where there is continual twisting
preciable discontinuity. It is for this reason or bending of considerable magnitude.

that the characteristic impedance of one of The RG/U series of coaxial r-f cables
the RG/U series solid-dielectric r-f cables is is divided into two main impedance fami-
much more constant with frequency than is lies: those with a nominal surge impedance
the impedance of a gas-filled line, the dif- of 50 ohms (actually slightly higher) and
ference of course being most noticeable those with a nominal surge impedance of
at the higher frequencies. Because of the 70 ohms (actually slightly higher). The
care taken in manufacture, “periodicity” proper choice of cable depends upon the
effects are insignificant in these solid di- frequency, length of line, power to be
electric lines at all frequencies for which handled, the desired impedance, and the
the characteristics are otherwise acceptable. degree of shielding required. While a sin-

The basic characteristics of the most gle braid is adequate for most applications,
common coaxial r-f cables in the RG/U ser- it is impossible for a woven braid to provide
ies are given in the accompanying tables as thorough shielding as does a solid copper
(pages 126 and 127) and in figure 2-31. tube. For those few exacting applications

A wide assortment of connectors, coup- for which a single braid does not offer ade-
lings, adapters, elbows, junctions, etc. for quate shielding, double braid cable such
the RG/U series of cables is available, as RG-9/U, RG-14/U, etc. will be found
many of them in either regular or water- highly satisfactory.
proof type. Those designed for u-h-f use e velocity factor of solid-dielectric co-
have a very low reflection coefficient, and axial cables using polyethylene runs close
even at frequencies as high ds 1000 Mc. enough to 0.66 that this figure may be
several may be used in a line without pro- used for all purposes not requiring a highly
ducing serious reflection. precise figure,

The smaller diameter cables (such as It should be kept in mind that not all
RG-8 /U, RG-58/U, etc.) are quite flexi- of the cables in the standardized RG /U
ble, and will stand considerable twisting series of cables are coaxial r-f cables using
and flexing without giving trouble. The polyethylene as a dielectric and intended
larger diameter cables (such as RG-19/U) for use in conjunction with antennas. This
are more properly classified as semi-flexible. standardized cable series includes special
They can be bent permanently on a radius lossy cable, low capacitance cable, twin con-




COMMONLY USED STANDARD ARMY-NAVY RADIO FREQUENCY CABLES

Army- dielec | nominal nominal inal Inal i
Navy mate- | diam of overall imped- capacl- | operating
class of type inner rial | dielectric shlelding e diem welght ance fance voltage
cables number | conductor 1) {in) beaid covering (in) Ib/# ohms put/f ms remarks
50-55 Single | RG-58/U | 20 AWG A 0.116 | Tinned Copper | Vinyt 0.195 0.025 5.5 285 1,900 Generol purpose small
ohms braid copper size flexible cable
RG-8/U | 7/21 AWG A 0285 | Copper Yinyl 0.405 0,106 520 65 4,000 General purpose medivm
copper size flexible coble
RG-10/VU | 7/2' AWG A 0285 | Copper Vinyl {non- {max} 0.146 520 29.5 4,000 Some os RG-8/U or.
copper contaminating) 0.475 mored for naval equip-
armor ment
RG-17/U | 0.188 A 0.680 Copper Vinyl 0.870 0.450 520 6.5 11,000 large high power low at-
copper {non-contami- tenuction tronsmission
nating) cable
RG~18/U | 0.188 A 0.680 Copper Vinyl lnon- (mox} 0.585 520 5.5 11,000 Same as RG-17/U ar-
copper contominating) 0.945 mored for novol equip-
armor ment
RG-19/U | 0250 A 0.910 Copper Yinyl 0.120 0.740 52.0 29.5 14,000 Very lorge high power
copper (non-contami- low ottenvation frons.
noting) mission cab’e
RG-20/U | 0.250 A 0910 | Copper Viny! tnon. {mox) 0.925 52.0 29.5 14000 | Some ar RG-19/U ar-
copper conlaminating) 1.195 mored for naval equip.
armor ment
Double | RG-55/U | 20AWG A 0.116 Tinned copper | Polyethylene Imox} 0.034 535 28.5 1,900 Small size flexible cable
braid copper 0.206
RG-5/U | 16 AWG A 0.185 Copper Vinyl 0.332 0.087 53.5 285 2,000 Small miccowove coble
copper
RG-9/U | 7/21 AWG A 0.280 Inner—silver Yiny! 0.420 0.150 51.0 300 4,000 Medium size, low level
silvered coated copper. | {non-contami. circuit cable
copper Owter-copper | naling)
Notes:

1. Dielectric materlals
A Stabilized polyethylens

(COURTESY FEDERAL TELEPHONE AND RADIO CORPORATION)
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COMMONLY USED STANDARD ARMY-NAVY RADIO FREQUENCY CABLES (Continued)

Army- nominal nominel incl i !
Navy dielec | dlom of overall imped- capoci- operating
class of type inner mate- | dielectric shielding protective diam weight ance fonce voltage
cables number | conducior | rial (1) (in) braid covering {in) ib/H ohms put/H rms remarks
RG-14/V | 10 AWG A 0.370 | Copper Viny! 0.545 0.216 5.0 2.5 5,500 | General purpose semi-
copper {non-contami- flexible power tronsmis-
nating) sion cable
RG-74/U | 10 AWG A 0370 | Copper Vinyl lnon- 0415 0310 520 2.5 5500 | Some os RG-14/U ar-
copper contaminating) mored for navol equip-
armor ment
70-80 | Single [ RG-59/U | 22 AWG A 0.146 Copper Vinyl 0.242 0.032 730 21.0 2,300 General purposs  small
ohms braid copperweld size video cable
RG-11/V | 7/26 AWG A 0.285 | Copper Vinyl 0.408 0.096 750 2.5 4,000 | Medium size, flexible
tinned video and communication
copper coble
RG-12/V | 7/26 AWG A 0.285 Copper Yinyl {non- 0.475 0.141 750 20.5 4,000 Some as RG-11/U or.
tinned contaminating! mored for navol equip-
copper armor ment
Double | RG-6/U | 21 AWG A 0.185 Inner—silver Vinyl 0332 0.C82 760 2.0 2,700 Sroll size video ond I-F
braid copperweld cooted copper.| lnon-contaml- cable
Ovter-—copper| nating)
RG-13/U 7/22d AWG A 0280 | Copper Vinyl 0.420 0.126 74.0 20.5 4,000 | I-F coble
tinn
copper
Cables | Twin RG-22/U | 2 Cond. A 0.285 Single—tinned | Vinyl 0.405 0.107 95.0 160 1,000 | Small size twin conductor
of spe- | con- 7/18 AWG copper coble
cial ductor copper
charoc-
teristics RG-57/V | 2 Cond. A 0.472 | Single—tinned | Vinyl 0.625 0.225 95.0 160 3,000 | large size twin conductor
7/21 AWG copper cable
copper
High RG~21/U | 16 AWG A 0.185 Inner—silver Viayl 0332 0.087 53.0 2.0 2,700 Special attenuating coble
atteny- resistances cooted copper.| (non-contami- with smoll temperoture
otion wire Quter—copper| nating) coefficient of ottenuation

(COURTESY FEDERAL TELEPHONE AND RADIO CORPORATION)
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TRANSMISSION LINES
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Figure 2-32,

MAXIMUM SAFE CONTINUOUS POWER

HANDLING CAPABILITY OF COMMON

RG /U COAXIAL CABLES UNDER FLAT
LINE CONDITIONS.

The curves are based on an ambient temper-

ature of 140 degrees F. Double shielded cables

and armored cables will handle the same power

as the above prototypes. When the VSWR

exceeds 1.0, the power handling capability of

the cable will be reduced approximately in
inverse proportion to the VSWR.

ductor shielded cable, highly flexible cable,
pulse cable, and other special rf cables.
Only those having antenna applications
have been included in the abbreviated list
given in the accompanying tables.

SYMMETRICAL SHIELDED LINES

For certain very exacting applications
which entail a balanced generator and load,
it sometimes is found that neither a sym-
metrical unshielded line nor an asymmet-
rical shielded line is entirely satisfactory
from the standpoint of antenna effect. This
is particularly true in direction finder work,
where absolutely no antenna effect can be
tolerated and the frequency range involved
often is quite extensive. For such work two
solid-dielectric coaxial cables sometimes are

used as an integral pair. Special “dual co-
axial” cables consisting of two coaxial cables
in a single outer weatherproof sheath are
available in some sizes, making it unneces-
sary to lash two separate cables together
for use as a single symmetrical cable or pair.

Also available are symmetrical, shielded
cables variously designated as “Twinax” (a
trade name), “twin conductor shielded,”
“shielded pair,” and “dual shielded.” These
resemble regular solid-dielectric flexible
“coax” of the RG /U type except that two
inner conductors are employed instead of
one, the two inner conductors being spaced
from each other and symmetrically disposed
with respect to the outer shield. When
a balanced generator and load are connected
to the two inner conductors and the outer
shield is grounded, a system is realized
which is %tighly invulnerable to antenna
effect over a wide frequency range and
therefore exhibits virtually zero line radia-
tion and pick-up except under unusually
unfavorable conditions. Typical examples
of this type of cable are RG-22/U and
RG-57 /U,

ASYMMETRICAL UNSHIELDED
LINES

While it is possible to operate a two-wire
open line with one conductor grounded, so
as to permit use with an asymmetrical gen-
erator and load without resorting to a line
balance converter, the resulting “antenna
effect” ordinarily is so great under these
conditions as to make such operation un-
feasible. However, if instead of one
grounded wire several wires are disposed
around the ‘“hot” wire in such 2 manner
as to form a sort of cage, the radiation or
pickup is greatly reduced. While not as
good as that of a regular coaxial line utiliz-
ing a woven braid or solid tube for the
outer conductor, the shielding is sufhiciently
good for some purposes, and such lines
sometimes are employed below 1500 kilo-
cycles for transmitting applications where
high power is involved, thus avoiding the
expense of a comparatively costly gas-filled
line. Such a line is called a “semi-shielded”
or “cage” coaxial line.

A single-wire well removed from the
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earth and large objects has a characteristic
impedance of about 500 ohms when
worked “against ground” (meaning that the
earth is used as the return circuit). But
when such a wire is used as a transmission
line, it represents the ultimate in undesir-
able “antenna effect,” the radiation or pick-
up often being comparable to or even
greater than that of the antenna to which
it is connected. Just because it is possible
to terminate such a line in a manner which
results in a very low SWR on the line does
not mean that the line will not serve as an
excellent antenna. As will be seen in a
later chapter, the rhombic antenna array—
one of the most effective ever conceived—
uses radiating elements which show very
little cyclic ciange in r-m-s current ampli-
tude along their length.

Although the single-wire line enjoyed
considerable vogue at one time as a simple
method of feeding a nondirectional high-
frequency antenna, it now is seldom used

except where a hastily improvised method
of feed is required for a temporary instal-

lation.

MATCHING THE TRANSMISSION
LINE TO THE GENERATOR
AND LOAD

Because the considerations involved in
coupling or matching a transmission line to
an antenna are so closely tied up with the
operation of the antenna, a discussion of
coupling and matching methods will be
deferred until after an elementary treatment
of basic radiating systems. In fact, in the
case of certain overall systems it is difficult
to distinguish between phasing or matching
elements of the antenna, and the trans-
mission or feeder line proper. The only
logical treatment in such cases is to con-
sider the system as a whole,

For the same reason, transmission line
measurements and adjustments will be

treated later in the book.



CHAPTER THREE

Basic Antenna Theory

In the preceding two chapters it was
shown how any conductor carrying a radio
frequency current will radiate energy into
space unless the conductor is either shielded
or effectively neutralized by a closely-
spaced, similar conductor carrying a cur-
rent which is equal in amplitude and oppo-
site in phase. In the latter case, the radia-
tion never can be completely neutralized,
but if the spacing between radiators is a
sufficiently small fraction of a wavelength,
the radiation is insignificant and may be
ignored. Obviously to neutralize radiation
completely the fields produced by the two
wires would have to be exactly 180 degrees
out of phase at all points in space, a phy-
sical impossibility because the two wires
would have to occupy exactly the same po-
sition in space.

FICTITIOUS REFERENCE ANTENNAS

The ficticious “isotropic radiator” often
referred to in conjunction with antenna
problems is not physically realizable, be-
cause to radiate equally well in all direc-
tions the radiator would have to radiate
waves with longitudinal polarization instead
of transverse polarization. Because of the
very nature of electromagnetic waves, this
is not physically possible. The isotropic
radiator is simply a convenient reference
antenna which, though it cannot actually
exist, makes a logical basis of comparison
for the directional characteristics of practi-
cal antennas.

Another hypothetical radiator (or re-
ceptor) often used as a reference antenna
or basis of comparison is the elementary or

infinitesimal dipole, either electric or mag-
netic. The former may be visualized as
simply a pair of conducting spheres (having
capacitance) connected by a linear filamen-
tary conductor (having inductance), all di-
mensions being minutely small in terms of
wavelength. The elementary magnetic di-
pole may be visualized as a circular loop
of wire, minutely small in terms of wave-
length. By convention, the unqualified
term “elementary dipole” refers to an ele-
mentary electric dipole.

The elementary doublet is another hypo-
thetical radiator (or receptor) often referred
to. It resembles the elementary electric
dipole with the two spheres removed but
their capacity retained; in other words, it
is simply a straight wire which is minutely
short in terms of wavelength and has uni-
form current distribution.

The elementary doublet, because of its
minute size and negligible radiation resis-
tance, would be found a very inefficient
radiator were it possible to construct one
and feed power to one. But even though
the radiation resistance of a single elemen-
tary dipole is negligible, a large enough
number working together can acquire the
characteristics of an efficient radiating sys-
tem. Therefore we find that the hypothe-
tical elementary doublet is not only a
convenient reference antenna, but also a
convenient ana]ysis mechanism or tool in
the study of practical radiating systems.
If the current distribution of an antenna
is known, the radiation field can be deter-
mined for any point in space by considering
the radiating system to be made up of a
series of elementary doublets, then calcu-
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lating the contribution of each doublet, and
finally adding the separate fields by means
of graphical integration (with due regard
to phase and polarization),

To avoid confusion, it should be stated
that the expressions “dipole” and “doublet,”
without the qualifying “elementary” or “in-
finitesimal,” often are used to refer to ac-
tual, practical antenna systems which will
later be described in detail.

RECIPROCITY

The directional characteristics of an an-
tenna (ignoring the feed line for the
moment) are the same regardless of
whether it is used for receiving or for trans-
mitting energy.

The only time an antenna system does
not exhibit the same directivity when re-
ceiving as it does when transmitting is
when the antenna consists of phased ele-
ments, asymmetrically fed, and the antenna
and receiver do not present the same termi-
nal impedance to the transmission line. As
this is a special case, seldom encountered,
antenna directivity will for the time being
be considered solely from the standpoint of
radiation, in order to simplify the discus-
sion. The reader need only keep in mind
that, with the one exception noted, every-
thing regarding radiation directivity applies
“in reverse” to the directivity of a receiving
antenna as well.

Although the classical reciprocity laws
must be aEplied with care to practical an-
tenna problems involving electromagnetic
radiation, it is safe to assume that the di-
rectivity of an antenna system is the same
when transmitting as when receiving if the
terminal impedances are maintained con-
stant, and that generally speaking a good
transmitting antenna makes a good receiv-
ing antenna system.

“FREE SPACE” CONDITIONS VS,
PRACTICAL INSTALLATIONS

The characteristics of any radiator are
affected by the presence of the earth and
other objects, including other nearby an-
tennas. The characteristics of a simple
radiator vary considerably with height above
ground, for instance. Therefore, the only

logical recourse is to separate the basic
charactristics of the antenna from the effects
produced by the presence of other objects,
and then to evaluate or make allowances
for the presence of other objects as fit the
circumstances. This is done by defining the
basic characteristics of an antenna as those
which the antenna would exhibit in free
space. These are called the “free space”
characteristics, or sometimes just “space”
characteristics. Obviously this does not rep-
resent a condition to {e encountered in
practice, but it does give us a common
“starting point.”

In the case of certain antennas which
are actually connected to the earth, and
utilize the earth as part of the oscillatory
circuit, the presence of the earth is a pre-
requisite and there can be no true “free
space” pattern. Therefore, the basic charac-
teristics in this case are defined as those
which would be obtained with the antenna
grounded to a flat plane of infinite extent
and conductivity, forming a “half space.”
Though not completely realized, this con-
dition is approached in actual practice by a
low frequency antenna working against a
sea water “ground.”

The characteristics of a grounded anten-
na working against an infinitely conducting
half-space have an interesting relationship
to those of an antenna formed by replacing
the conducting plane with a “mirror image”
of the antenna, which then works unger
“free space” conditions. This will become
apparent as the discussion develops.

RADIATION CHARACTERISTICS OF A
LINEAR CONDUCTOR

The simplest form of effective antenna
consists of a rectilinear conductor whose
length is comparable to a wavelength and
whose thickness is very small in terms of
wavelength. When r-f power is fed to such
a conductor which is well removed from
other objects, some of it will be reflected:
from the discontinuities at the ends and
produce a standing wave of voltage and
current in much the same manner as a
mismatched transmission line, the distance
between nodes being essentially the same
as for an open-wire line with air dielectric.
In other words, the energy travels at the
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same speed along the single linear wire as
it does along a two wire open line, or at
a velocity closely approaching that of a
wave in free space.

If the radiator is not of a resonant length,
reactance effects will be present just as in
the case of an unterminated or mismatched
line. With the transmission line the stand-
ing wave and any resulting reactive effects
are due to the fact that the terminating re-
sistor or load does not absorb all of the in-
cident wave. In the case of the radiator
the standing wave and any resulting reac-
tive effects are due to the fact that the
conductor does not radiate all of the trav-
eling energy before it reaches the end. If
the diameter of the radiator is very small
in terms of wavelength, the r-m-s voltage
and current amplitudes will vary substan-
tially as a sine function.

The closer the terminating resistor
matches the line or the greater the coupling
of the radiator to the universe (greater the
radiation resistance), the less will be the
reflected energy and the less pronounced
will be the standing wave and any resulting
reactive effects. In both cases the effective
“Q” will be reduced, and resonance effects
will not be so pronounced. But there are
important basic differences which should be
noted, and these fundamental differences
limit the extent to which transmission line
analogies and similarities can be carried
over into the field of radiators.

In the case of a transmission line, if
we assume negligible resistance losses in
the line and a nonreactive load on the gen-
erator, then all of the dissipated power is
removed from the line at one point: the
load termination. In the case of a linear
radiator, the entire antenna radiates, and
therefore power is removed from it through-
out its length.

The second basic difference is that in the
case of a transmission line there is little
coupling between one part of the line and
another part an appreciable fraction of a
wavelength distant, because the neutraliz-
ing effect of one conductor upon the other
tends to restrict the field. In the case of a
linear radiator no such cancellation exists,
and therefore the coupling between differ-

ent portions of the radiator cannot be
ignored.

It also is important to note that, except
for the very ends of the radiator, any ele-
mentary section of the radiator is, in effect,
at the same time a radiator and a transmis-
sion line feeding power to the adjacent
section, though the mutual coupling also
serves to transfer energy from one section
to another.

In spite of these basic differences be-
tween a true transmission line and a linear
radiator, it is possible to construct what
amounts to a cross between an open-wire
line and an antenna. If the spacing be-
tween the two conductors of a terminated
two-wire open line is increased until it is
a substantial fraction of a wavelength, then
cancellation of the two fields no longer
will be complete and appreciable radiation
will occur. The characteristics in this case
will then resemble both those of an inefh-
cient antenna and an inefficient transmis-
sion line; not all of the power will be
radiated, and not all of the power will be
dissipated in the terminating resistor.

Electrical Length of a Linear Radiator

The speed at which energy is propagated
along a vanishingly small, highly con-
ductive, linear radiator in free space closely
approaches the velocity at which an elec-
tromagnetic wave travels in free space, and
therefore the standing wave current nodes
(assuming more than one) are almost
exactly a “free space” half wavelength
apart. However, the electrical length of an
isolated linear radiator having a finite di-
ameter is slightly more than the physical
length, because of “end effect,” mutual
coupling between different portions of the
radiator, and other factors. This increases
the electrical length of the radiator by an
amount varying from about 2 per cent to
about 8 per cent of a half wavelength for
cylindrical radiators of practical configura-
tion. The greater the diameter of the con-
ductor in terms of wavelength, the greater
the difference between its electrical and
physical lengths.

In practical cases the radiator sometimes
is not rectilinear but contains one or more

bends. Usually the effect upon the ratio




PHYSICAL AND ELECTRICAL LENGTH

of physical length to electrical length is
slight, especially when the radiator makes
only one change in direction. In most cases
when the electrical length is affected, it
will be found that the electrical length has
been decreased, making it necessary to in-
crease the physical length slightly over what
would be correct for a perfectly straight
conductor with no bends. Generally speak-
ing, the effect of a bend upon the electrical
length is least when the bend occurs at a
current loop, and greatest when it occurs
near a voltage loop, though there are spec-
ial situations where this does not apply.

It is possible to determine the electrical
length of a completely isolated, rectilinear,
cylindrical radiator from its physical length
and vice versa when the frequency and the
diameter of the radiator are known. The
relationship for a resonant, half-wave radi-
ator in free space is shown in figure 3-1.

Before proceeding further, it is important
that the reader fully appreciate the distinc-
tion between “physical length,” “free space
wavelength,” “electrical length,” and “free
space conditions.”

Physical length is that quality which may
be measured with a yardstick. The only
possible confusion that may arise here is
that the physical length sometimes is con-
verted to and expressed in terms of “free
space wavelength” (or just “space wave-
length”), which simply is the distance an
electromagnetic wave of the frequency in-
volved is propagated through empty space
during one complete cycle. Because the
velocity of an electromagnetic wave travel-
ling in empty space is independent of fre-
quency, free space wavelength is solely a
function of frequency. Thus, for a certain
frequency, a “free space wavelength” is just
as definite a physical distance as is “so
many feet and so many inches.” (See figure
3-2.)

Electrical length always predicates a cer-
tain frequency, and is a measure of the
time, measured in cycles, it takes for a
wave to travel from one end of the radiator
to the other. In a sense, it is a measure
of the number of complete standing waves
which will exist on a radiator at a specified
frequency. It is determined by frequency,
radiator length (physical), and by the vel-

OHMS

PERCENT

LENGTH TO DIAMETER RATIO

Figure 3-1.

EFFECT OF THE LENGTH /DIAMETER

RATIO OF A CYLINDRICAL “HALF-

WAVE” RADIATOR UPON ITS RADIA-

TION RESISTANCE AND UPON THE

EXACT PHYSICAL LENGTH AT WHICH
IT RESONATES.

It is assumed that the radiator is in free space,
is rectilinear, and has infinite conductivity.
Thus it is seen that a “‘half-wave’” radiator with
a length to diameter ratio of 1000 resonates
in free space when its physical length is 95.6%
of a half wavelength in space. The curves may
be applied to a quater-wave vertical radiator
working against a perfect ground by halving
both the “ohms” and “length/diameter” scales.

ocity of propagation of a wave along the
radiator. It is expressed in terms of wave-
length, degrees, or radians. Thus if a
radiator is of such physical confguration
that a wave travels from one end to the
other during exactly one complete cycle,
then the radiator has an electrical length of
one wavelength, or 360 degrees, or approxi-
mately 6.28 radians.

The expression “under free space con-
ditions,” or reference to a “free space” char-
acteristic of an antenna, means “with the
radiator located in empty space.” Thus
the “free space electrical length” of a radi-
ator in wavelengths is equal to the physical
length of the radiator divided by the dis-
tance a wave would travel along that radia-
tor during one complete cycle if the rad-
iator were located in empty space and not
influenced by surrounding objects. As an-
other example, the “free space physical
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FREE SPACE LENGTH IN FEET
Figure 3-2.

PHYSICAL LENGTH IN FEET OF A QUARTER WAVELENGTH AND A HALF WAVE-
LENGTH IN FREE SPACE, VS. FREQUENCY IN MEGACYCLES.

“Shortening effect” is not considered, and must be allowed for when the curves are used to de-

termine the approximate length of a resonant radiator. Decimal fractions of a foot may be

converted to inches by multiplying by 1.2. The chart can be read with sufficient accuracy for

all ordinary antenna and transmission line problems, because the probable error will be con-

siderably exceeded by the latitude of the unpredictable factors acting to alter the electrical
length of the radiator or line.

length” of a radiator in terms of “free space To get back to a discussion of the rela-
wavelength” refers to the actual physical tionship between the physical length and
length of a radiator in free space, expressed electrical length of a radiator, the curves
in a unit of measurement equal to the dis- of figure 3-1 are applicable only to a
tance an electromagnetic wave of that par- half-wave ungrounded or a quarter-wave
ticular frequency is propagated through grounded radiator, the former in free space
empty space during one cycle. and the latter on a half-space. In actual

[ World Radio Histo
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practice the presence of supporting insula-
tors, feed systems, and surrounding objects
such as the earth and other antenna ele-
ments have an aggregate effect upon the
electrical length &riic may even exceed
the variation in length caused by practical
variations in the conductor diameter.
This makes the unknown length (either
physical or electrical) difficult if not ac-
tually impossible to predict accurately under
practical conditions.

Therefore the usual procedure is to cut
or adjust the radiator to a length equal to
or slightly less than the correct “free space”
physical length, check the characteristics
of the antenna experimentally, and then
alter the physical length as necessary. If a
half-wave radiator is supported from the
ends by means of insulators, it is advisable
to start with a length equal to about 0.97 of
the length determined trom figure 3-1.

Radiation Resistance of a Linear Radiator

In order to keep the efficiency of a radi-
ating system higg, the ratio of radiated
energy to the energy dissipated in the ra-
diating system must be high. This means
that the antenna must be extensive enough
physically in terms of wavelength to effect
a fair amount of coupling to the universe,
thus minimizing the amount of circulatin
current in the radiator for a given radiateg

power. As previously noted, the ratio of
radiated power to the square of the circulat-
ing current at a maximum current point or
“loop” in a simple radiator defines the ra-
diation resistance, a fictitious term used to
designate how closely the radiator is coup-
led to the universe. From the standpoint
of efficiency, the value of radiation resis-
tance is not too important so long as it is
much higher than the loss resistance of the
radiating system. However, a higher radia-
tion resistance than the minimum required
for good efficiency sometimes is desirable
for other reasons, which will be covered
later on.

When the radiating portion of the an-
tenna consists of several phased elements
with complex current distriiution and com-
plex mutual impedances, difficulty arises
in defining the radiation resistance of the
system in terms of the currrent at a cur-
rent loop. It is for this reason that there
exists considerable confusion and ambiguity
with regard to the ficticious term “radiation
resistance,” and explains why the expression
“feed point resistance” or “input resistance”
often is used instead in conjunction with a
complex array. “Feed point resistance” or
“input resistance” refers to the resistive
component of the impedance which the an-
tenna presents to the feed line, or to the
generator if no feed line is used. In the
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LOOP RADIATION RESISTANCE VS. LENGTH

OF A RECTILINEAR RADIATOR OF INFINITE

CONDUCTIVITY AND VANISHINGLY SMALL

CROSS SECTION WHEN LOCATED IN FREE
SPACE.
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Figure 3-4.

LOOP RADIATION RESISTANCE OF A HALF-

WAVE HORIZONTAL RADIATOR VS. ELEVA-

TION, A VANISHINGLY SMALL CROSS SEC-

AND A PERFECTLY CONDUCTING
GROUND BEING ASSUMED.
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Figure 3-5.

LOOP RADIATION RESISTANCE OF A
GROUNDED VERTICAL RADIATOR

A rectilinear radiator of vanishingly small cross
section and perfectly conducting ground are
assumed. It is also assumed that the radiator
is grounded through whatever reactance is
necessary to resonate it. For radiator lengths
equal to an odd number of quarter wavelengths
this reactance will be zero, and for radiator
lengths equai to an even number of quarter
wavelengths this reactance wiil be infinite.

MEAN ELEVATION OF RADIATOR IN WAVELENGTHS
Figure 3-6.

LOOP RADIATION RESISTANCE OF A

HALF-WAVE VERTICAL RADIATOR VS.

ELEVATION OF THE CENTER ABOVE
GROUND.

A rectilinear radiator of vanishingly small cross

section and a perfectly conducting ground are

assumed.  Substitution of imperfect, average

ground does not affect the curve as much as in
the case of a horizontal radiator.

case of a simple antenna, the feed point re-
sistance may be equal to the radiation resis-
tance, if the antenna is fed at a current
loop. But it should be kept in mind that

the two are not a]ways synonymous.

The loop radiation resistance of a recti-
linear conductor of infinite conductivity
and vanishingly small cross section is shown
in figure 3-3 as a function of length, free
space conditions being assumed. In the
case of practical radiators having finite con-
ductivity and cross section, and affected by
the earth and surrounding objects, the
values can be taken as only very approxi-
mate, especially if the radiator is not re-
moved from other objects by at least several
wavelengths.

While the effect of the proximity of a
perfectly conducting earth is not of direct
practical interest except possibly in the case
of applications involving antennas located
over sea water, a genera? idea of what hap-
pens to the radiation resistance of a hori-
zontally oriented linear radiator a half
wavelength long when located over average
soil may be had by referring to figure 3-4,
which shows the variation in radiation re-

sistance with elevation above perfect
ground. The effect of an imperfect ground
is to reduce the amplitude of the oscillation
and to slide the entire curve slightly to the
left by an amount which is dependent upon
the frequency and the ground constants.
When the radiator is vertically polarized
or is substantially longer than a half wave-
length, the curve shown no longer is even
approximately correct, even for perfect
earth. When the radiator is horizontal but
shorter than a half wavelength, the effect
is to reduce the ordinate values without
appreciably affecting the shape of the curve.

The corresponding curves are shown for
a vertically oriented radiator over a perfect-
ly conducting half space for purposes of
comparison. Figure 3-5 shows tll-;:e variation
in loop radiation resistance (not feed point
resistance) with height of a vertical radiator
of vanishingly small cross section and infi-
nite  conductivity, with the lower end
grounded to the conducting half space.
Figure 3-6 shows the loop radiation resist-
ance of a vertical, half-wave radiator as a
function of elevation of the mid point above
a perfectly conducting ground, the lower
end being ungrounded in this case.
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In all cases the effect of a finite cross
section causes the radiation resistance to
be very slightly lower than for the case of
a vanishingly small cross section, but the
effect is insignificant except when the cross
section is an appreciable fraction of a wave-
length. In the latter instance, as for ex-
ample the use of large diameter tubing as
a uh-f antenna, the radiation resistance
may be several per cent lower than the
“vanishing cross section” value indicated by
the curves. The effect of conductor di-
ameter upon the radiation resistance of a
radiator having an electrical length of one
half wavelength is shown in figure 3-1.

Feed Point Impedance of a Center Driven
Radiator

When a linear radiator is series fed at
the center, the resistive and reactive com-
ponents of the driving point impedance are
dependent upon both the length and di-
ameter of the radiator in wavelengths. The
manner in which the resistive component
varies with the physical dimensions of the
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FEED POINT RESISTANCE OF A CENTER

DRIVEN RADIATOR AS A FUNCTION OF PHYS-

ICAL LENGTH IN TERMS OF FREE SPACE
WAVELENGTH.

radiator is illustrated in figure 3-7. The
manner in which the reactive component
varies is illustrated in figure 3-8.

Several interesting things will be noted
with respect to these curves. The reactive
component disappears when the overall
physical length is slightly less than any
number of half waves long, the differential
increasing with conductor diameter. For
overall lengths in the vicinity of an odd
number of half wavelengths, the center
feed point looks to the generator or trans-
mission line like a series-resonant lumped
circuit, while for overall lengths in the
vicinity of an even number of half wave-
lengths, it looks like a parallel-resonant or
anti-resonant lumped circuit. Both the
feed point resistance and the feed point
reactance change more slowly with overall
radiator length (or with frequency with
a fixed length) as the conductor diameter
is increasej, indicating that the effective
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IN TERMS OF FREE SPACE WAVELENGTH.
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“Q” is lowered as the diameter is increased.
However, in view of the fact that the
damping resistance is nearly all “radiation
resistance” rather than loss resistance, the
lower Q does not represent lower efficiency.
Therefore, the lower Q is desirable, because
it permits use of the radiator over a wider
frequency range without resorting to means
for eliminating the reactive component.
Thus, the use of a large diameter conductor
makes the overall system less frequency sen-
sitive. If the diameter is made sufficientl
large in terms of wavelength, the Q will be
low enough to qualify the radiator as a
“broad-band” antenna.

Voltage and Current Distribution on a
Linear Radiator

When a linear radiator has a compara-
tively small and uniform cross section, is
symmetrically disposed with respect to sur-
rounding objects, and exhibits considerable
reflection (as does any filamentary linear
radiator which is not terminated), the cur-
rent is, to a first approximation, sinusoidally
distributed. By making certain simplifying
assumptions and ignoring certain second or-
der effects, we may illustrate the current
distribution by the common representation
of figure 3-9. As in the transmission line
case, both voltage and current are distribu-
ted sinusoidally and are displaced go de-
grees with respect to each other, causing
a voltage node to occur at a current loop,
and a voltage loop to appear at a current
node. Because of this fixed relationship, it
is common practice to show only the cur-
rent distribution,

As in the transmission line case the
current never is zero at a node under prac-
tical conditions except at an open end, be-
cause of the finite Q of the system. How-
ever, if the Q of an antenna is high, the
current distribution resembles that of a
transmission line with a high SWR. Under
these conditions the current will drop to a
very low value at a node and the phase
shift will be concentrated near the nodes,
just as in the case of the transmission line
illustration, figure 2-12. This justifies the
simplified schematic representation of figure
3-9, wherein the current at a node is as-

ACTUAL CURRENT
MAGNITUDE
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Figure 3-9.

COMMON
SIMPLIFIED
REPRESENTATION

ACTUAL AND SIMPLIFIED REPRESEN-

TATION OF CURRENT DISTRIBUTION

ON A CENTER-FED, RESONANT,

LINEAR RADIATOR OF SMALL, UNI-
FORM CROSS-SECTION.

The upper representation, showing the current
magnitude without regard to phase, is a true
representation. Note that the current does not
drop to zero except at the ends, and that the
center section (the fed section) has somewhat
greater loop current than have the outer sections.
The phase shift Is not uniform, being concen-
trated near the current nodes. Because at a
node the phase shifts very rapidly (though not
instantaneously) through 180 degrees and the
magnlitude of current Is quite small compared to
the value at a current loop, the lower Idealized,
simplified representation is commonly employed,
A dot indicates a current loop, while the arrows
designate the direction of current flow in each
half-wave section. This assumption of sinuseldal
current distribution, zero current magnitude at
the nodes, and an instantaneous phase shift of
180 degrees at each node glves results which
are sufficently accurate for many practical ap-
plications. No particular significance should be
attached to the fact that the ilustration hap-
pens to show a radiator having an electrical
length of exactly 1.5 wavelengths.

sumed to be zero and the phase of the cur-
rent in adjacent half-wave section to be
exactly 180 degrees out of phase (as indi-
cated by the small arrows representing di-
rection of current flow). The dots indicate
the position of current loops. These as-
sumptions give acceptably accurate answers
in computations involving directivity pat-
terns and distant fields, but lead to ap-
preciable error in computations involving
feed point impedance.
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RADIATORS LOADED WITH LUMPED
SERIES REACTANCE

The electrical length of a radiator, as
well as the relative phase of currents flow-
ing in different parts of the radiator, can
be greatly modified by the insertion of
lumped inductance or capactiy or both, at
one or more points along the radiator. The
effect produced by a lumped reactance upon
the current distribution depends upon the
magnitude of the reactance, whether it is
inductive or capacitive, and the point at
which it is inserted. In the case of a trans-
mitting antenna, the current distribution
is significantly modified only from the

int at which the reactance is connected
E:ck towards the generator or transmission
line; the current distribution between the
lumped reactance and the free end of the
radiator is not appreciably affected.

Ordinarily, lumped series reactances are
used as follows: (1) at the feed point
terminals to cancel out the reactive com-
ponent of the feed point impedance, and
(2) at a point a small fraction of a wave-
length from one end of a short, grounded
antenna to increase the effective height of
the radiator, thus increasing the radiation
resistance. Because the use of a series re-
actance at the feed point permits efficient
use of an antenna on a frequency which
may be considerably different from its self-
resonate or natural resonant frequency, the
insertion of reactance at the feed point
sometimes is considered as altering the elec-
trical length of the radiator, thus,“loading”
it to a different frequency. Actually this
simply is a matter of “tuning out” the
reactive component presented.at the feed
point by a radiator which is not resonant,
thus making the “antenna system” resonant.
The insertion of the reactance makes the
radiator “look” to the generator or trans-
mission line like an antenna having a differ-
ent natural resonant frequency.

As an example, insertion of a small
amount of inductive reactance at a current
loop will effectively increase the electrical
length (lower the natural frequency) of a
radiator, while insertion of the same
amount of capacitive reactance will effect-
ively decrease the electrical length. Inser-

tion of the same amount of series reactance
at a current node would have much less
effect. But remember that in any case it
is all a matter of terminology, and that
when series reactance is inserted at the
feed point the real purpose is to match
the generator or line to a complex im-
pedance, or at least to eliminate the re-
active component.

VOLTAGE AND CURRENT FEED

If the electrical length of an ungrounded
radiator is an exact integral number of half
waves long, either a voﬁrage loop or a cur-
rent loop will occur at the exact center.
If the radiator is center fed, the feed point
will present either a high impedance or a
low impedance to the feed line or imped-
ance matching device, depending upon
whether the feed point is at a voltage loop
or ‘current loop. If the feed point is at a
voltage loop, the radiator is said to be vol-
tage fed, while if the feed point is at a
current loop, the radiator is said to be
current fed. The same terminology is used
when the feed point coincides with any
current loop or voltage loop, regardless of
whether it is at the center of the radiator.

When the feed point does not coincide
with either a current loop or a voltage loop,
as will be the case for a center fed radiator
which is not an integral number of half
wavelengths long electrically, the distinc-
tion no %on er is sharply defined and is not
strictly appﬁcable, though a feed point im-
pedance of 600 ohms or less generally is
referred to rather loosely as “current feed,”
while a feed point impedance of 1000 ohms
or more usually is designated as “voltage
feed.” The important thing to remember
is that, regardless of terminology, what is
fed to the antenna in every case is power.
The expressions “high impedance feed” and
“low impedance feed” are much more ap-
plicable, but are not widely employed.

FACTORS AFFECTING FREQUENCY
SENSITIVITY

To minimize the frequency sensitivity of
an overall antenna system (reduce the var-
iations in the reactive and resistive com-
ponents appearing at the sending end of
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the transmission line as the frequency is
varied), it is desirable that the characteristic
impedance of the line be such that no
impedance transforming device is neces-
sary between the line and the radiating
system, thus realizing a “matching ratio” of
1.0. When this is impractical, the match-
ing ratio should be kept as low as possible.
If it cannot be kept below approximately
4.0, considerable improvement can be ob-
tained by accomplishing the transformation
in two or a greater even number of steps.

Other expedients can be resorted to which
will provide a substantial reduction in the
frequency sensitivity when “broad-band”
characteristics are a requirement. The basic
principles involved can be understood from
the following explanation.

When a line is terminated in‘a purely
resistive load which differs from the surge
impedance, there will be recurring points
along the line where the power factor is
zero and the impedance therefore purely
resistive, as explained in chapter 2. As the
frequency is lowered, the distance between
these points of zero reactance increases,
causing them to move away from the line
termination. As the frequency is raised,
they move toward the termination. This is
called “line effect.”

If a series-tuned circuit is substituted for
the terminating resistor, the resistive points
on the line still move in the same direction
as the frequency is changed, but at a faster
rate. But if a parallel-tuned (anti-resonant)
circuit is substituted, the non-reactive points
tend to move in the opposite direction.

Now the feed point of an antenna looks
to the transmission line very much like
a resistance-loaded tuned circuit, series res-
onant if fed at a current loop and parallel
resonant if fed at a voltage loop. From the
foregoing discussion of line effect, it would
appear that a multi-element antenna sys-
tem would be less frequency sensitive if
fed at a voltage loop, because then the
“normal” line effect and the effect of the
reactance slope would tend to cancel and
cause the impedance presented at the send-
ing end of the line to change more slowly
with frequency. Unfortunately the bene-
ficial effects of this cancellation are offset
by the fact that, when “voltage feed” is

employed, it usually is impractical to em-
ploy a line having a surge impedance com-
parable to the feed point resistance, and
some kind of impedance transformer must
be used. The latter has an adverse effect
upon the effective “Q” of the overall system
as noted previously.

A current-fed antenna system can be
made considerably less frequency sensitive
simply by connecting a parallel-resonant
circuit using lumped L and C across the
feed point, the optimum L/C ratio bein%
most easily determined by experimenta
means because of its dependence upon so
many factors,

When it is realized that the various res-
onant lengths of line used as phasing stubs,
etc. in a complex antenna system can pro-
duce effects similar to those of resonant or
anti-resonant circuits using lumped L and
C, it helps to explain why some antenna
arrays are much more frequency sensitive
than others, though of course other factors
are involved.

One simple antenna which owes in part
its “broad-band” characteristics to reactance
cancelling effects similar to those just des-
cribed is the “folded dipole” which will
be treated in chapter 5.

“RESONANT” ANTENNAS

Usually an attempt is made to operate an
unterminated transmitting antenna under
“self-resonant” conditions when it is used
only on a single frequency or over a rel-
atively narrow frequency band. When
practicable, the radiating portion of the an-
tenna is made of such length that at the
frequency of operation (or center frequen-
cy of operation) the feed-point impedance
is nonreactive. This means that the radi-
ator must be cut to a “resonant” length.
The simplest resonant radiators are the
half-wave resonant dipole or “Hertz,” which
has an electrical length of a half wave-
length, and the quarter-wave resonant uni-
pole or “Marconi,” which has an electrical
length of a quarter wavelength and is
grounded at the lower end. However, any
number of electrical half wavelengths can
be added without destroying the inherent
resonance of the radiator. Several such
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Figure 3-10.

SIMPLIFIED REPRESENTATION OF

CURRENT DISTRIBUTION ON VARIOUS

FUNDAMENTAL AND HARMONIC TYPE
RESONANT RADIATORS.

No curve of voltage is shown in this common

simplified representation because in all cases

the curve would be the same as the current

curve except for being displaced by 90 degrees

(or, in other words, a voltage node always cor-
responds to a current loop).

antennas, with a simplified representation
of the current distribution, are illustrated in

figure 3-10.
Harmonic Operation

When a radiator is cut to the shortest
resonant length (an electrical half wave-
length for an ungrounded antenna and an
electrical quarter wavelength for a grounded
antenna), it is said to be operated on its
fundamental, or first harmonic. An un-
grounded resonant radiator two electrical
half wavelengths long is operating on its
second harmonic, and is often referred to
as a full wave antenna. A radiator three
electrical half wavelength long operates on
its third harmonic, and so on.

In the case of a grounded resonant radia-
tor the numerical designation of the har-
monic is somewhat ambiguous, because the
order of the harmonic depends upon
whether the earth is considered to consti-
tute a duplicate or “mirror image” of the
radiator, or whether it is just supposed to
substitute for the last quarter wavelength
of an ungrounded harmonic radiator. A
grounded, resonant radiator having an elec-
trical length of 5/4 wavelengths is operat-
ing on its sth harmonic when considered
on the first basis, and on its 3rd harmonic
when considered from the second. The
complication arises due to the fact that
under certain conditions it is difficult to

classify the antenna as either grounded or
ungrounded. This condition exists when
the radiator is worked “against ground”
but is approximately an integral number of
half wavelengths long. The current fow-
ing in the ground connection in such cases
is practically negligible, and it is debatable
whether the radiator should be classed as a
“grounded” radiator.

Because of the foregoin%)econfusion re-
garding terminology, it is becoming more
and more common to refer simply to a
“harmonic radiator so many wavelengths
long,” with the qualifying expression
“worked against ground” appended if the
latter is applicable.

NONRESONANT ANTENNAS

While the term “resonant” antenna or ra-
diator usually implies a naturally resonant
radiator, or one which presents a pure resis-
tance at its feed point, the term “resonant”
in its broadest sense applies to any antenna
whose end or ends are open or short cir-
cuited, causing the radiator to exhibit con-
siderable reflection and standing waves.
The term “nonresonant” does not, though
it might seem appropriate, apply to an un-
terminated radiator which lacks inherent
resonance and therefore presents a reactive
component at the feed point. Instead it
refers by common usage to a radiator which
is terminated in an impedance of such mag-
nitude and character as to eliminate or
virtually eliminate reflection from the end
of the radiator.

The magnitude and phase of the current
along a nonresonant radiator corresponds
closely to that of a lossy transmission line
which is terminated in its characteristic
impedance. The current is gradually atten-
uated as it travels towards the terminating
resistor, no standing waves being apparent,
and the phase shift along the radiator
is substantially uniform instead of being
concentrated at half wavelength points.
Obviously such a radiator is not very fre-
quency sensitive,

It is readily apparent that the nonreso-
nant radiator, with its effective SWR of 1.0
and linear phase shift, does not lend itself
to the simplified representation of current
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Figure 3-11,

ILLUSTRATING HOW AN IMAGINARY

“IMAGE” ANTENNA MAY BE SUB-

STITUTED FOR A PERFECTLY FLAT

GROUND OF INFINITE CONDUCTIVITY

IN MAKING CERTAIN ANTENNA CAL-
CULATIONS.

Observe that while the configuration of the
Imaginary antenna is a mirror Image of the
actual radiator, the direction of current flow
is not. This is explained by the fact that the
phase of a horizontally polarized wave is re-
versed upon reflection from the perfect ground,
while the phase of a vertically polarized wave
is not. The result is that corresponding vertical
components of current flow always are in the
same direction, while the corresponding horl-
zontal components of current flow always are in
opposite directions.

magnitude and phase distribution common-
ly employed for resonant radiators (figure
3-9B).

IMAGE ANTENNAS

If an absolutely flat, perfectly conducting
ground is assumed, the effect of the earth
always can be duplicated by an “image”
antenna which is a mirror image of the
actual radiator, regardless of whether or not
the actual radiator is connected to earth.
This assumption of a “mirror image” is
useful in calculating or comparing directiv-
ity patterns. The “mirror image” represen-
tation is illustrated in figure 3-11.

MUTUAL IMPEDANCE

The reader no doubt is familiar with
the mechanics of coupling between two
lumped circuits by means o% mutual imped-
ance in accordance with ordinary electric
circuit theory. As was mentioned pre-
viously in this chapter in a discussion of
the radiation characteristics of a linear con-
ductor, one important distinction between
a transmission line and an antenna is that
in the case of an antenna each portion of

the antenna is coupled to every other por-
tion, the coupling assuming considerable
magnitude for portions of the antenna sys-
tem which are spaced less than several
wavelengths.

As will be discussed later under antenna
directivity, antenna systems or “arrays”
often are employed which utilize a multi-
plicity of radiating elements in a complex
configuration. Whether we consider all ele-
ments in the system as a single, elaborate
radiator, as in the case of a harmonically
operated long wire, or whether each com-
posite element is considered as an individ-
ual radiator, it is apparent that mutual
coupling exists between them and that the
current in one element affects and is affect-
ed by the current flowing in every other
element.

One significant difference between the
mutual coupling associated with inductively
coupled lumped circuits and the coupling
between different antenna elements is in-
troduced by the factor of time. In the
lumped circuit case the interchange of
energy is assumed to be instantaneous, and
in fact is virtually instantaneous, while in
the case of neighboring radiating elements
the time taken for the current in one ele-
ment to affect the other element and react
back on the first element must be taken into
consideration, because the spacing between
them no longer is an insignificant fraction
of a wavelength. The mutual interaction,
instead of being effectively instantaneous,
is retarded because of the finite velocity
of propagation and the significant electrical
distance between the elements. In figuring
the effect upon the impedance and distri-
bution of current in the elements, the reac-
tion time must be taken into consideration.
The mutual impedance has a phase angle.

In a very simple case such as two, iden-
tical elements which are either parallel or
colinear, it is possible to compute the mu-
tual impedances from the theory with fair
accuracy, but in complex situations involv-
ing a multiplicity of elements with complex
orientation and dimensions the problem is
either formidably difficult or actually impos-
sible of accurate solution except by experi-
mental means. It is for this reason that
the only accurate data available on mutual




MUTUAL IMPEDANCE

143

impedance calculations is restricted to very
simple cases such as the two just men-
tioned.

In view of the foregoing, it is suffi-
cient for the purposes of this book if the
reader simply appreciate the basic facts
presented in the following very brief quali-
tative summary.

The interaction or “coupling” between
two antenna elements which are separated
by not more than several wavelengths can
produce a mutual impedance whici is sig-
nificant or even considerable when com-
pared to the self-impedance exhibited by
either element under isolated conditions.

Because of the significant effect of re-
action time, the mutual impedance has a
phase angle which varies with the spacing
between the radiators. It also varies with
the shape, size, conductivity, and orienta-
tion of the conductors.

The magnitude of the mutual impedance
between two conductors decreases with
increased spacing, and the phase angle
varies cyclically through 360 degrees as 5\8
spacing is increased. When the phase angle
is between go and 270 degrees, the mutual
impedance has a negative resistive com-
ponent.

Because the resistive component of the
mutual impedance may be either positive
or negative, the presence of a neig boting
radiator may either raise or lower the fee
point resistance of a given radiator, de-
pending upon the spacing, the phasing of
the feed system, and other factors.

The reactive component of the mutual
impedance will cause the resonant frequen-
cy Cor length) of a radiator to be ap-
preciably or considerably affected by the
presence of another radiator except at
certain critical spacings.

The effect of a perfectly flat, infinitely
conducting ground upon the impedance
characteristics and current distribution of
a radiator is the same as that produced by
the mutual impedance afforded by an “im-
age” antenna which is substituted for the
perfect earth. The effect of the actual
earth (including trees, buildings, etc.) is
not easily determined in most cases except
by experiment.

Except in very simple cases, the only
safe method of ascertaining accurately the
characteristics of a complex array of radia-
tors is the experimental method. No array
should be so designed that alteration of
the pertinent physical dimensions is imprac-
ticable, unless the same effect can be
achieved by the adjustment of compensat-
ing reactances (coils, condensers, or
“stubs”), or the array is an exact duplicate
of one known to be optimum and it is
possible to simulate the same environment
characteristics (terrain, method of support,
etc.).

EFFECT OF FEED POINT POSITION ON
PHASE RELATIONSHIPS

As will be discussed in the next section,
the directional characteristics of an antenna
of certain configuration are dependant upon
the phase relationships of the currents flow-
ing in the different radiating elements or
portions of the antenna. Therefore it is im-
portant that we examine the effect which
is produced upon these phase relationships
by the attachment of a feed line or genera-
tor to the antenna.

Regardless of where the generator or feed
line is connected, provided that it is at a
point which does not destroy the line bal-
ance, the current at any given instant al-
ways is flowing into one terminal and out
the other. When the feed point is at a
current loop, the “free” phase relationships
are not disturbed, because the current in
one half-section of a half-wave element
naturally flows towards the current loop
while the current in the other half-section
naturally flows away from the current loop,
as illustrated in figure 3-12A. Therefore
the phase relationships are not upset when
“current feed” is used, as in figure 3-12B.

When the feed line or generator is in-
serted at a voltage loop, the antenna still
is fed current (even though it is shown as
vanishing in the simplified representation).
And it still Aows into one terminal of the
generator or line and out the other at any
given instant. However, because the termi-
nals are at a voltage loop or current node,
there is a 180 degree phase shift at each
terminal, causing the current to reverse
direction. This is illustrated in figure
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Figure 3.12.

ILLUSTRATING EFFECT OF FEED
POINT LOCATION UPON PHASE RELA-
TIONSHIPS.

When the balanced feed point is at a current

loop, the phase relationships are the same as for

a “free” radiator. When the feed point is at a

current node, the phase relationships are re-
versed.

3-12C. The important thing to note is that
the current is caused to flow in the same
direction in the two half-wave elements of
the antenna, rather than in opposite di-
rections.

This effect is not unique to the particular
antenna used as an example, but applies to
any antenna system. When the feed point
is at a current node (“voltage feed”), the
natural phase relationships are reversed,
causing the current in the adjacent half-
wave elements to be in phase instead of out
of phase. When the feed point is at a
current loop (“current feed”), the natural
or “free” phase relationships are not dis-
turbed.

While the foregoing discussion is not
rigorously accurate, because of the simpli-
fied representation of current distribution
and phase relationships on the radiator, it is
a sufficiently true picture for the purpose
of explaining the basic principles involved.

In many directional arrays, “dummy”
sections of transmission line, called “phase
reversing stubs,” or “phase inverting sec-
tions,” are inserted at current nodes to re-
verse the phase relationship between two

adjacent half-wave elements. These will
be described in detail in a later section.

ANTENNA DIRECTIVITY

As previously explained in this chapter
under “Fictitious Reference Antennas,” all
practical antennas radiate better in some di-
rections than others. This characteristic is
called “directivity.” The more “directive”
an antenna is, the more it concentrates the
radiation in a certain direction, or direc-
tions. The more the radiation is concen-
trated in a certain direction, the greater
will be the field strength produced in that
direction for a given amount of total radi-
ated power. Thus the use of a directional
antenna or “array” produces the same result
in the favored direction as an increase in
the power of the transmitter.

The increase in radiated power in a
certain direction with respect to an antenna
in free space as a result of inherent directiv-
ity is called the “free space directivity
power gain” or just “space directivity gain”
of the antenna (referred to a hypothetical
“isotropic radiator” which is assumed to
radiate equally well in all directions). Be-
cause the ficticious isotropic radiator is a
purely academic antenna, not physically
realizable, it is common practice to use as
a reference antenna the simplest unground-
ed resonant radiator, the half-wave “Hertz,”
or resonant doublet. As a half-wave doublet
has a space directivity gain of 2.15 db over
an isotropic radiator, the use of a resonant
dipole as the comparison antenna reduces
the “gain figure” of an array by 2.15 db.
However, it should be understood that
power gain can be expressed with regard
to any antenna, just so long as it is speci-
fied.

As a matter of interest, the directivity of
an “infinitesimal dipole” provides a free
space directivity power gain of 1.5 (or 1.76
db) over an isotropic radiator. This means
that in the direction of maximum radiation
the infinitesimal dipole will produce the
same field strength as an isotropic radiator
which is radiating 1.5 times as much total
power.

A half-wave resonant doublet, because
of its different current distribution and
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significant length, exhibits slightly more
free space power gain as a result of directi-
ity than does the infinitesimal dipole, for
reasons which will be explained in a later
section. The space directivity power gain
of a half-wave resonant doublet is 1.63 (or
2.15 db) referred to an isotropic radiator.

DIRECTIVITY GAIN VS. PRACTICAL
SIGNAL GAIN

In the foregoing discussion of free space
directivity gain the only consideration was
the increase in field strength resulting from
concentrating the radiation on (or confin-
ing it to) a restricted solid angle. Resist-
ance losses, and the effect of the ground
on directivity, were ignored. However, what
we are interested in from a practical stand-
point is the effectiveness of an array in in-
creasing the field strength at a distant re-
ceiving location. This increase will be called
the practical dx signal gain, and unless
otherwise stated will assume as a compari-
son antenna a half-wave dipole with identi-
cal polarization, suspended at the same aver-
age elevation above earth as the array.

While the practical dx signal gain is in-
fluenced primarily by the amount of free
space directivity gain possessed by an an-
tenna, it is also influenced by loss resistance
(either earth losses or antenna heat loss)
and by the effect of the earth upon the
vertical directivity pattern. The directivity
gain of an array over actual earth usually
varies with the vertical “wave angle,” even
though the comparison antenna is at the
same average elevation.

In most cases the effect of resistance
losses Cearth losses and antenna losses) will
not degrade the gain by more than about 2
db. With many arrays the reduction will
be less than 1 db, and with some it will
be negligible or even negative.

Also in most cases the difference between
free space directivity gain and the direct-
ivity gain at the optimum wave angle in
the presence of the earth will not exceed
about 2 db if the optimum wave angle is
low, as is the case for long distance, high-
frequency, sky-wave comunication, and for
v-h-f and u-h-f ground-wave communication
at all distances.

Thus we may generalize and say that
ordinarily the difference between the space
directivity gain and the practical dx signal
gain of an array (both referred to a half-
wave dipole) will not exceed 4 db, and that
increased space directivity gain ordinarily
means increased practical dx signal gain.
However, it is important that the reader
appreciate the limitations that must be
placed upon these generalizations with re-
gard to high-frequency sky-wave communi-
cation.

If the effective or optimum wave angle
is above 5 or 10 degrees, the practical dx
signal gain of an array having sharp vertical
directivity may be as much as 10 db greater
than the space directivity gain, or as much
as 10 db less. This is explained by the fact
that the nulls and maxima of an array do
not nmecessarily occur at the same vertical
angles as for a reference antenna at the
same average elevation above ground.

In view of the fact that the practical dx
signal gain of a high frequency array de-
Eends upon the optimum wave angle, and

ecause the latter depends upon frequency,

distance, and variable ionosphere conditions,
the practical dx signal gain must repre-
sent an average and must necessarily be
an approximation (unless the optimum
wave angle is specified, or unless the free
space vertical directivity is rather broad).

ASPECT DIRECTIVITY AND
INTERFERENCE DIRECTIVITY

The intensity of radiation from an infi-
nitesimal dipole or doublet expressed in
terms of field strength is proportional to a
projection of the doublet in any particular
direction. Thus the radiation is maximum
in directions lying in a plane which passes
through the center of the radiator at right
angles (a median plane), is zero in the
direction of the conductor, and for other
points is proportional to the cosine of the
angle which the direction makes with the
radiator.

The infinitesimal dipole or doublet is so
short that the radiation from all parts of it
arrives at any point in space with no signifi-
cant phase difference. Because electromag-
netic waves are transverse, the relative
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Figure 3-13.

POLAR DIAGRAM OF RADIATION
PATTERN OF AN ISOTROPIC RADIATOR
(DOTTED), AN INFINITESIMAL DIPOLE
(SOLID), AND A HALF-WAVE, RESO-
NANT, LINEAR RADIATOR (DASHED),
FOR THE SAME AMOUNT OF TOTAL
RADIATED POWER.

The curves are for free space conditions, and
represent either distance for a given field
strength, or field strength for a given distance.
A two dimensional diagram such as this can
illustrate the pattern for only one plane, but
for the antennas under consideration the same
pattern applies to any plane containing the radi~
ator. The distance to any point on the solid
curve is proportional to the cosine of the angle
made with a plane bisecting the radiator at
right angles. It will be observed that while
the resonant half-wave radiator has slightly
more directivity, the difference is Insignificant
from a practical standpoint, and only a very
small error is introduced if the resonant radia-
tor is assumed also to have a cosine relationship.

magnitude of radiation therefore is deter-
mined entirely by the magnitude of the
projection of the infinitesimal dipole or
doublet upon an imaginary sphere centered
on the radiator. This is aspect directivity.

To project our imaginary dipole or doub-
let we must assign a finite length, even
though minutely small. Therefore such a
ficticious reference antenna is probably
more correctly referred to as an elementary
dipole or doublet.

The free-space directivity pattern of an

infinitesimal or elementary dipole is illus-
trated in figure 3-13. 'T%e pattern shows
the relative magnitude of field strength for
points at constant range in any plane which
includes the radiator. This magnitude is
proportional to the square root of radiated
E:c\:er, the relationship being pertinent

use “power gain” figures naturally are
based on power, rather than field strength.
For instance, if a directivity pattern shows
that the field strength is dougled in a cer-
tain direction, then the power gain in that
direction is 4 times, or 6 db.

For the reader who may have difficulty
in visualizing the radiation pattern in three
dimensions from the two-dimensional polar
diagram of figure 3-13, figure 3-14 should
facilitate an understanding of how a two-
dimensional polar diagram can give a com-
plete picture of the pattern. It is apparent
that because of the axial symmetry of the
radiation pattern of a dipole radiator, all
cross-sectional views of the pattern which
include the radiator will be icrentical.

Directivity patterns sometimes are drawn
to a power scale, but are more commonly
drawn so that the curve represents field
strength, because this is the type of pattern
obtained when the directivity of an antenna
system is solved graphically, and the curve
must be converted if a power scale is to be
used. When a directivity pattern does not
indicate whether the curve represents field
strength or power, field strength is implied.
However, to avoid possible misinterpreta-
tion, it is customary to indicate whether
field strength or power is used as the unit
of measurement.

Another good reason for using a field
strength scale for a free-space polar diagram
is that the same curve then can be used
to represent either relative field strength vs.
direction at a constant range, or range vs.
direction for a constant field strength. The
reason for the interchangeability is that
field strength along any constant direction
from the radiator is, in free space, inversely
proportional to distance from the radiator.
Thus, if the field strength at a given point
is halved, it can be restored to its original
value by halving the distance to the radi-
ator. So if we plot a curve of all points in
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the plane which have the same field
strength, the curve automatically becomes a
polar diagram of direction vs. relative field
strength at a constant range.

Po%ar diagrams of antenna directivity
also are commonly drawn to a decibel scale,
because a logarithmic relationship gives a
more useful or convenient presentation for
certain purposes. When a db scale is used,
the center of the polar diagram cannot
represent zero, but rather has some finite
value, because a decibel is simply a ratio.
As the scale represents a nonlinear relation-
ship and is arbitrary, the geometrical shape
of a field strength pattern drawn to a db
scale can vary considerably, depending
upon the total range assigned to the scale.
The smaller the total db range encompassed
by the scale, the “fatter” the pattern will
appear in a polar diagram of given size.

Getting E:ck to figure 3-13, the field
strength produced by the infinitesimal di-
pole at any particular angle with respect to
the radiator is proportional to the cosine
of the angle made with a plane bisecting
the radiator at right angles.

This property of aspect directivity is a
property of all linear radiators. It is not
unique to the elementary dipole or doublet.
However, the elementary dipole or doublet
is the only radiator whose significant di-
rectivity is solely due to aspect. Unless a
radiator is very short in terms of wave-
length, another factor contributes to direc-
ticity: interference due to the radiation
arriving from different portions of the radi-
ator at a given point in space at different
times. In fact, wave interference is the
basic mechanism of antenna directivity con-
trol. Directivity obtained in this manner
may be referred to as “interference directiv-
ity” in order to distinguish it from simple
aspect directivity.

In the case of any complex combination
of radiating elements, called a directional
array, interference directivity contributes
much more to the total directivity than does
simple aspect directivity. The latter is no
greater in the case of an elaborate array
than in the case of a single radiating ele-
ment, while the interference directivity of
a properly designed array increases with the
size of the array.

\
\
NULL \\
\ CROSS SECTION
WHICH 1S SHOWN
OIPOLE RADIATOR ON A POLAR
DIAGRAM

Figure 3-14.

SURFACE PATTERN OF RADIATION,
PERSPECTIVE VIEW, OF A DIPOLE
RADIATOR IN FREE SPACE.

This illustration shows how axial symmetry per-

mits use of a single polar diagram such as

figure 3-13 to indicate the relative field in-

tensity at all points in space which have the
same range,

While interference calculations are quite
complex, there is one simple empirical re-
lationship which is useful in understanding
and appraising directional systems. Two
identical radiating elements or arrays in free
space, having identical orientation and cur-
rents, will in certain directions produce a
resultant field strength equal to twice the
field strength produced in that direction by
one element or array, provided the spacing
between them is sufficient to reduce the
mutual impedance to an insignificant mag-
nitude. This means that doubling the total
power (by the addition of the second ele-
ment or array with the same current) in-
creases the field strength in certain direc-
tions by 6 db. The net increase, or power
gain of the combination, therefore is 3 db
in those directions.

If the two elements or arrays are suffi-
ciently close that the mutual impedance is
appreciable, then the maximum net “free
space” directivity gain may be somewhat
more or somewhat less than 3 db over a
single element or array, depending upon
the magnitude and phase angle of the mu-
tual impedance.

The radiation pattern of any practical
antenna, whether it consists of simply a
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linear conductor having a length of an
appreciable fraction of a wavelength, or
whether it consists of a multiplicity of ra-
diating elements having complex orienta-
tions and spacings and current distributions,
may be determined by resolving the whole
antenna system into a very large number of
articulatec{ elementary doublets, then cal-
culating the contribution of each doublet
(which is determined by current magnitude
and conductor aspect) and finally adding
the separate fields by means of graphical
integration (with due regard to phase and
polarization). In the case of a simple an-
tenna such as a thin, half-wave resonant
doublet this is easily done, and gives the
dashed pattern of figure 3-13. In the case
of highly complex antennas the solution by
this method is much more difficult and la-
borious, but is still more practicable than
attempting to calculate the gain on the basis
of mutual impedances.

DISCRIMINATION VS. POWER GAIN

All practical antennas radiate better in
some directions than in others, and usually
have two or more complete “nulls.” As
just shown, even the simple half-wave res-
onant dipole exhibits pronounced direc-
tional qualities, producing no significant
radiation at all directly off the two ends.
However, the term “directional antenna” by
convention ordinarily implies a more com-
plicated radiating system than a single half-
wave resonant dipole; it usually refers to an
antenna or “array” which is expressly de-
signed for the purpose of concentrating the
radiation into a relatively narrow “beam,”
though it also is sometimes employed to des-
ignate an antenna which is expressly de-
signed to prevent or minimize radiation in
one or more certain directions.

But the two are more or less interrelated,
because if the antenna configuration is
designed to reduce radiation in certain di-
rections, the radiation in certain other di-
rections will be increased, assuming that the
loss resistance is at all times insignificant. It
is axiomatic that if radiating elements are
disposed in such a manner that their radi-
ation adds or aids in preferred directions,
there will be other directions in which the

radiation opposes or cancels. However, it
is obvious from the directivity pattern of a
simple dipole, figure 3-13, than an antenna
can exhibit pronounced nulls in the radia-
tion pattern without providing much power
gain.

Thus it is seen that directivity control
can be used to “protect” a certain direction
or directions, or to provide the maximum
possible power gain in a given direction or
directions, or to accomplish both simultan-
eously, depending upon the application.
“Protection” of a certain direction can be
accomplished with a simple array, but a
high power gain in a certain direction re-
quires a comparatively elaborate array.

EFFECT OF GROUND ON “SPACE”
DIRECTIVITY PATTERNS AND GAIN

As previously noted, the radiation pattern
of an array is affected by the ground, just
as in the case of the simplest radiator. The
directivity contributed by ground reflection
is interference directivity.

The pattern of an array spaced several
wavelengths above flat earth can be deter-
mined with good accuracy by multiplying
the “free space” pattern of ‘the array by
the ground interference pattern of an iso-
tropic radiator having the same average
height and polarization. Another method
is to use the concept of the “image” an-
tenna, in which case the earth is ignored
temporarily and the image is considered as
part of the aray. Only the top hemis-
phere of the pattern so obtained is utilized,
because obviously there can be no radiation
into the lower hemisphere when the earth
is reinstated in place of the image. Confin-
ing the radiation to one hemisphere adds
3 db to the field strength at all points, but
this is exactly offset by the additional power
required to excite the image. As these two
factors cancel, they can be ignored: the
radiation below the horizontal and the
power required to excite the image.

As a simple example of applying the
image concept, the pattern of a quarter-
wave radiator working against perfect
ground is the same as the “top half” of
the pattern of a vertical half-wave radiator
in empty space carrying the same current,



EFFECT OF GROUND 149

J0° ~

\
\ S o
- \ S S RIS
N < 3
w \ \\ \ (N ~ \
3 N
z \ ~ ~ o
~
< N k. \ ~
18 - < >
8 Ss I~w
:_: L [~ -
10" <
a =~ —
g ~ ~~t ]
8
MAXIMA=SOLID ]
NULLS - DASHED F—
o

0 A 1A 150 2% 2.5% 3A SN 4X 43N SA
ANTENNA ELEVATION

Figure 3-15.

VERTICAL ANGLES AT WHICH MAX-

IMA AND NULLS OCCUR FOR A HOR-

IZONTALLY POLARIZED ISOTROPIC
RADIATOR OVER PERFECT EARTH.

The curves also give a close approximation for
a horizontal dipole over actual earth of average
resistivity and dielectric constant, in a direction
broadside to the radiator, provided the earth
is reasonably flat. In the case of a horizon-
tally polarized array having sharp “free space”
vertical directivity, the angles at which maxima
and nulls occur depend on the composite direct-
ivity (free space directivity and ground reflection
factor) and may deviate considerably from the
ahove curves. If the free-space vertical direct-
ivity of the array shows a very broad “nose”
however, the above curves are applicable as a
close approximation.

because the latter antenna corresponds to
the grounded quarter-wave radiator plus its
image. However, it takes only half as much
power to produce a given current in the
quarter-wave grounded radiator, because its
radiation resistance is half that of a half-
wave radiator in free space. So the ground-
ed quarter-wave radiator may be said to
have 3 db gain over a half-wave radiator
in free space.

In the case of an ungrounded antenna
Jocated above earth, the mutual impedance
between the antenna and its image must
be taken into consideration. When a hori-
zontal radiator is sufficiently close to a
perfect ground that the mutual impedance
is appreciable, then the ground interference
pattern may exhibit lobes having a max-
imum amplitude up to approximately 8 db
above the free space amplitude, assuming
the same total radiated power in each case.

When the array is sufficiently removed

from the ground that the mutual imped-
ance between the array and its fictitious
image is negligible (in other words, having
a spacing exceeding several wavelengths),
then the maximum increase over the “free
space” field strength will be 6 db. This
figure has been widel used without regard
to antenna elevation, {:ut it is not rigorously
correct when the effective elevation of the
radiator is not great enough to prevent the
ground from having an appreciable effect
upon the impedance of the antenna.

The effect of an actual, imperfect
ground, particularly one which is irregular,
is difficult to predict in the case of either
an array or a simple radiator. In fact, the
presence of highly irregular terrain under
and around an array can so distort the
radiation pattern that the practical signal
gain cannot be predicted with even fair
accuracy.

The angles of the maxima and nulls
below 30 degrees due to the ground reflec-
tion factor are shown for horizontal polari-
zation and perfect ground in figure 3-15.
For horizontal polarization and within the
vertical angles included in the chart, “per-
fect ground” curves will give a close ap-
proximation in the case of actual ground if
the ground is flat. They are not rigorously
accurate because the effective elevation is
greater than the actual elevation except at
grazing angles. The disparity increases
with radiation angle.

VERTICAL AND HORIZONTAL
PATTERNS

When the radiation pattern of an an-
tenna or array does not exhibit axial sym-
metry, a single cross-sectional view of the
“solid” or three-dimensional pattern cannot
be used to show the relative magnitude of
radiation at all points in space. However,
this is not too serious. It isn’t necessary to
show the relative magnitude of radiation at
all points in space in order to give a useful
picture of the directional properties of an
antenna.

The pertinent data in the case of ground
wave propagation is a plot of the field
strength versus compass direction at con-
stant range. This gives a polar diagram of
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ILLUSTRATING VARIOUS DESCRIPTIVE TERMS OFTEN USED IN CONNECTION WITH
DIRECTIONAL ANTENNA ARRAYS,

To simplify the illustration, the sections of transmission line used to feed and phase the various

radiating elements have not been included. The large arrows indicate the directions of maximum

radiation; the small arrows on the radiators indicate the instantaneous direction of current flow,
and therefore the relative time phasing of the elements.

the basic horizontal directivity (at ground
level) and is referred to as the “horizontal
pattern.”

In the case of sky wave propagation,
where information on the relative field
strength and response at various vertical
angles of departure and arrival is perti-
nent, a single vertical cross section of the
solid pattern, taken along the direction of
maximum “zero elevation” or ground level
radiation, often will give the needed data.
This is explained by the fact that direction-
al sky wave propagation often is employed
for point-to-point work, and with typical h-f
arrays the compass direction in which radia-
tion is maximum usually corresponds very
closely for all vertical angles below 15 de-

grees or so (the angles useful for long dis-
tance sky-wave transmission). Patterns of
this type are called vertical patterns, depict-
ing vertical directivity in a certain horizon-
tal direction,

If one or two vertical cross section pat-
terns do not give the required information,
horizontal patterns may be shown for var-
ious pertinent vertical angles, rather than
for zero elevation only, on the same polar
diagram. This is somewhat analagous to
giving the “profile” data for all of a geo-
graphical area on a map by means of con-
tour lines, rather than ﬁy an infinite num-
ber of profile drawings or “contour strips.”

The foregoing description and explana-
tion should enable the reader to interpret
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polar diagrams of vertical and horizontal
directivity when encountered, if he is not
already familiar with them.

DIRECTIVE ARRAY TERMINOLOGY

The directivity characteristics realized
with certain radiator configurations or rela-
tionships have descriptive designations with
which the reader should be familiar.

End fire as applied to directivity or an
array refers to an arrangement where the
currents in adjacent radiating elements are
considerably out of time phase (usually
in time pgase opposition or quadrature),
but are so disposed in space that the radia-
tion from the different elements is caused
to travel different distances to reach a dis-
tant point in the desired direction, thus
compensating for the difference in time
phase at the elements and arriving at the
distant point in phase.

In the stricter sense, end-fire directivi
always is either (1) in a direction whic
lies in the plane containing the radiating
elements, or (2) along the approximate
direction of a single, long, “harmonic” radi-
ating element. is is illustrated graphic-
ally in figure 3-16.

When the directivity shoots off in two
opposite compass directions (maximum gain
occuring in two opposite directions), the
array is said to be bidirectional. When
radiation in one of these two directions is
suppressed, the array is said to be unidirec-
tional.

Broadside directivity is that which is ob-
tained when the currents in a number of
coplanar radiating elements are in time
phase and the elements are disposed in such
a manner that all are equidistant from a
distant point in the desired direction of
maximum radiation. Such an array is called
a broadside array. Broadside directivity al-
ways is in a direction normal to a plane
containing the radiating elements. This is
illustrated graphically in figure 3-16. In
the case ofgr the colinear broadside array*
(figure 3-16), the cophased radiators are
in-line and there are an infinite number
of planes which will include the radiating
elements. Therefore the radiation is uni-

formly maximum in all directions at right
angles to the line of the radiators.

A harmonically operated long wire also
might be described as “colinear,” in view
of the fact that the radiating elements are
in a straight line. However, by usage
the term “colinear” has come to imply in-
line cophased elements exclusively.

Some arrays employ both broadside and
end-fire directivity to enhance the overall di-
rectivity, and they therefore qualify as
“combination” arrays.

When the elements of a broadside or
combination broadside and end-fire array
are arranged one over the other, rather than
side by side, the array is said to be
“stacked,” and the array of radiators some-
times is referred to as a “stack.”

When an array is designed to concen-
trate radiation in one direction and to
minimize it in the opposite direction, it
is said to be unidirectional. The basic types
are shown in figure 3-16. The phased re-
flector is an element resembling the driven
radiator, either parasitically excited (as a
result of mutual impedance) or directly
driven in such a manner as to produce
the phase difference required for a unidi-
rectional interference pattern. The various
sheet reflectors act in somewhat the same
manner as an artificial ground, with the
parabolic and “corner reflector” arrays bein
designed to give a ‘“beaming” eﬁ}::ct an
greater directivity than a flat sheet.

A coplanar broadside array consisting of
several tiers of colinear elements or “strings”
often is referred to as a broadside curtain,
or just curtain, and also is known as a
panel. A “curtain” backed up by a flat sheet
or grid reflector to give a unidirectional
characteristic commonly is called a mattress.

Parasitic and Driven Elements

In a complex array consisting of a multi-
plicity of radiating elements, there are sev-

*The colinear array sometimes is placed in a
separate classification, but throughout this book
it will be considered simply as a special case
of the broadside array.
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eral methods of exciting each element with
current having the desired phase and mag-
nitude. When an element is not physically
connected to the main transmission line,
either via other elements or through a
section of line, it is fed solely through its
mutual impedance. An element coupled
and fed in such a fashion is said to be
“parasitically excited.” An element so ex-
cited is called a “parasitic element.”

When an element is connected to the
main transmission line in any physical
manner, either (1) directly, (2) through
a section of line, (3) via another element,
or (4) by any combination of line and
radiator(s), it is referred to as a driven
element, even though it may have con-
siderable mutual coupling to other elements
which are more intimately or more directly
connected to the main transmission line.




CHAPTER FOUR

Low and Medium Frequency Antenna Systems

VERY LOW FREQUENCY
ANTENNAS

The main object in the design of very
low frequency transmitting antenna sys-
tems can be summarized briefly by saying
that the general idea is to get as much wire
as possible as high in the air as possible,
and to use excellent insulation and an ex-
tensive ground system.

Most of the very low frequency or v-l-£
transmitting installations now in use have
been in service many years, because the
limited number of channels available in
that portion of the spectrum long have been
fully utilized, and also because most long
distance circuits can be provided more
economically by the use of high frequency
installations. In view of the %act that the
number of v-l-f stations is comparatively
small and virtually no new v-l-f transmit-
ting installations are being made, the author
does not feel justified in devoting more than
brief mention to v-I-f antenna systems.

Physical and economical limitations on
radiator height result in a very low radia-
tion resistance in the v-1-f range. Therefore,
various means are employed to make the
radiation resistance as high as possible and
to keep the loss resistance (ground resis-
tance, tuning or “loading” coil resistance,
etc.) as low as possible. Even so, the total
loss resistance usually is several times the
radiation resistance.

In some installations a “multiple” an-
tenna system is employed to increase the
radiation resistance and lower the ground
resistance, thus increasing the radiating effi-
ciency of the system. The “multiple” ar-
rangement employs several vertical conduct-

ors spaced an appreciable distance, each
working against its own ground and all
effectively working in parallel. By manipu-
lation of the phase angle between vertical
elements, various directional effects are pos-
sible, and sometimes are employed to give
a further effective power gain.

V-1f radiating elements invariably are
“top loaded” or are “capacity loaded” by
means of a flat top (a number of wires
parallel with each other and ground). This
makes the current in the vertical or main
radiating portion of the antenna substan-
tially constant, effectively increasing the
radiation resistance and substantially lower-
ing the peak voltages on the antenna sys-
tem. The latter is an important considera-
tion when high power is employed in the
v-lf range, because of difficulties with
corona. Even with a large flat top it is
necessary to employ corona shields and take
other precautions to prevent corona losses
when the power is sufficiently high and the
frequency sufficiently low.

LOW-FREQUENCY ANTENNA
SYSTEMS

The foregoing remarks on v-l-f antenna
systems apply equally well to antenna
tems in the lower portion of the “l-f" or
low frequency range. The upper portion of
this range falls in a somewhat different
category, however.

Marine transmitting antennas in the 1-f
range usually consist of an inverted L or T
radiator using a single conductor, though
some of the older installations still in use
employ a “cage” or “flat top” instead of a
single wire. The antenna is made as large as
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the physical limitations of the ship permit,
and is Kept as much in the clear as possible.
On small ships the same antenna often is
used on a harmonic for h-f operation, but
on large ships separate half-wave resonant
doublets usually are employed for h-f op-
eration,

Large fixed-station installations in this
range usually employ “loaded” vertical rad-
iators with extensive ground systems. High-

ower foreign broagcast stations in this
g:equency range employ vertical radiators
which sometimes approach a quarter wave-
length in height, making them considerably
higher than the average AM broadcast band
radiator used in this country.

Special navigational services in the 1-f
range (such as radio range beacon stations)
employ specialized I transmitting antenna
systems which in general are not especially
complex, but because of their many types
and variations they will not be described
here. The basic elements of such systems
are the Adcock antenna (two, anti-phased
vertical radiators), the single-turn loop an-
tenna, and the vertical radiator. Because
the maximum range required of such ser-
vices is about 200 miles, a high order of
radiator efficiency is not as important as
the directional characteristics, and radiation
efficiency is often sacrificed in this service
in order to permit economical realization of
a certain directional characteristic.

V-L-F AND L-F GROUND SYSTEMS

Because much of the heat loss experi-
enced with v-1-f and If transmitting anten-
na systems occurs as a result of soil resist-
ance, rather elaborate ground systems are
the general rule. In the case of good soil,
the usual arrangement is a network of bur-
ied wires extending somewhat bevond all
elevated portions of the radiator. When the
antenna is very extensive or is of the multi-
ple type and several ground networks are
used, the usual procedure is to connect the
various networks together and to the trans-
mitter via an overhead conductor or trans-
mission line. Lumped reactances sometimes
are inserted in the overhead ground returns
in order to obtain a desired phasing charac-
teristic.

In the case of very rocky or poorly con-

ducting soil a counterpoise often is substi-
tuted for a buried network of wires. A
counterpoise is a netwok of wires placed
above :ﬁz earth a slight distance and insul-
ated from it, so arranged as to produce a
very high capacity to the earth.

V-L-F AND L-F RECEIVING ANTENNAS

While v-I-f and }-f transmitting antenna
systems usually are quite large physically,
the separate receiving antennas which are
normally employed are, in many cases, quite
unpretentious. This is explained by the
fact that any v-1-f or I-f receiver having good
sensitivity will get down to the atmospheric
noise level with a comparatively short an-
tenna or modest loop. Under such condi-
tions an increase in antenna directivity will
provide an effective power gain, even though
no more signal is delivered to the receiver,
by improving the signal-to-noise ratio. How-
ever, to obtain substantially more directivity
than is achieved with a simple loop or small
Adcock antenna requires an array which is
large in terms of wavelength, and wave
length at these frequencies represents many
thousands of feet. In spite of their great
physical size, v-1f and 1f receiving arrays
are used in some long-distance point-to-point
circuits. But they differ from the transmit-
ting arrays used at these frequencies in that
the height is quite modest, because receiv-
ing antenna efficiency is not of great import-
ance at these frequencies (for the reasons
previously discussed).

The various types of loop antennas which
are commonly employed in the v-lf and
Lf frequency ranges are discussed briefly in
a later chapter devoted to the basic princi-
ples of direction finder antennas and other
navigational antenna systems.

MEDIUM FREQUENCY
ANTENNAS:
AM BROADCAST ANTENNAS

Antenna systems employed in the lower
end (between 300 and 550 ke.) of the m-f
range fall in the same category as those in
the upper portion of the 1-f range and the
same considerations apply.

The most important portion (or at least
the best known portion) of the m-f band
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is the AM broadcast band between 550
and 1600 kc. Modern practice is to use
one, sometimes two, and occasionally three,
four or five steel masts which serve as ver-
tical radiators, the p}Ksical height ranging
from somewhat less than a quarter wave-
length to slightly more than a half wave-
length. A single tower is used for nondi-
rectional radiation, and two or more when
a certain directional characteristic is desired.

Tower Types

Towers of late design usually are one
of two main types: a sfe‘:lder tower of uni-
form cross section, sometimes guyed and
sometimes self—supgorting; or a tapered
(wide base) tower having considerable vari-
ation in cross section, usually self-support-
ing but sometimes guyed.

A tower of uniform cross section possesses
the best electrical characteristics, provided
they are not compromised by poor guying,
and the characteristics usually can be pre-
dicted quite accurately by quantitative meth-
ods. A tower of uniform cross section can
be erected to a certain height with assur-
ance that it will have (within acceptable
tolerances) a certain electrical height.

Top Loading

The electrical characteristics and perform-

ance of a tapered tower can be made to
approach those of a uniform tower by in-
corporation of a lumped capacity called a
“hat” at the top. However, the electrical
length of a top-loaded, tapered tower can-
not be predicted with any degree of cer-
tainty, and usually the top loading must
be adjusted experimentally to give the de-
sired electrical length. An exception, of
course, is where experimental data is avail-
able for a similar tower used on the same
or a slightly different frequency.
" A top loading “hat” is more effective for
a given size if it-is insulated from the tower
proper and connected to it via an induc-
tance. Also, variation of the inductance pro-
vides a convenient means of adjusting the
electrical length of the radiator. However,
the mechanical construction is not so simple
as in the case where the “hat” is connected
directly to the tower both physically and
electrically.

GUYED TOWER RADIATOR OF UNI-
FORM CROSS SECTION (TRUSCON) AT
WNAX, 927 FEET HIGH.

This tower is typical of the taller AM broad-

cast station towers of uniform cross section. In

the background Is a tapered, self-supporting
tower 325 feet high.

World Radio Histol
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TYPICAL COUPLING UNIT (E. F. JOHN-
SON C0.) FOR AN AM BROADCAST
RADIATOR, WITH FRONT PANEL RE-

MOVED TO SHOW INTERIOR CON-
STRUCTION.

A coupling unit of the general type shown often

is placed at the base of an AM broadcast

radiator to match the radiator to the transmis-~

sion line, protect the line in case of antenna

shorts or open circuit, and to provide lightn:ng
protection.

The current distribution on a tower of
uniform cross section is substantially sinu-
soidal, but the distribution departs consider-
ably from sinusoidal when the tower has
a cross section which varies appreciably. The
distribution on a tapered tower becomes
very nearly sinusoidal, however, when a sig-
nificant amount of top loading is employed.
But the current no longer aproaches zero
near the top.

The electrical length of an unloaded,
tapered tower usually is appreciably less
than its physical length, while the electrical
length of an unloaded, uniform tower is
slightly greater than its physical length. The
electrical length of either type can be in-

creased as desired by incorporation of top
loading, though there is an economical
limit to the amount of top loading than can
be employed. A point is reached where it
is cheaper to increase the height of the
tower than it is to increase the size of the
“hat” or its series inductances and insula-
tion. However, when a station is close to an
airport and is limited as to physical height
by regulations, considerably more top load-
ing may be employed than would otherwise
be the case,

Optimum Electrical Length of Tower

The optimum length of a vertical tower
radiator for a particular installation depends
upon many factors when economy and sky-
wave interference problems are considered.
An electrical length of about 230 degrees
(or approximately 0.63 wavelength) gives
maximum surface wave amplitude for a giv-
en transmitter power when the base of the
radiator is at ground level, but produces a
strong hiih-angle lobe which is capable of
causing objectionable sky-wave interference
inside the limit of ground wave coverage.
When the tower base is at ground level,
this high-angle lobe occurs for any electrical
length exceeding 180 degrees (one half
wavelength), but it does not have sufficient
amplitude to be objectionable until the elec-
trical length exceeds 190 degrees. As the
surface wave field strength is 9o per cent
as strong for an electrical length of 190
degrees as it is for an electrical length of
230 degrees, and because a length greater
than 190 degrees requires recourse to rather
elaborate techniques to suppress the high-
angle lobe, an electrical length exceeding
190 degrees seldom is employed.

If an efficient, low resistance ground sys-
tem is employed, the surface wave field
strength drops less than 25 per cent as the
electrical length of the radiator is decreased
from 190 degrees to 9o degrees (one quar-
ter wave length). For this reason it is more
economical for low power “community” sta-
tions in the higher frequency portion of
the AM broadcast band to employ radiators
having an electrical length of approximately
one quarter wavelength. High power “re-
gional” stations at the lower end of the
band can more profitably employ a radiator
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having an electrical length approaching 190
degrees.

Because of the foregoing considerations,
the F.C.C. prescribes the antenna height to
be employed by a particular station, thus
ensuring the most efficient and practical
utilization of facilities.

It was assumed in the foregoing discus-
sion of optimum electrical length that there
is not a great difference between the elec-
trical and physical lengths. For economi-
cal amounts of top loading this condition
obtains, and the surface wave field strength
and space wave pattern will be very nearl
the same for a given electrical height wit
or without the top loading. However, if an
unusually large amount of top loading is
employed, as in the case of a radiator near
an airport, this no longer is true.

Feed Methods

Vertical tower radiators may be either
series fed or shunt fed. With series feed
the tower base is insulated from ground.
With shunt feed the base of the tower is
grounded. The two methods give com-
parable performance, but require different
methods of matching the radiator to the
feed line. In either case the radiator is
matched by experimental variation of one
or more lumped reactances, because the im-
pedance offered by the tower can be cal-
culated only aproximately. However, such
calculations are used in determining what
order of variable impedance to employ in
the coupling network. The small structure
used to house and weatherproof a coupling
network at the base of a tower radiator
is referred to as a “dog house.”

The radiator most amenable to accurate
calculation is one which has a uniform
cross section, no top loading, and is exactly
one quarter wavelength long electrically.
But even with a radiator of this type, pro-
vision should be made for experimental ad-
justment,

Both coaxial and open type lines are used
to feed tower radiators in the AM broad-
cast band. The former is to be preferred
from a performance standpoint, but the lat-
ter is much less expensive. When an open
wire line is employed it often is of the
multi-wire type.

ILLUSTRATING WEATHERPROOF CON-
STRUCTION OF TYPICAL ANTENNA

COUPLING UNIT OR “DOG HOUSE"
EQUIPMENT FOR AN AM BROADCAST
STATION (E. F. JOHNSON CO.).

Insulation

The base insulator of a series-fed tower
radiator should possess great mechanical and
electrical strength, low loss characteristics,
and not introduce an excessive amount of
shunt capacity between the base of the
tower and ground. The electrical require-
ments are most severe when the electrical
length of the tower is one half wavelength,
and least severe when the electrical length
is one quarter wavelength.

Guy wire insulators should have a low
loss factor, high mechanical strength, and
be of the “strain” type so that in case of
insulator failure the guy will still function.
Guys usually are broken up at least every
o.1 wavelength and often every .05 wave-
length or so. An insulator always is inserted
between a guy and its point of attachment
to the tower, and oftentimes an insulator
with a longer leakage path is employed at
this particular point, especially when the



L-F AND M-F ANTENNA SYSTEMS

e —
e oA o SR

BRSO vend < — = o
T "q::‘.m’..’
T T -

P —

FIVE TAPERED SELF-SUPPORTING
TOWER RADIATORS (BLAW-KNOX) AT
KQV, 350 FEET HIGH.

These base-insulated radiators are used in a
phased directional array to give a desirable
coverage pattern. In many cases two or three
radiators will give the desired pattern, but
under unusual conditions more are necessary.

point of attachment is a high impedance
point.

Ground Systems

The most desirable ground system for a
tower radiator which has its base at ground
level is a buried network of wires consist-
ing of a large number of “radials” extend-
ing out from the base of the tower at least
a quarter wavelength and preferably a half
wavelength. A worthwhile increase in
field strength is obtained with an increase
in the number of radials up to approxi-
mately 120, beyond which little further im-
provement is noted. The improvement in
performance with increased number and

length of radials is most pronounced with a
very short radiator (considerably shorter
than a quarter wavelength), but is still very
pronounced and substantially uniform for
practical radiator lengths of from one quar-
ter to one half wavelength. Also, the im-
provement is more pronounced in the case
of poor soil than in the case of good
soil, but still is quite pronounced in the case
of good soil.

Current general practice is to make the
radials about ¥ wavelength long physically,
to bury them just deeply enough to afford
sufficient mechanical protection, and to
“ground” the far end of each radial with a
rod driven as deeply as is practical into the
subsoil when the latter is substantially more
highly conductive than the topsoil.

When high voltages are developed be-
tween the lower end of the radiator and
ground, as in the case of a half-wave verti-
cal radiator, 2 “ground screen” or “ground
plate” oftentimes is placed directly under
the tower in order to minimize earth losses
at this point. The screen or plate is much
smaller in extent than a system of radials,
and also differs in that it is either a solid
sheet or effectively of much finer mesh. It
is used in addition to, rather than in place
of, the system of radials.

Tower Radiators on Buildings

The foregoing discussion assumed that
the base of the AM transmitter tower was
at or near ground level, as this condition
usually prevails. However, the radiator of
a low power metropolitan or “downtown”
station sometimes is for practical reasons
located atop a high office building. To
minimize r-f currents flowing in and rf
voltage appearing on the p%umbing and
other metallic components of the building,
the top of the building usually is covered
with a closely spaced network of wires
which are insulated from the building to
form a “counterpoise.” Unless the counter-
poise is quite extensive in terms of wave-
length, it will be found that the physical
length of a self-resonant “quarter wave”
must be considerably greater than for the
case of a perfect ground of infinite extent
(a condition whicl%t is approached in prac-
tice by a system of buried radials).
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It is for these reasons that the term
“length” rather than “height” has been
used in the foregoing discussion of tower
dimensions. The terms are interchangeable
only when the base of the radiator is at
ground level.

Directional AM Broadcast Arrays

In order to obtain a more advantageous
coverage pattern or to “protect” another sta-
tion on the same channel, or to accomplish
both at the same time, an antenna sys-
tem possessing horizontal directivity often-
times is desired. This requires the use of
more than one tower radiator. Directivity
control is by choice of tower spacing and
orientation, and by manipulation of the
magnitude and phase of the current in
each tower.

Various mechanical and electro-mechan-
ical “plotters” have been developed which
facilitate the determination of the pat-
tern obtained with a given combination of
parameters. However, the engineer usually
is more concerned with analysis than syn-
thesis, as the desired pattern usually is the
known and the required parameters the
unknown. A very useful device which
greatly facilitates either synthesis or analysis
is the “Antennalyzer” developed by Brown
and Morrison. The action is entirely elec-
trical. Its use is described briefly as fol-
lows.

Four sets of four potentiometers enable
the operator to set up the various tower
factors of four radiators. These are: the
distance from the reference (fifth) anten-
na; the azimuth angle; the magnitude of
the current; and the phase angle of the
current in each radiator. Thus, the device
will handle any conventional array having
not more than five elements. Because the
resulting pattern is displayed instantaneous-
ly on a cathode ray tube, it is a practical
matter to manipulate the dials until the de-
sired pattern is obtained. The dial settings
then indicate the correct tower location as
well as the required magnitude and rela-
tive phase of the current in each tower. At
the option of the operator, the pattern is
displayed in either rectangular or polar co-
ordinates.

When the desired horizontal pattern can

be approximated closely with either an end-
fire or a broadside arrangement, the end-
fire combination usually is to be preferred.
An end-fire array provides a slight increase
in vertical directivity along the line of max-
imum radiation, thus increasing the dis-
tance at which interference fading is first
encountered.

Oftentimes it will be found that the de-
sired current relationship can be realized or
closely approached by the use of one or
more parasitic elements. When this is not
the case, the elements must be driven.

Design of a variable coupling and phas-
ing network which will permit experimental
adjustment of the various tower currents
to the exact magnitude and phase desired,
requires a thorough knowledge of the meth-
ods used to calculate and measure antenna
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TYPICAL DIRECTIONAL ARRAY PHAS-
ING EQUIPMENT FOR AN AM BROAD-
CAST STATION (E. F. JOHNSON CO.).

A bank of reactive networks permits the magni-

tude and phase of the current fed to each

radiator in an array to be adjusted to the

values required to produce the desired directivity
pattern.
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impedances. These techniques are described
in detail in a pamphlet “Impedance Mea-
surements on Broadcast Antennas” issued
by the General Radio Co., Cambridge,
Mass.

Receiving Antennas for the AM
Broadcast Band

The more modern AM broadcast re-
ceivers (except for the very cheapest “mid-
gets”) usually are equipped with a self-
contained loop antenna which gives ade-
quate pickup on all except perhaps the
weakest stations. Provision is made, how-
ever, for attaching an external antenna
when the pickup of the loop is inade-
quate or it is desired to employ a special
noise-reducing antenna. The latter is simply
a combination of antenna, transmission line,
and impedance transformer which permits
placing the antenna proper as far from a-c
power wires as posible, because usually most
of the electrical interference picked up by
a simple AM receiving antenna is con-

ducted to the vicinity of the antenna via
the power wires.

ANTENNAS FOR 1600-3000 KC

Transmitting antennas used in the lower
end of the 1600-3000 ke. range for appli-
cations requiring maximum practicable sur-
face wave coverage (such as police radio sys-
tems) resemble those used by low power
AM broadcast stations at the upper end of
the AM broadcast band, as the same con-
siderations apply.

Transmitting antenna systems used in the
upper end of the 1600-3000 ke. range for
short and medium distance skywave trans-
mission are similar to the h-f antenna sys-
tems described in the following chapter for
use at the lower end of the h-f range. The
basic antenna is a half-wave horizontal
doublet supported at a height of from 1 /16
to 1/2 wavelength above ground, and the
difference between the various systems is
simply a matter of how the radiator is fed.




CHAPTER FIVE

High-Frequency Antenna Systems

Note on Antenna Schematics

When the electrical length, height, etc., is not
necessarily the same as the physical, the sub-
script E is used in the schematics throughout
the following chapters to indicate an “‘electrical”
dimension, and the subscript P is used to indi-
cate a physical dimension, whether in terms of
feet or in terms of free space wavelength. Thus,
L» refers to physical length, Le to electrical
length. When the two are the same, as in the
case of the spacing “'S” between two radiators,
no subscript is used.

With the exception of certain portable
military equipment and except for a few
applications at the extreme ends of the
range, communication at frequencies be-
tween 3 and 30 Mc. normally is via sky-
wave propagation. The range 3 to about
7 Mc. is utilized primarily for short and
medium distance sky-wave communication
via the F, or F, layer, usually the lower
end of the frequency range for nighttime
work and the higher end for daytime work.
Highly directional antenna systems seldom
are employed for short and medium distance
sky-wave communication; the antenna most
commonly used is a half-wave horizontal
radiator or receptor. Such an antenna shows
little directivity when used for high-angle
(short and medium range) sky-wave com-
munication,

The ranﬁe from approximately 7 to 30
Mec. is employed primarily for long distance
sky-wave communication (including inter-
national “shortwave” broadcasting), and
highly directional antenna arrays are the
general rule. At the higher frequencies it
is practical and economical to resort to ar-

rays which are large in terms of wavelength
for point-to-point work or for broadcasting
to a comparatively narrow sector, thus realiz-
ing gains u(E to approximately 20 db over a
half-wave dipole at the same average ele-
vation.

As there is an almost infinite variety of
combinations of radiating elements which
will provide a wave interference pattern
which results in useful directivity and
power gain, space can be devoted to a des-
cription of onry the more popular and more
representative of the types in general use.
First, however, the simple half-wave anten-
na will be considered in detail.

THE HALF-WAVE ANTENNA

A resonant radiator or receptor an elec-
trical half wavelength long commonly is re-
ferred to as a “half-wave dipole,” a “half-
wave doublet,” or a “half-wave Hertz.”
Such an element serves as the basic unit of
many directional arrays. It also is widely
used alone, either horizontally, or sloping,
or substantially in one of these two configu-
rations, for short and medium distance sil)l'-
wave communication. In fact, it may be
considered as the fundamental form of h-f
antenna,

There are dozens of methods of feeding
a half-wave antenna, and all will give about
equally good results when properly em-
ploved. Because in certain arrangements the
feed system is so closely tied up with the
operation of the antenna proper, the feed
svstem will be treated as an integral part
of the antenna system, and discussed con-
currently.
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ARROWS POINT TO END OF HORIZONTAL RADIATORS
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EXCELLENT
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© EXCELLENT BUT SHARPLY RESONANT
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GROUND SCREEN OR GRID

Figure 5-1.

ILLUSTRATING RELATIVE MERITS OF
VARIOUS INSTALLATIONS OF HORI-
ZONTAL RADIATOR FOR WORKING
OVER DISTANCES AT WHICH HIGH
ANGLE RADIATION IS EFFECTIVE.

The representation applies to F, or F, refracted
frequencies between 3 Mc. and 7 Mc. and dis-
tances up to approximately 200 or 300 miles
(depending upon the height of the controlling
ionosphere layer). The B and C installations.
will in general be about 5 db better than the
“fair’” installation at A, and about 3 db better
than the “good” installation at A.

Communication Via High-Angle Sky Wave

For short and medium distance work via
sky-wave propagation over ranges of o to
300 miles, the effective radiation (or re-
sponse) is that which occurs at elevations
above about 45 degrees. For such work the
optimum height of a horizontal half-wave
radiator is between % and % wavelength
above the surface of the earth, and little dif-
ference in signal strength will be noted be-
tween the broadside and end-on aspects of
the radiator, if level terrain and propagation
via the F, or F, layer are assumed. When
the antenna is located over or among irregu-
lar “scattering” objects such as overhead
power and telephone wires, trees, buildings,
etc., the optimum height is difficult to pre-
dict, though in general it may be said that

the radiator should preferably be sufficiently
high so as to be well-removed from sur-
rounding objects, in order to minimize ab-
sorption losses.

The signal strength at distances less than
150 or 200 miles can be improved by plac-
ing the radiator over a perfectly flat piece
of ground which is clear for a distance of
at least %2 wavelength in every direction.
A radiator so located and elevated % wave-
length above the surface of the earth will
deliver a signal at 150 miles which is, on
the average, several db better than from
a radiator which is much higher but is lo-
cated over “scattering” terrain. (See figure
5-1.)

As the height of a horizontal radiator over
smooth terrain of average conductivity and
dielectric constant is reduced below % wave-
length, the ground losses become appreci-
able as a result of the increased strength
of the induction field. Were it not for this
factor, maximum signal strength over short
distances could be obtained with very low
antenna elevations, on the order of 1/16
wavelength.

When it is impossible or impractical to
elevate the antenna as much as 1/10 wave-
length above flat ground, the short-range
signal strength can be made to approach
that obtained under optimum conditions
by installing a ground screen under the
radiator, the screen consisting of numerous
wires buried in or laid on the ground, par-
allel to each other and to the antenna, as
in figure 5-1C. The wires should be some-
what more than a half wavelength long,
and be placed about every 2 degrees of arc
for slightly over 9o degrees as viewed from
the antenna,

Making use of this expedient, the radi-
ation efficiency can be kept high even with
antenna elevations on the order of 1 /20
wavelength, but the Q of the antenna tends
to become objectionably high, restricting
use of the antenna to a very narrow fre-
quency range, unless provision is made for
tuning the system to resonance, or measures
are taken to broaden the response. Fortun-
ately the sharpness of resonance can be
minimized somewhat by resorting to one of
several schemes which will be discussed
later.
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The arrangement of figure 5-1C is the
only one to which idealized “perfect
ground” patterns apply even approximately.
Therefore, unless this type of installation
is employed, “perfect ground” curves are
more or less of academic interest.

It should be kept in mind that in all com-
pass directions except perpendicular to the
radiator, the radiated wave has a vertically
polarized component, and that at all vertical
angles directly off the ends only the ver-
tical component exists, When used for
reception, this also applies to the response.
This is an important consideration when
such an antenna is employed for reception,
because when the antenna is located over
either average or poor ground the antenna
will have considerable response to verti-
cally polarized noise waves arriving end-on
at grazing angles, due to the fact that the
imperfect earth causes a wave tilt, as ex-
plained in chapter 1 in connection with
surface wave propagation. At low angles
above approximately 3 degrees another
mechanism contributes to the end-on radia-
tion and response in the following manner,
particularly when the horizontal radiator is
not so close to the earth that low angle
sky waves merge with surface waves.

Below the pseudo-Brewster angle the
phase shift of a vertically polarized wave on
reflection exceeds 9o degrees, causing the
direct and earth reflected waves from a
vertical radiator to cancel. As zero elevation
is approached the reflection coefficient ac-
quires a magnitude approaching 1.0 and a
phase angle approaching 180 degrees, re-
sulting in virtually complete cancellation of
the direct and ground reflected components
of the space wave (though the antenna may
still be responsive to grazing space waves
which are effectively converted to surface
waves close to the earth, and likewise may
transmit surface waves which excite low
angle space waves).

In the case of end-on radiation from
a horizontal antenna, however, there is an
extra phase reversal which puts the direct
and ground reflected components of the
low-angle space wave back in phase. This
is due to the fact that the direction of the
vertical component of the electric vector
of the ground reflected wave is opposite

to that of the direct wave as they leave the
horizontal radiator. Thus we see that if it
were not for aspect directivity, a low hori-
zontal radiator over typical soil would pro-
vide much better low angle space wave
transmission or response in the h-f range
(in an end-on direction) than would a ver-
tical radiator at the same height above the
same soil.

Utilizing this appreciable end-on re-
sponse and radiation at low vertical angles,
it is sometimes possible to hear and transmit
to distances over 2000 miles using modest
power in a low, horizontal antenna over
flat terrain, though there is a common
misconception that such an antenna always
exhibits greatest low-angle radiation and
response in a direction normal to the ra-
diator rather than end-on. The effect is
most pronounced with low antenna heights
(less than % wavelength) and poor soil, the
former tending to minimize the low-angle
broadside response and radiation, and the
latter tending to increase the low-angle
end-on response and radiation.

The polar diagrams of figure 5-2 illus-
trate the end-on and broadside vertical di-
rectivity of a low horizontal radiator in the
range 3 to 7 Mec. over perfect ground and
typical soil. The curves are for a constant
amount of power fed to the radiator; they
take into account the impairment of radia-
tion efficiency due to earth losses. They also
assume that the terrain is flat for considera-
ble distance in every direction, a condition
seldom encountered in actual practice. The
effect of scattering terrain such as figure
5-1A is a moderate reduction in the aver-
age amplitude of the high-angle radiation
and response in all horizontal directions,
and a great increase in the low-angle broad-
side response.

For instance, the antenna of figure 5-1A
marked “fair” may be much more effective
in a broadside direction at vertical angles
below about 20 degrees than the instal-
lation of 5-1B, provided that the type of
terrain shown under each radiator continues
for considerable distance. This is explained
by the fact that with a low radiator over
flat terrain the ground reflected waves buck
the direct radiation at angles below about
30 degrees, instead of reinforcing it, and
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Figure 5-2.

BROADSIDE AND END-ON VERTICAL DIRECTIVITY OF A HORIZONTAL HALF-WAVE

ANTENNA OVER PERFECT AND TYPICAL GROUND FOR FREQUENCIES BETWEEN 3

AND 7 MC. AND HEIGHTS COMMONLY USED FOR SHORT AND MEDIUM DISTANCE
SKY-WAVE COMMUNICATION AT THESE FREQUENCIES.

The curves represent field strength for the same amount of power fed to the antenna
in each case, allowance having been made for resistance losses in imperiect ground. The
important things to note are that a low horizontal antenna shows little horizontal di-
rectivity at the high angles useful for sky-wave communication via the F, or F, layer
over distances up to about 300 miles, and that over typical soil of average conductivity
the antenna actually is more effective end-on than broadside at very low or grazing an-
gles. Curves C and D are affected only slightly by differences in soil ranging from poor
to good, but for highly conducting earth like salt marsh the perfect ground curves are
more appropriate.

by scattering and dissipating much of the
ground directed energy the resultant am-
plitude of the space wave is actually in-
creased at low angles. At the very low
angles effective for propagation over ex-
treme distances, the installations of figure
5-1A may be as much as 10 db better in
a broadside direction than the arrangement
of figure 5-1B or 5-1C,

In an end-on direction over typical flat
earth the ground reflected wave from a low
horizontal radiator aids the direct wave at
very low angles, and therefore scattering
and dissipating the ground reflected com-
ponent usually will decrease the amplitude
of the resultant space wave, though this
depends somewhat on the nature of the
scattering terrain.

Receiving Considerations

The low-angle response of a “high angle”
antenna intended for short and medium dis-
tance reception is of considerable import-
ance from a receiving standpoint because
most of the atmospheric noise existing in
the lower portion of the h-f range in the
continental U. S. A. tends to arrive at
very low angles from equatorial regions

(excepting, of course, noise due to local
thundershowers).

When a horizontal antenna is being used
for high-angle, short or medium distance
reception, it is advisable to orient the an-
tenna so that the antenna is broadside to
the distant noise sources. This means that
the antenna will be erected in a more or
less east-west direction. When this orien-
tation is impossible or impracticable, and
it is necessary to run the radiator in a north-
south direction, then end-on response to
low-angle waves arriving from the equator-
ial regions can be minimized by tilting the
antenna at an angle of from 5 to 15 de
grees, with the high end towards the noise
source. The optimum amount of tilt is
rather critical and depends upon the fre-
quency and the ground characteristics. It
is best determined experimentally for each
installation.

In some cases it will be found profitable
to install a small “anti-static” antenna for
reception purposes only, for short distance
sky-wave reception on frequencies in the
3 to 5 Mec. range, rather than attempt to
employ the same antenna for both trans-
mission and reception. Such an anti-static
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antenna can be installed as a standby an-
tenna to be used only when signal strengths
are strong but atmospherics are bad. Or,
if the received signal strength is sufficient
at all times to override the inherent receiver
background noise when using the anti-
noise antenna, the latter antenna may be
permanently connected to the receiver, the
transmitting antenna in this case serving
exclusively as a transmitting antenna.

An anti-noise antenna of this type is
illustrated in figure 5-3. It will deliver con-
siderably less signal to a receiver than will
a good transmitting antenna, but when the
transmitting antenna cannot be installed
in such a manner as to minimize equatorial
static, the improved signal-to-noise ratio af-
forded by the anti-noise antenna oftentimes
will permit reception of signals which
otherwise would be unintelligible because
of atmospheric noise. Also, if the anti-
noise antenna is made comparatively short it
may be easier to keep it away from power
wires and other conductors and radiators
of local electrical noise than is the case for
a half-wave antenna.

Half-Wave Antennas for Moderately Long

Distance Communication

For some military and commercial appli-
cations such as portable work, or where
the necessity for simultaneous omnidirec-
tional transmission or reception makes a
high degree of horizontal directivity un-
desirable, half-wave antennas sometimes are
employed effectively for communication
over moderately long distances (say, 500
to 1500 miles) at frequencies up to 12 Mc.
and even higher. Radio amateurs unable
or reluctant to erect a more elaborate an-
tenna system have spanned the globe with
low power using half-wave antennas at
frequencies up to 30 Me., though it is
much more easily accomplished with a high
gain directional array.

For single-hop sky-wave communication
via the F, or F, layer over distances of
500 to 1500 miles, the optimum height of
a horizontal half-wave radiator over flat ter-
rain is between % and % wavelength. Such
an antenna will show noticeable horizontal
directivity at these distances, but not
enough to degrade the end-on effectiveness

WINLEAD, TWIST
ONCE EVERY 5’ OR10°

300 01, TWINLEAD OR 8
150 O SHIELDED PAIR SPACE WIRES TO
ABOUT { FT,

Figure 5-3.

“ANTI-STATIC” RECEIVING ANTENNA

FOR SHORT AND MEDIUM DISTANCE

SKY-WAVE RECEPTION AT FREQUEN-
CIES BETWEEN 3 AND 7 MC.

If the anti-static antenna is used only when at-
mospherics are bad, it may be short (20 to
40 ft.) and the feed line need not be resonated
at the receiver input. If it is used at all times,
it should be longer (40 to 80 ft.) and the over-
all system (antenna plus feed line) should be
resonated to the recelved signal at the receiver
input. For maximum reduction of both tropical
static and local man-made electrical noise the
feed line should leave the antenna at approxi-,
mately a right angle for some distance and
the recelver input circuit should be symmetrical
(“balanced””). When the receiver input is not
perfectly balanced and free of stray capacity
coupling, a worthwhile Improvement in perform-
ance can be obtained by substituting for the
Twin-Lead a line of 300-ohm 3-wire (neutral
ground) ribbon or a line of 150-ohm shielded
pair (of the type employed for television re-
celver lead in).

appreciably. When the terrain near the
antenna is such as to cause considerable
scattering of the ground-directed wave, the
optimum height for communication over
these distances is best determined by ex-
periment, though usually there will be little
difference in performance once the antenna
is elevated enough to top the highest sur-
rounding structure.

Vertical half-wave antennas once were
commonly used for omnidirectional h-f com-
munication over medium and long distances
but no longer are widely employed.

FEEDING THE HALF-WAVE
ANTENNA

The most practical method of feeding
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a half-wave antenna depends upon various
considerations involved in the particular
installation, and usually the considerations
involved will permit a choice between sev-
eral arrangements of comparable suitability.
The advantages, disadvantages and pecu-
liarities of each of some of the more popu-
lar arrangements will be discussed in sufh-
cient detail that the reader should be able
to choose one which is well suited to his
particular requirements.

It should be kept in mind that while
the following discussion refers specifically
to the problem of feeding power from a
transmitter to an antenna, it applies also to
the feeding of energy from an antenna to
a receiver. When a transmission line is in-
volved, only the matching of the line to
the antenna and vice versa will be con-
sidered at this time, as the problem of
coupling a line to a transmitter or receiver
is a separate problem which can be treated
without regard to the type of antenna in
use, and will be so treated in a later chap-
ter.

THE END-FED HALF-WAVE ANTENNA

A low half-wave horizontal antenna may
be “voltage fed” simply by bringing one end
down to the transmitter. If the overall elec-
trical length is a half wavelength and the
flat top runs in a straight line, the reactance
presented to the transmitter will be zero
and the feed point resistance usually some-
where between 3000 and 10,000 ohms,
the exact value depending upon the height
of the “flat top,” the diameter of the con-
ductor, the soil conductivity, and the pres-
ence of surrounding objects.

If the feed point resistance is on the
order of or lower than the optimum plate-
to-ground load impedance of the final am-
plher stage, the antenna may be tapped
on the tank coil at a point which gives the
desired loading, as in figure 5-4A. A series
blocking condenser should be inserted if
plate voltage on the final stage is series
fed. The radiator may be operated slightly
off its natural resonant frequency simply by
“tuning out” the reactance by means of C,
in figure 5-4A.

If the feed point resistance of the an-

tenna is too high to provide sufficient load-
ing even when the antenna is clipped
directly to the “hot” end of the tank circuit,
either the tube plate may be tapped down
on the tank, or the feed point impedance
of the antenna may be lowered by using
either 2 much larger diameter conductor
or else two parallel wires spaced from one
to three feet. The use of two parallel wires
has the effect of increasing the diameter of
the radiator considerably, and either exped-
ient will lower the impedance of the radia-
tor at a voltage loop. The two conductors
should be tied together at the transmitter
and may be either shorted or left open at
the far end.

The use of two conductors also will in-
crease the frequency range over which the
antenna may be operated without an ob-
jectionable amount of reactance being pre-
sented to the tank circuit. When an ex-
cessive amount of reactance is present, it is
not practicable to compensate for it by
tuning of the final amplifier tank circuit.

At frequencies in the lower end of the
h-f range this system of direct excitation
is just about as efficient a way of feeding
a low horizontal radiator as using a trans-
mission line, but ordinarily is employed
only for low-power portable or emergency
work because there is no attenuation of
harmonics which are present in the final
amplifier tank circuit.

Discrimination against harmonics and the
ability to work over a wider frequency
range can be obtained by the incorporation
of an intermediate parallel L/C circuit
between the transmitter and antenna. This
circuit, which is essentially a tank circuit,
is most conveniently coupled to the final
amplifier tank by means of link coupling,
as shown in figure 5-4B; adjustments in
loading are more easily accomplished with
link coupling than if direct magnetic coup-
ling were employed between the two tank
circuits.

A reduction in low-angle noise pickup
can be accomplished by making the overall
electrical length of the radiator slightly
longer than one half wavelength, so that
the voltage loop occurs part way up the
vertical portion of the radiator and the
vertically polarized noise waves picked up
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SIMPLE END-FED (“VOLTAGE-FED”’) HALF-WAVE HORIZONTAL ANTENNAS.

While the arrangement at A is quite efficient when operating under optimum conditions, ar-

rangement B is to be preferred because of its high discrimination against harmonics. If a short,

heavy grounded lead is used, its length need not be considered when calculating the required

length of the antenna proper. Antennas of the type illustrated seidom are used at frequencies
above approximately 7 Mc.

by the various parts of the antenna tend to
cancel. The optimum overall electrical
length for low-angle noise reduction de-
pends upon the ground constants, radiator
height, and other factors, and is not nec-
essarily the same for end-on pickup as for
broadside pickup. A compromise value
usually will be obtained with an overall
length which causes the voltage loop to
occur slightly above half way up the verti-
cal portion of the radiator.

The radiator can be matched satisfac-
torily over a much wider frequency range
by substituting a pi or L section network for
the tuned tank circuit, but these coupling
devices do not afford the foolproof atten-
uation of harmonics that is obtained with
the resonant tank coupler. It is recom-
mended that when the frequency range
to be covered exceeds that which can be
handled conveniently with a single resonant
tank circuit Cor roughly 10 per cent), the
resonant tank coupler still be employed and
the radiator sectionalized with one or more
insulators which can be shorted out by
means of a switch operated from ground
by means of a cord.

The plate spacing of condenser C, is
determined by the voltage at the end of
the radiator, which in turn is determined
by the transmitter power and the feed point
impedance of the radiator. Though the
value usually will be lower, a safe figure
to use for the feed point impedance in
determining the required condenser spacin
is 10,000 ohms for a single conductor of
no. 12 wire and 7000 ohms for two parallel
wires of the same size. These figures as-
sume that the “flat top” is fairly well in the
clear, runs in a straight line, and is not
located at a very low height over salt
marsh or a ground screen. If the flat top
has a pronounced bend or is located very
low over a highly conducting surface such
as salt marsh or ground screen, the feed
point impedance may be considerably high-
er than these values,

The smallest maximum capacity rating
suitable for C, is determined by the mini-
mum C/L ratio which will provide suffi-
cient loaded Q to permit the desired coup-
ling to the transmitter to be obtained by
adjustment of the coupling links. If too
low a C/L ratio is employed, it will be
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impossible to obtain sufficient coupling
without resorting to rather large and un-
wieldy coupling links, and the loaded Q of
the antenna tank will be too low to afford
good discrimination against harmonics.
Also, there should be some excess capacity
available over and above that required to
resonate the coil to the operating frequency,
in order to permit “tuning out” of a mod-
erate amount of reactive component in the
feed point impedance of the antenna. A
variable capacitor having a maximum ca-
pacity of .coos ufd. usually will suffice
for frequencies in the range of 3 to 5 M.,
the ran%c in which this type of antenna
commonly is employed.

When a capacitor is available having con-
siderably more spacing than required for the
arrangement of figure 5-4B but with some-
what less maximum capacity than is re-
quired for a C/L ratio which will permit
satisfactory loading and provide good har-
monic  attenuation, the antenna may be
tapped down on the coil to increase the
loaded Q.

The same effect is obtained by moving
the ground connection to a tap on the coil,
or removing the ground connection and
letting the coil “assume” a ground point or
node, the location of which is determined
by the amount of stray capacity between the
“unused” end of the tank and ground and
between the link and the coupling coil.

Either tapping the antenna half way
down the coil or grounding the center of
the tank produces substantially the same
effect upon the loaded Q, which is to raise
it by an amount corresponding to an in-
crease in the C/L ratio of approximately
4 times. “Fudging” the stray capactiy so
that without a direct ground the voltage
node occurs at the center of the coil also
produces substantially the same result.
However, it is preferable to ground the
bottom end of the tank and tap the antenna
down on the coil, as this permits a cold
rotor.

Because of the very high feed point im-
pedance offered by ‘the antenna proper,
the ground lead may have appreciable im-
pedance without greatly affecting the tun-
ing of the antenna tank, especially when
the overall electrical length of the antenna

is exactly a half wavelength. Also, because
of the high feed point impedance, the
amount of current Howing in the ground
wire is so small that its effect upon the
radiation pattern may be neglected except
when the ground lead is quite long or the
antenna proper is operated considerably
removed frem its natural resonant fre-
quency.

It has been assumed in the foregoing
discussion that the antenna tank is right
at the transmitter location, and that the
length of the link line is an insiiniﬁcant
fraction of a wavelength. When this con-
dition prevails, the characteristic impedance
of the short link line and the question of
whether it is working under flat line con-
ditions may be ignored. So long as the link
line is short and of low loss construction,
consideration need be given only to whether
the desired loading can be obtained.

Sometimes, in order to minimize the
amount of radiator contained within the
building housing the transmitter, or to get
the “hot” part of the antenna away from
the transmitter, the antenna tank is placed
some distance from the transmitter. In this
case the link line no longer can be con-
sidered as simply a part of the couplin
mechanism and treated as part of a lumpeg
circuit, but rather must be treated as a
transmission line if best performance is to
be obtained. 300 ohm “Twin-Lead,” rather
than low impedance cable, is recommended
as the link line except where the power is
excessive for this type of line. It is easier
to obtain the desired operating conditions
when 300-ohm Twin-Lead is employed,
and its use minimizes the line loss when
a mismatch does exist. When the line is
properly adjusted it should be possible to
substitute a 300-ohm noninductive resistor
at the far end of the link line with negli-

ible effect upon loading or tuning of the

Enal amplifier tank circuit. However, con-
siderable deviation from this optimum con-
dition can be tolerated when Twin-Lead is
employed, with no significant effect other
than to make the overall system more fre-
quency sensitive (thus requiring that C, be
retuned for even small changes in fre-
quency).

A reduction in harmonic radiation often
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Figure 5-5.

CENTER FED ANTENNA WITH RES-
ONANT FEED LINE.

When a suitable coupling network is employed,
this antenna system can be used with

efficiency and substantially the same pattern
over a continuous frequency range of about
4 to 1. However, other feed systems are to be
preferred when this flexibility is not required.
To minimize antenna effect, the feed line should
feave the antenna at approximately a right
angle for at least one wavelength, or until it is

close to the ground.

can be realized by grounding one side of
the link line at one or both ends, thus
minimizing coupling to the antenna at the
harmonic frequency via stray capacity.
Also, if one side of the link line is con-
nected to ground at the transmitter and the
same side of the link line is connected to
the rotor of C,, the separate ground con-
nection shown at C, often may be elimi-
nated with no increase in harmonic radia-
tion, especially if the link line is not unduly
long. It is recommended that the combi-
nation affording minimum harmonic radia-
tion be determined for each individual
installation by experiment, because even a
small amount of harmonic radiation from
a 3 to 7 Mc. transmitter can cause serious
sky-wave interference to other services.
Generally speaking, maximum harmonic at-
tenuation will be obtained with the antenna
connected to the ungrounded side of the
condenser, rather than tapped down the
coil, if the loaded Q is made the same in
both cases.

There are other methods of high im-
pedance (‘“voltage™) feed for end feeding
a half-wave antenna which involve the
use of a transmission line, but they will

not be dealt with because of the fact that
low impedance (“current”) feed minimizes
feed line insulation requirements and allows
a more balanced arrangement, thus mini-
mizing feed line pickup and radiation, or
“antenna effect.”

While not pronounced enough to be of
much practical interest or concem, it
should mentioned in passing that the
horizontal directivity pattern of an end-fed
half-wave antenna (ignoring radiation from
the vertical portion) does not maximize
normal to the line of the radiator, but
rather is “cocked” slightly towards the un-
fed end, causing the “noses” of the two
lobes to be separated by slightly less than
180 degrees. This distortion of the theo-
retical pattern is a characteristic of all ra-
diating systems which are not symmetrically
fed; but because the horizontal pattern of a
half-wave radiator is so broad the dissym-
metry can in this case be ignored.

CENTER-FED ANTENNA WITH
RESONANT FEED LINE

When it is undesirable or impracticable
to bring one end of the antenna into the
building which houses the transmitter and
receiver, it may be fed in the exact center
with a resonant feed line having a surge
impedance of 500 to 60o ohms, as in figure
5-5. A half-wave radiator fed in this man-
ner is referred to variously as a “center-
fed zepp,” a “tuned doublet” and a “center-
fed Hertz.”

The principal advantage of this antenna
is that the radiator may be operated well
off its natural resonant frequency without
introducing antenna effect or appreciable
line loss, provided that the radiator is sym-
metrical with respect to ground and sur-
rounding objects. Its chief disadvantage is
that the system is quite frequency sensitive,
and a rather elaborate matching arrange-
ment must be used at the transmitter unless
the line is cut to a critical length which eli-
minates the reactive component at the trans-
mitter and the system is used only over a
verv narrow range of frequencies.

When a suitably flexible matching ar-
rangement is employed, the system may be
used at anv frequency between one half
and twice the natural resonant frequency of
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the radiating portion without greatly affect-
ing the efficiency or radiation pattern. The
efhciency does fall off slightly when the
electrical length of the radiating portion
is considerably shorter than a half wave-
length, and the horizonta] directivity in a
broadside direction is noticeably increased
es the length approaches a wavelength, but
when considered on the basis of signal
strength in db, the difference is small. As
the electrical length of the radiating por-
tion is made longer than one wavelength,
the horizontal directivity becomes more pro-
nounced and the pattern acquires multiple
“lobes,” so that the system no longer can
be considered as a nondirectional antenna.
Such antennas are discussed later under the
subject of directional antenna systems.

Under all conditions of operation the
SWR on the open line will be rather high,
and to keep line losses negligible the spac-
ing insulators should be of low loss material.
Also, if the antenna is used with a trans-
mitter which delivers much power, the line
spacing should not be less than about 6
inches or difhiculty may be experienced with
line flashover.

In determining the nature of the imped-
ance that will be presented at the trans-
mitter end of the line it should be kept in
mind that a section of line an electrical
half wavelength long “repeats” the load and
a section an electrical quarter wavelength
long “inverts” the load. However, as the
main reason for using this type of antenna
is its flexibility with regard to useful fre-
quency range when a suitable matching net-
work is employed, it can be assumed that
such an antenna ordinarily will be used in
connection with a “universal” coupler at the
transmitter, in which case the exact length
of radiator and line (within practical limits)
are of minor importance,

If antenna tilt or surrounding objects
cause dissymmetry, the overall system no
longer will be balanced, and some antenna
effect will be present on the line. In most
applications a moderate amount of antenna
effect can be tolerated, but when it cannot,
the antenna should be placed over a clear,
flat piece of terrain and not be tilted.

The mean SWR over the useful frequen-
cy range of the system can be reduced

slightly by employing a tuned line having
a somewhat lower characteristic impedance,
say 200 or 300 ohms. However, because of
the much closer spacing required for a
line of this impedance, both the losses and
the tendency towards flashover can be re-
duced by utilizing a comparatively wide-
spaced line having somewhat higher char-
acteristic impedance than that which would
give the lowest average SWR over the use-
ful frequency range (assuming a constant
diameter for the line conductors).

Strictly speaking, this antenna is not a
half-wave antenna except when operated
at or near one frequency in its useful range,
because over the useful range the electrical
length of the radiator varies from approxi-
mately % wavelength to one wavelength.
However, for all practical purposes it ma
be considered in the same category as a halt-
wave antenna, because the pattern is com-
parable over the aforementioned frequency
range.

THE “HALF-WAVE DOUBLET” WITH
SYMMETRICAL FEED

The loop radiation resistance of a prac-
tical half-wave horizontal radiator differs
considerably from the idealized values in-
dicated in figure 3-4. The loop radiation re-
sistance, which also becomes the feed point
resistance when the antenna is center fed,
runs between approximately 30 and 8o
ohms in typical installations, the exact value
depending upon the ground constants, the
effective height of the radiator, the presence
of surrounding objects, and the effective
length/diameter ratio of the conductor or
conductors.

If the radiator is cut to a resonant length,
it is apparent that when it is fed at the
exact center the feed point impedance will
be purely resistive and have a magnitude in
the range 30 to 80 ohms. If the radiator
is fed with a line having a surge impedance
of similar magnitude, the SWR will be
low and the line will qualify as a “non-
resonant” line.

Both “Twin-Lead” type polvethylene di-
electric molded pair and “EO-1” type
rubber dielectric twisted pair line are avail-
able in 70-75 ohm characteristic impedance,
and are suitable for direct feed of a half-
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Figure 5-0.

HALF-WAVE DOUBLET WITH SYM-
METRICAL FEED.

The feed line should leave the radiator at ap-
proximately a right angle for at least a wave-
length or until it is close to the ground. The
optimum physical length (Lr of the radiator
depends upon many factors and is best de-
termined experimentally, though in most cases
satisfactory fixed-frequency operation will be
obtained if the antenna is cut to 96 per cent
of a free-space half wavelength. 300-ohm Twin-
Lead can be substituted for the 75-ohm Twin-
Lead by using a “Q"“ matching section (linear
transformer) of 150-ohm Twin-Lead exactly an
electrical quarter wavelength long. However,
the 300-ohm Twin-Lead is more vulnerable to
wet weather,

wave doublet without resort to any im-
pedance transforming device at the antenna
feed point. Such an antenna is illustrated
in figure 5-6.

A characteristic impedance of about 5o
ohms would, on the average, provide a
closer impedance match, but as of this writ-
ing such line is not available in symmetrical
configuration. If the antenna is close to
highly conducting ground or surrounding
objects and the 70-ohm cable overheats or
the reactive effects due to the mismatch
are found objectionable, the situation can
be improved by the use of two identical
lengths of 70-75 ohm line connected in
parallel (separated at least several times
the cable diameter), thus reducing the
characteristic impedance to half that of a
single length of line. If the two lines are
cabled or twisted together, the impedance
will be lowered to somewhat less than half.

This type of antenna can be made in-
herently unresponsive to the second har-
monic by making the line an integral num-
ber of electrical quarter wavelengths long

sPACED aBOUT 5

750, TWINLEAD OR EO-¢
CABLE, ANY LENGTH

Figure 5-7.

BROAD-BAND HALF-WAVE DOUBLET
WITH SYMMETRICAL FEED.

The useful range of a resonant doublet can be
increased considerably by lowering the Q of the,
radiator. This is accomplished here by effectively
decreasing the length-diameter ratio. The use:
of two fanned conductors produces essentially
the same effect as does a large increase in the
diameter of a single conductor radiater. In
some cases a further improvement may be
realized by slightly staggering the upper and
lower element lengths.

at the fundamental, and grounding one side
of the line (or the center of the coupling
coil) at the transmitter. However, this an-
tenna system is an excellent third (or other
odd) harmonic radiator regardless of the
length of the line. Therefore, when this
antenna is used under circumstances re-
quiring that odd harmonic radiation be
kept to an absolute minimum, some means
of attenuating the harmonics must be pro-
vided.

This antenna will work only over a
rather limited frequency range, the width of
which is determined by the effective Q of
the radiator and how well the line imped-
ance matches the feed point resistance at
the mid-frequency. Because the physical
length required for resonance depends up-
on so many unpredictable factors, the opti-
mum length of the radiator is best deter-
mined experimentally, starting with a phys-
ical length equal to 98 per cent of a free
space half wavelength and then checking
the resonant frequency of the radiator. If
it should be 2 per cent lower than the de-
sired band center or mid-frequency, then the
ends should be pruned equally to shorten
the overall length by approximately 2 per
cent,

The range over which the antenna may
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Figure 5-8.

HALF-WAVE DOUBLET WITH COAXIAL
FEED.

This antena is similar to that of figure 5-6
except for the use of coaxial line in place of
molded or twisted pair line, and the same re-
marks apply. If the coaxial line leaves the
antenna at a right angle for at least a wave-
length or until it is close to ground, the antenna
effect will not be great in spite of the un-
balance at the junction between antenna and
feed line, provided that the radiator is operated
close to resonance. Antenna effect can be mini-
mized when necessary by cutting the line to
a length which detunes the overall system with
respect to antenna effect, as described in the
text. 52-ohm cable is specified because it comes
closer than 75-ohm cable to the mean value
of feed point impedances encountered in actual
practice,

be employed without the SWR becoming
objectionable and causing excessive line loss
or undesirable reactive effects may be in-
creased by the expedient shown in figure
5-7, whereby the Q of the radiator is
lowered by decreasing the effective length-
to-diameter ratio.

In some cases a further slight improve-
ment can be realized by staggering the
element lengths so that the lower wires are
slightly longer or shorter than the upper
wires, though the possible improvement
is dependent upon the maximum tolerable
SWR and other factors; in some cases it
is negligible and in no case is it great.

HALF-WAVE DOUBLET WITH
COAXIAL FEED

Solid dielectric coaxial cable may be sub-
stituted for the EO-1 cable or “Twin-
Lead” line shown in figures 5-6 and s5-7.
Because of the unbalance® at the antenna
feed point connection, some antenna effect

750 COAX, ANY LENGTH

Figure 5-9.

LOW HALF-WAVE DOUBLET WITH
COAXIAL FEED, UTILIZING QUARTER-
WAVE Q" SECTION.

When a half-wave horizontal antenna is located
close to ground having good conductivity or to
a ground screen, the feed point resistance wiil
be cons.derably less than 52 ohms. In cases
where it Is less than 30 ohms, the above ar-
rangement will result in a lower SWR than the
arrangement of figure 5-8.

will be present even if the line is brought
away at right angles and the antenna is
perfectly symmetrical with respect to ground
and surrounding objects. However, at or
close to the resonant frequency of the an-
tenna, the antenna effect due to the termin-
ation unbalance is small compared to the
antenna effect that can result from dissym-
metry of the antenna with respect to sur-
rounding objects. Therefore, in most prac-
tical installations the small amount of an-
tenna effect due to termination unbalance
may be ignored. As simple dipoles are not
employed for direction-finding installations
and other installations requiring a high de-
gree of pattern discrimination, the only ex-
ceptions are installations where the lines
to several transmitting and receiving an-
atennas are sufficiently juxtaposed as to
cause a “cross talk” problem when antenna
effect is present,

In most cases it will be found that 52-
ohm cable (such as RG-8/U, etc.) will

*The term “unbalance” refers not to physi-
cal symmetry or lack of symmetry, but to an
abnormal condition caused by connecting a
symmetrical line to an asymmetrical load, or
an asymmetrical line to a symmetrical load.
Refer to chapter 2 for further explanation.
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provide a better match and lower SWR than
will 75-ohm cable (such as RG-11/U, etc.).
The nominal feed point impedance of 73
ohms commonly used in connection with
half-wave antennas applies only to a hypo-
thetical, infinitely thin half-wave radiator
in free space.

The antenna effect due to termination
unbalance can be minimized by making the
feed line an odd number of quarter wave-
lengths long and grounding the outer con-
ductor at the transmitter. The velocity fac-
tor of the line should be ignored in de-
termining the electrical length with respect
to antenna effect, because currents flowing
on the outside of the outer conductor are
not “slowed up” by the dielectric between
the conductors and are affected only by an
insignificant amount by the plastic outer
sheath.

When the proximity of the earth or
surrounding objects is such as to bring the
feed point impedance down to 35 ohms or
less, an improvement in the SWR can be
obtained by the use of a 75-0hm line in
connection with a s2-ohm quarter-wave
matching section or “Q section”. Such an
arrangement is shown in figure s-9. If
polyethylene dielectric cable is used for the
Q section, its length should be made 66
per cent of a free space quarter wavelength.
The use of a Q section is recommended in
the case of a horizontal antenna suspended
one eighth wavelength or less above highly
conducting earth or a ground screen.

The same considerations apply with re-
gard to radiator length and harmonic sup-
pression in the case of a half-wave doublet
with coaxial feed as were covered under
the half-wave doublet with molded or
twisted pair feed.

THE FOLDED DIPOLE

If a half-wave radiator is constructed of
two, identical, close-spaced parallel conduc-
tors which are shorted at the ends, and
the combination is excited (“voltage fed™)
at one end just as though it were a single
wire, it is obvious that equal currents will
flow in the two conductors. The combi-
nation will be equivalent, as regards Q and
loop radiation resistance, to a single con-
ductor having a somewhat greater diameter.

With the two conductors connected to-
gether at the ends, they are in effect unity
coupled in such phase that, even when fed
as shown in figure 5-10A, equal currents
may be considered to flow in the two identi-
cal conductors in the same direction.* When
the combination is fed in this manner, the
current at the feed point for a given power
is only half that which would flow in a
single wire alone, which means that the
feed impedance is four times as high. Strict-
ly speaking, the feed point impedance is
slightly less than four times that pre-
sented by one of the conductors without
the other present, because the effective
length/diameter ratio (and therefore the ra-
diation resistance) is lowered appreciably
when the second conductor is added.

The mean value of the feed point im-
pedance obtained with such an arrangement
in actual practice is about 240 ohms for
effective heights greater than 1/8 wave-
length (assuming horizontal orientation of
the radiator). This means that 3c0-ohm
Twin-Lead may be used to feed such an an-
tenna directly, as a low SWR will be ob-
tained without benefit of an impedance
transforming device. When the effective
height of the radiator is less than % wave-
length and the soil conductivity is high, as
is the case with some 3 to 5 Mc. antennas
intended for short range skv-wave com-
munication, a lower SWR will be obtained
by substituting 150-ohm Twin-Lead.

The feed point impedance can be raised
to a value suitable for direct connection of
a 450 to 600 ohm open wire line by re-
sorting to either of two expedients. If three

®Actually the current in the driven conductor
will be slightly the greater, assuming that the
two conductors are of the same diameter, be-
cause the energy delivered to the unbroken
wire must travel via the driven wire, caus-
ing a small “transmission line current” to flow
in opposite directions in the two radiators.
This component adds to the antenna current
in the driven radiator and bucks it in the other,
because the antenna current flows in the same
direction in both wires. With leneth-to-di-

ameter ratios encountered in practical radi-
ators, however, the magnitude of the transmis-
sion line current component flowing in the radi-
ators is insignificant by comparison with the
magnitude of the antenna current, and for
practical purposes may be ignored.
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Figure 5-10.

FOLDED DIPOLE (A) AND OTHER
FORMS OF THE MULTI-WIRE DOUB-
LET.

The arrangement at A raises the feed point re-
sistance to approximately 4 times that of one
conductor alone, that of B to approximately 9
times. The arrangements of C, D and E are,
approximately equivalent to that of B, but not,
exactly because the lack of axial symmetry
causes the curent to divide unevenly in the
three conductors. In practical installations the
feed point would be attached to the r-f gen-
erator via a transmission line. The impedance
transformation obtained with the F arrange-
ment depends upon the ratio of the conductor
sizes and upon their relative spacing, and is
given in the above chart. Intermediate values
can be interpolated. This method is not rec-
ommended for Impedance ratios higher than 10,

identical, equally-spaced wires are used in-
stead of two (higure 5-10B), the effective
impedance transformation is roughly ¢ as
compared to a single wire alone, instead of
approximately 4. This raises the average
feed point impedance in practical installa-
tions in which the effective height of the
horizontal radiator exceeds % wavelength
to about 550 ohms. If the three wires are
arranged in the same plane (figure 5-10C,
5-10D) instead of being equally spaced
about a common axis, the current in the
center wire will tend to be less than that in
each of the outside wires, but the effect up-
on the impedance transformation is not se-
rious from a practical standpoint. When
three conductors rather than two are em-
ployed, the combination sometimes is re-
ferred to as a “multi-wire doublet.” The
performance of the arrangement shown at
E is substantialy the same as that of C,
though the latter is more popular.

If in the two-wire arrangement the di-
ameter of the driven conductor is made
smaller than that of the unbroken con-
ductor, as at F, the current will divide in
such a manner that it is greater in the larger
conductor, assuming that both conductors
are of the same material. The relationship
is not a simple function of the ratio of the
diameters or cross-sectional areas of the
two conductors, but rather follows a com-
plicated law which involves frequency, the
relative wire size, the absolute wire size,
the conductor material, the spacing between
the wires, and various other factors.

An empirical formula which gives an
approximation close enough for most prac-
tical applications, provided that the center
to center spacing is at least three times the
diameter of the larger conductor, is as fol-
lows:

2
Feed point resistance=R, [1+ %-]
0

where R,=Radiation resistance of the
combination.

Z,'=Surge impedance of a line having
the same center to center spacing as
the two radiating elements but with
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both conductors having the diameter
of the smaller conductor.

Z,=Same as Z," except having the dia-

meter of the larger conductor.

Beneath the figure s-10F representation
of a folded dipole with unequal conductor
diameters is a chart, based on the above for-
mula, which shows at a glance what di-
ameter ratios and spacing ratios will produce
various impedance transformation ratios.
Other transformation ratios between 5 and
10 can be interpolated with sufficient ac-
curacy for most practical applications.

This method of increasing the impedance
transformation ratio is not recommended for
ratios greater than 10, because the broad
band features become degraded for extreme
ratios. For ratios greater than 1o, it is
recommended that the desired transforma-
tion be obtained by increasing the num-
ber of conductors.

The spacing between the elements of a
folded dipole or multi-wire doublet is not
critical; but the relationship between reson-
ant frequency and element length (ignoring
the end jumpers) will be affected somewhat
by the spacing. At the higher frequencies
300-ohm Twin-Lead commonly is used as
both antenna and feed line in a folded
dipole arrangement, the section used as the
radiating portion being jumpered at the
two ends and again 0.82 of a free space
quarter wavelength each side of center.
The series and shunt resonant frequencies
will differ considerably (due to the poly-
ethylene dielectric) unless these additional
shunts are incorporated. One conductor
is broken in the center for attachment of
the feed line.

However, except for portable or emer-
gency applications, the use of Twin-Lead
for the radiating portion of the folded di-
pole would seem unjustified in the h-f
range. 'The arrangements of figure 5-11
are stronger, cheaper, less inclined to
stretch, and more permanent. For reasons of
appearance or convenience, Twin-Lead can
be used instead of open wire construction
for the transmission line, provided its wet
weather performance is acceptable. The
latter can be improved by “waterproofing”
the line with Simoniz Wax or Amphenol
307 Silicone compound.
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PRACTICAL METHODS OF RIGGING
A FOLDED DIPOLE.

Because of the broad resonance peak, the ar-
rangement at A may be cut to a physical
length (Le) equal to 0.93 of a free-space half
wavelength and a spacing (S) of approximately
1 per cent of the length with the assurance
that it will perform satisfactorily at a given
frequency except under unusual circumstances.
The arrangement at B is easier to construct
but is more frequency sensitive, as the taper
increases the Q. Also, the electrical length
is dependent upon so many factors that it is
difficult to predict accurately, and must be
checked experimentally to assure proper opera-
tion. The arrangement at C is recommended
when the radiator length is short enough to
make it practical, as it automatically keeps both
wires taut even though differing slightly in
length. In typical well-elevated installations a
very low VSWR will be obtained with 300-chm
Twin-Lead, and a VSWR of opproximately 2.0
will be obtained with a directly connected open
wire line. A VSWR comparable to that obtained
with 300 ohm Twin-Lead can be obtained
by using an open wire line consisting of no. 14
B&S spaced 6 inches in conjunction with a
quarter wave “Q matching transformer consist-
ing of no. 10 B&S spaced 2 inches.
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The folded dipole is much less frequen
sensitive than a conventional dipole whic
is fed with either a Jow impedance line, or
an open line in conjunction with a Q
matching section. For this reason a “square
end” folded dipole (fgure 5-11A) with an
end spacing equal to about 1 per cent of
the length can be cut to an overall length
of 0.93 of a freespace half wavelength
with the assurance that, except in unusual
circumstances with regard to surrounding
objects, the system will function satisfac-
torily at a given frequency within the h-f
range. However, if the antenna is expected
to work over more than a very narrow range
of frequencies, the natural resonant fre-
quency of the radiator should be checked
experimentally and the length altered if
necessary in order to center the resonant
frequency at the middle of the range to
be covered. If sufficient sag ocurs at the
feed point to result in a pronounced taper
in the spacing, the current distribution
along the conguctors will be significantly
affected and the length will have to be in-
creased in order to resonate at a given fre-
quency. At A, sag is prevented by the
spacing insulator at the center of the ele-
ments.

The B arrangement simplifies construc-
tion but the inherent sag makes the exact
resonant frequency quite unpredictable (un-
less the installation duplicates one whose
electrical length is known). It also causes
the system to be slightly more frequency
sensitive.

For practical purposes the radiation pat-
tern of the folded dipole may be considered
as being identical to that of a conventional
half-wave radiator so long as the spacing
“S” between the conductors is an insignifi-
cant fraction of a wavelength.

THE “T-MATCHED” HALF-WAVE
ANTENNA

It will be observed that the two con-
ductors of an experimental folded dipole
can be twisted together for some distance
from the ends without appreciably affect-
ing the impedance transformation; the two
parallel conductors of the split section will
still be effectively unity coupled and will
still carry substantially equal currents if the
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Figure 5-12.

“T-MATCH” METHOD OF TRANSFORM-
ING FEED POINT IMPEDANCE

The “T-matched”” dipole is related to the folded
dipole. In the case of tubular, self-supporting
dipole elements, the T-match permits a more
desirable mechanical construction than does a
split dipole, and also facilitates experimental
adjustment of the impedance transformation.
The conductor ratio and spacing are so chosen
for the particular application that adjustment
of the taps permits variation of the impedance
transformation ratio over the range of Imped-
ances likely to be encountered. The two ar-
rangements illustrated are electricaliy compar-
able; the choice Is a matter of mechanical
considerations.

two conductors are of the same diameter.
However, the resonant frequency and Q of
the radiating system will be affected.

When the reduction in the length of
the split portion is carried beyond a certain
point, the upper and lower elements of the
split section no longer are effectively unity
coupled, and appreciable difference in the
magnitude of current flowing in the two
parallel conductors will be noted. Thus,
through variation of the length of the split
section, control over the impedance trans-
formation is possible.

This effect is exploited in the “T match,”
two variations of which are shown in figure
5-12. The two are electrically comparable,
and the choice is a matter of mechanical
considerations. The T match is not widely
used for feeding a simple dipole antenna,
and when it is, it is almost invariably a

self-supporting h-f dipole of tubing rather
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than a wire conductor suspended between
insulators. However, the T match is widely
employed for matching the self-supporting
driven element of h-f multi-element arrays
which employ parasitic elements for direct-
ivity control, because for this application
it permits a simpler mechanical structure
than does the folded dipole, and also facil-
itates experimental adjustment of the im-
pedance transformation.

A T-matched dipole is more frequency
sensitive than a folded dipole, and is some-
what longer physically for a given resonant
frequency (assuming comparable conductor
diameters). The impedance transformation
obtained with a T-match depends princi-
pally upon the spread and spacing of the
“T" section, and upon the ratio of the T-
section conductor diameter to that of the
main element. By controlling these three
parameters, a wide range of impedance
transformation is possible.

VERTICAL HALF-WAVE ANTENNAS

Though not as popular as they once
were, vertical half-wave antennas still are
used in some cases for long-distance general
coverage work in the h-f range. They show
up well by comparison with a horizontal
half-wave antenna when the maximum
pole height is limited to about a half wave-
length, and will provide good signal

strength at great distances when the trans-
mitter power is high. But the strong
ground wave which is characteristic of such
antennas often produces objectional inter-
ference to nearby services. For short and
medium distance sky wave work the hori-
zontal radiator is to be preferred in every
case.

Any of the half-wave antennas shown
with “horizontal orientation may be used
vertically, though some antenna effect is to
be expected with all center-fed arrange-
ments, as it is inherent in the asymmetry
of the two halves of a vertical antenna with
respect to ground. It usually can be kept
to a tolerable value by bringing the feed
line away from the radiator at a right angle
for at least a half wavelength. The end-fed
arrangement of figure 5-4B is especially
well adapted to feeding a vertical radiator.
The antenna tank may%)e placed in a small
“dog house” at the base of the antenna
pole Cor radiator if a self-supporting radiator
is used), and the bottom of the tank
grounded to three or four buried radials.

The radiation resistance of a vertical
radiator with its bottom end close to the
ground is somewhat higher than that of a
horizontal antenna close to the ground,
ind some allowance will usually have to
be made in the case of the center-fed an-
tennas illustrated, if a negligible SWR is
desired.

DIRECTIONAL H-F ANTENNA SYSTEMS

Space limitations make it impossible to
treat more than a small fraction of the var-
ious directional antenna systems currently
or previously in practical use in the h-f
range. Therefore the discussion will be
limited to a representative group containing
one or more of the most popular, currently
employed types in each of the main general
categories. In a few cases new modifications
or adaptations are suggested, which, in the
author’s opinion, offer advantages over the
conventional version in use at the time of
writing.

> o iston

OPTIMUM ELEVATION OF A
DIRECTIONAL ARRAY

The optimum elevation of a high-fre-
quency phased dipole array, assuming that
maximum effectiveness at distances exceed-
ing approximately 2500 miles is desired,
depends upon numerous factors which may
be simplified and generalized briefly as
follows:

When an array is located over “scattering
terrain” (such as a dense residential or hus-
iness district) which extends for consider-
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able distance along the azimuthal beam
direction, little difference in the 2500-mile
field strength or response will be noted for
increased array elevation once the array is
elevated sufficiently to put the entire array
well “in the clear.”

When the surrounding terrain is reason-
ably flat and unobstructed for considerable
distance, particularly along the azimuthal
direction of the “beam,” the recommended
minimum effective average elevation of a
high-frequency array is approximately 6o
feet for all frequencies between 7 and 30
Mec. when the array has at least 2 moderate
amount of “free space” vertical directivity.
While the condition of the ionosphere and
the vertical pattern of the antenna at the
other end of the circuit enter the picture,
in general the 2500-mile mean field
strength or response will fall off noticeably
as the effective array elevation is reduced
below about 6o feet, and increase only
slightly if at all for greater elevations. From
an economical standpoint, this calls for an
elevation of from 55 to 70 feet.

To determine the effective average ele-
vation of a phased array, use the following
emperical rule. Assume a “line of shoot”
from the center of the array which makes
a depression angle equal in degrees to ap-
proximately half the operating wavelength
in meters, and determine where this line
strikes the ground. The effective elevation
of the array is the difference in elevation
between this point and the center of the
array. Thus, if the array is located in a
depression or on a hill, the effective eleva-
tion is affected correspondingly.

The optimum elevation of a long wire
array such as a “V beam” involves other
factors; so the matter of optimum elevation
of long wire arrays will be covered con-
currently with a discussion of such arrays.

PHASED, RESONANT DIPOLE
ARRAYS WITH ALL ELEMENTS
DRIVEN

High frequency arrays in this category
consist of two or more half-wave dipoles,
almost invariably with horizontal orienta-
tion, disposed either in broadside relation-
ship, end-fire relationship, or a combination
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Figure 5-13.

THREE GOOD METHODS OF FEEDING

TWO HALF-WAVE COLINEAR ELE-

MENTS IN PHASE WHEN THEY ARE
CONTIGUOUS.

In the arrangement shown at A, the optimum
matching stub length and position must be
determined experimentally. The stub need not
be used unless a flat line is desired. (Compare
figure 5-5) The arrangement shown at B
usually will produce a VSWR of less than 2.0
with the constants shown, but for an absolutely
flat line the surge impedance of the quarter-
wave Q section must be optimized for the par-
ticular antenna height, etc. employed. The
arrangement at C is considerably less frequency
sensitive, due to the lower effective L /D ratio
of the elements and the lower impedance trans-
formation ratio. The practical signal gain of all
three arrangements is approximately 2 db over
a single element at the same height, and is
substantially the same at all vertical angles.
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of both. In broadside they may be either
colinear, stacked one above the other (in a
common vertical plane), or arranged in com-
bination. In a Eroadside arrangement the
array always is bidirectional unless a re-
flector sheet, screen, or phased “curtain” is
employed, the latter arrangement qualify-
ing the antenna as a “combination” array.
In an end-fire arrangement the clements
may be driven in a phase relationship which
results in a bidirectional pattern, or they
may be driven in a quadrature relationship
which gives a unidirectional pattern.

BROADSIDE ARRAYS WITH
COLINEAR ELEMENTS

The simplest form of colinear array is
“two half waves in phase”. The center-fed
antenna with resonant feed line, described
in a previous section and illustrated in
figure 5-5, operates as two colinear half-
wave elements in phase when the frequency
is such that each leg is an electrical half
wavelength long.

The free space directivity gain is not
great, being approximately 2 db over a half-
wave dipole. Were it not for the appreci-
able positive resistive component of mutual
impedance between the two elements, the
gain would be 3 db. While this antenna
usually is classed as a directional array, the
horizontal directivity does not greatly ex-
ceed that of a half-wave dipole, and is pro-
nounced only at low vertical angles. Va-
rious recommended methods of feeding two
contiguous half waves in phase are illus-
trated in figure 5-13.

The gain may be increased slightly by
increasing the spacing between the ele-
ments so that the resistive component of
the mutual impedance is lower in magni-
tude or is actually negative. The arrange-
ment of figure 5-14A gives a free space di-
rectivity gain of approximately 3 db, and
that of 5-14B approximately 3.3 db. How-
ever, when the spacing between the current
loops exceeds one half wavelength, minor
lobes appear in the directivity pattern. The
figure 8 pattern of the major lobe obtained
with the figure 5-14B arrangement can be
changed to a cloverleaf pattern with slightly
less maximum gain by reversing the phase
of one feed line. The mutual impedance be-
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TWO COLINEAR HALF WAVES 1IN
PHASE, EXTENDED (A) AND SPACED
(B) TO GIVE GREATER GAIN.

The arrangement at A has a practical signal,
gain of approximately 3 db and that of B
approximately 3.3 db over a half-wave dipole.
The arrangement shown at A sometimes is re-
ferred to as an ‘‘extended double zepp.” By
means of the phase reversing switch, the ar-
rangement at B can be used with the two half
waves either in phase or anti-phase, giving the
option of either a figure 8 pattern or a four-
lobe cloverleaf pattern. The cloverleaf pattern
gives slightly less gain. Both arrays exhibit
minor lobes of moderate amplitude.

tween elements is low enough that there
will be only a moderate change in transmit-
ter loading and line SWR when the polar-
ity of one feeder is reversed. The anti-
phase arrangement belongs to the “end fire”
family, though in a sense it really is a hy-
brid.

Because all of the free space directivity
provided by colinear disposition of co-
phased half-wave elements is in planes con-
taining the radiators, the practical signal
gain is substantially the same at all vertical
angles and is substantially the same as the
free space directivity gain. In other words,
colinear disposition of horizontal half-wave
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POWER GAIN AND BEAM WIDTH AS
A FUNCTION OF OVERALL WIDTH OF
A COLINEAR COPHASED ARRAY OF
HALF-WAVE DIPOLES WITH UNIFORM
LOOP CURRENT AND AN ELEMENT
SPACING OF ONE HALF WAVELENGTH
BETWEEN CENTERS.

The curves are based on free space gain and
directivity, but also apply approximately to
the practical signal gain and horizontal direct-
ivity obtained with horizontal orientation of
elements over typical ground. The curves also
apply approximately to any horizontal colinear
array having a center spacing exceeding one
half wavefength but less than one wavelength,
provided the overall array width Is two wave-
lengths or more. The beam width Is arbitrarily
taken as the angle between half power points.

POWER GAIN OVER ONE ELEMENT, 0B
»
N /
/\%
»
I
BEAM WIDTH AT 3 DB DOWN

elements which are excited in phase pro-
vides horizontal directivity, and the direct-
ivity gain is substantially independent of
antenna elevation. The {)eam width at 3
db down is about 6o degrees for two jux-
taposed horizontal elements, and slightly
less when the spacing is increased to give
greater gain.

Colinear Arrays With 3 Elements or More

It is possible to obtain almost any desired
degree of horizontal directivity by using a
sufficient number of colinear rKal[-'—wave ele-
ments in phase. When the overall width
of the array exceeds approximately 2 wave-
lengths, the gain is determined  primarily
by the overall width of the array and is
substantially independent of the number

and spacing of elements provided that the
center-to-center spacing of the elements does
not exceed approximately one wavelength.

Generally speaking, the power gain is
proiortional to the width of the array, and
doubling the overall width of the array
raises the gain by approximately 3 db once
the width exceeds one wavelength.

A substantial reduction in the maximum
amplitude of the minor lobes can be real-
ized at a slight sacrifice in gain and direct-
ivity, or they may be eliminated altogether
at a considerable sacrifice in gain and direct-
ivity, by utilizing a “tapered” current distri-
bution. The excitation to the various ele-
ments is so porportioned that the current is
greatest in the center element or elements
and least in the outer elements, the distribu-
tion being determined by the particular re-
quirements with regard to side lobe ampli-
tude. However, this greatly complicates the
feed system and therefore is employed only
in applications which require negligible am-
plitude of the minor lobes, and not where
maximum gain is the prime consideration.

With uniform loop current distribution,
the number of minor lobes and the relative
magnitude of the strongest minor lobe with
respect to the main lobe increase with the
number of elements in the array and with
the center spacing between elements. For
the common arrangement in which the cur-
rent is uniform and the center spacing is
one half wavelength, the relative amplitude
of the strongest minor lobe increases as the
number of elements is increased until it
finally levels off at about 12 or 13 db be-
low the main lobe.

For a colinear array with half-wave center
spacing and uniform current distribution,
the power gain and the beam width at the
half power points are shown in figure 5-15
as a function of overall width of the ar-
ray. The curves also apply approximately
to colinear arrays having a center spacing
exceeding a half wavelength, provided that
it does not exceed one wavelength and pro-
vided the overall width of the array ex-
ceeds approximately 2 wavelengths.

Feeding a Colinear “String”

There are various methods of feeding a
colinear “string” of cophased half-wave di-
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poles, each offering certain advantages and
certain disadvantages when the electrical,
mechanical, and economical aspects are con-
sidered. To facilitate the discussion, three
arrangements are shown in figure 5-16
which illustrate the various points to be
discussed. While five elements are shown
in each array, the same considerations ap-
ply in general to any number.

For minimum antenna effect and mini-
mum frequency sensitivity, each element
should be current fed with its own individ-
ual nonresonant feed line having a surge
impedance comparable to the feed point im-
pedance of the element, as illustrated at A
in figure 5-16. When an unusually wide
band of frequencies is to be covered, the
response of the array can be increased still
further by making each of these elements a
folded dipole.

The arrangement at A is the only one of
the three shown which is applicable to the
practical utilization of tapered current dis-
tribution. When side lobe level is of minor
importance and maximum gain is the prime
consideration, all feeders may simply be
connected in parallel at the transmitter (ob-
serving correct polarity) to obtain substan-
tially uniform current distribution. Because
the radiation resistance of an end element
is not the same as that of an interior ele-
ment, there will be a slight irregularity in
the current distribution, but not enough to
affect the pattern greatly.

To make this effect insignificant or even
beneficial, instead of detrimental, the cen-
ter spacing can be increased to between 0.8
and 1.0 wavelength. This not only mini-
mizes the number of elements required for
a given gain, but causes the relationship be-
tween feed point impedances to be such that
the current tends to be either very nearly
uniform or slightly greater in the center
elements when all feed lines are connected
in parallel at the transmitter. This condi-
tion is realized because with increased ele-
ment spacing the resistive component of the
mutual impedances becomes zero or nega-
tive, rather than positive as in the case
where the center spacing is 0.5 wavelength.
It should be noted that the arrangement
shown at A is the only one of the three
which is practicable when the current loop
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Figure 5-16.

THREE METHODS OF FEEDING A

COLINEAR “STRING” OF HALF-WAVE

ELEMENTS HAVING HALF WAVE-
LENGTH CENTER SPACING.

The relative merits of the above three arrange-
ments, as well as the considerations invoived,
are discussed fn the accompanying text. As
articulated elements are added, the feed point
impedance at a current loop goes up while that
at a voltage loop goes down, until after several
elements are connected in series the two are of
the same order of magnitude. The impedance at
a voltage loop varies more widely with conductor
diameter than does the Impedance at a current
loop.

spacing exceeds o.75 wavelength, because
this represents the maximum amount by
which elements may be “extended” (see
figure 5-14A) without detrimental effects.

While possessing many electrical ad-
vantages, the arrangement of figure 5-16A
is not widely employed in the h-f range for
mechanical reasons. It is popular for feed-
ing a colinear string of v-h-f or uwhf di-
poles, however, in which case the elements
usually are rigid and each is supported at its
center by its own feed line.

For most h-f applications the arrange-
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Figure 5-17.
SIMPLE “PRECUT” COLINEAR ARRAY.

This array provides a practical signal gain of about 3 db over a half-wave horizontal dipole at
the same height, at all vertical angles, and regardless of the height above ground. The array
may be precut to the specified dimensions, if the installation is typical, with the assurance that
it will work satisfactorily over a narrow range on either side of the calculated frequency withcut

need for experimental adjustment.
degrees.

The beam width at half power points is approximately 40
Physical dimensions are specified in terms of free space wavelength. To convert to

feet, refer to figure 3-2.

ment at B will be found satisfactory, though
its electrical performance is inferior to that
of A. With the articulated feed method
shown, the currents in the two conductors
of each phase inverting stub tend to be-
come unbalanced when the frequency devi-
ates from optimum by even a very slight
amount, causing considerable radiation from
the stubs unless they are coiled or folded
back on themselves in such a manner as to
cancel] the radiation caused by the in-phase
current component. Even at the optimum
frequency of the array it is impossible to
eliminate completely the in-phase current
flowing in the stubs, though for many
purposes the stub radiation will be of an
acceptible magnitude even though the stubs
are not folded or coiled.

It will be noted that at B, as in the ar-
rangement at A, a nonresonant line is em-
ployed which matches the feed point im-
pedance without resorting to stubs or other
devices, as the latter further increase the
frequency discrimination of the array.

The arrangemnt at C is shown only for
comparison, and is not recommended. It is
inferior to that at B because the inherent
dissymmetry produces several undesirable ef-
fects. For instance, the asymmetrical feed
tends to make the system more frequency

sensitive, as well as increasing the radiation
from the phase inverting stubs. Also, when
a colinear array is not fed in the exact cen-
ter, a sufficient shift in frequency away from
optimum will cause the broadside lobe to
shift direction so that it no longer maxi-
mizes exactly broadside to the line of the
array. Ilowever, this effect becomes really
pronounced only in the case of arrays which
comprise many elements and are fed only
via one of the end elements.

It is recommended that, in general, not
more than three or at most four colinear
elements be fed from one line or branch
line unless the array is to be used only over
a very narrow range of frequencies. A
simple h-f colinear array which has a sufh-
ciently broad response that it may be
precut, erected, and used over a narrow
frequency range without experimental ad-
justment of the dimensions is shown in fig-
ure 5-17. The specified diminsions are in
terms of free space wavelength. (Refer to
figure 3-2.) While the feed point resis-
tance depends somewhat upon the heiiht
of the elements above ground and other
factors, the use of 300-ohm Twin-Lead
will result in a low SWR in typical instal-
lations in which the effective elevation ex-
ceeds a quarter wavelength.
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BROADSIDE ARRAYS WITH STACKED
ELEMENTS

In the case of a colinear array both the
aspect directivity and interference directiv-
ity are acting in the same plane. The result
is that the directivity of a colinear array
is not greatly increased over that of a di-
pole until enough elements are added to
make the interference directivity consider-
ably greater that the aspect directivity.
This takes at least three elements.

If each radiating element of a colinear
array in free space is rotated 9o degrees
so that all are parallel and not staggered,
the interference directivity and the aspect
directivity no longer are working together
in the same plane. In this case the inter-
ference directivity acts in a plane in which
the antenna otherwise is non-directional,
and therefore the interference directivity
provides a slightly greater increase in direct-
ivity gain over a dipole than is the case for
the colinear arrangement. The difference
is most marked when only two elements are
involved.

Another way of explaining the increased
gain provided by the side-by-side (parallel)
arrangement as compared to the end-to-end
(colinear) arrangement is on the basis of
mutual impedances. When the elements
are side by side and a half wavelength apart
(parallel) the resistive component is nega-
tive, while end-to-end disposition (colinear)
with a center spacing of one half wave-
length results in a positive component of
mutual impedance. Thus, the side-by-side
(parallel) arrangement requires less total
power for a given current in a given num-
ber of radiating elements, and therefore
provides greater power gain. The differ-
ence in free space directivity power gain
runs between 2 and 3 db for a given num-
ber of elements with half-wave center spac-
ing.

In practical h-f installations the elements
of a broadside array with parallel coplaner
disposition of the elements usually are ar-
ranged with horizontal orientation. The
practical directivity of such a “stacked”
array differs from that of a colinear array
in that both vertical and horizontal direct-
ivity are pronounced, and the practical sig-

! J
I Lee 3~ |

Le= 3
A g

su%- >

>

LOW 2 FEED POINT
(x150)

Figure 5-18.

ILLUSTRATING A “STACK” OF OI-
POLES AS A FORM OF BROADSIDE
COPLANAR ARRAY.

A single stack ordinarily is not employed by itself
as an h-f array; the more common arrangement
is two or more stacks placed side by side to
form a broadside ‘“‘curtain’” or “‘panel.” One
stack of such an arrangement is called a “bay.”
The free space directivity power gain of the
three-element stack illustrated is about 5.6 db
over one element. The practical dx signal gain
over typical soil as compared to a half-wave
dipole depends upon average height and the
vertical angle under consideration, but usually
is comparable to the space directivity gain.

nal gain over a horizontal dipole at the
same average elevation varies appreciably
with both the antenna elevation and the
vertical angle (wave angle) under consid-
eration.

It is also important to note that for a
given pole height the average elevation of
the antenna is lower when a stack is used
than when a colinear arrangement is em-
ployed. For low vertical angles of wave
departure and arrival, it will be found that
with low pole heights the loss in directivity
gain due to the decreased effective height
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when a stack is used tends to offset the
increased free-space power gain of a stack
as compared to a colinear arrangement.
Thus, at the low-wave angles most effective
for long distance communication, the broad-
side stack shows up best when the pole
height is great enough that the decrease in
effective elevation due to stacking is small
when considered percentage wise.

A simple stack of dipoles finds little
practical application in the h-f range, and
therefore will not be treated as a practical
antenna. However, as will be seen shortly,
two or more stacks often are employed side
by side to constitute a broadside “curtain”
or coplanar array having considerable di-
rectivity in both horizontal and vertical
planes. Therefore the basic properties of
a single stack are pertinent and will be dis-
cussed. A three-element stack is illustrated
in figure 5-18 in case the reader has difh-
culty in visualizing the configuration under
discussion.

As in the case of colinear elements,
doubling the number of elements (for a
given spacing) very nearly doubles the
free space directivity power gain, once the
number of elements exceeds three or four.
However, as the gain of a two-element
stack with half-wavelength spacing is about
4 db, as compared to less than 2 db for
two juxtaposed colinear elements, the gain
is roughly 2.5 db greater for any given
number of elements when the elements are
stacked. A free space directivity gain curve
for stacked half-wave elements with uni-
form current and half-wave spacing is given
in figure 5-19.

The element spacing can be increased to
o.75 wavelength without a significant
change in power gain for a given overall
stack height or “spread,” though the mag-
nitude of the minor lobes will increase,
particularly if the spread is less than three
or four wavelenths. However, half wave-
length spacing is the most common, because
it simplifies feeding and phasing problems.

The remarks made in preceding sections
in connection with colinear arrays with
regard to the number and symmetry of feed
points applies to a broadside stack as well.
However, compromises sometimes must be
made between electrical performance and
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Figure 5-19.

FREE SPACE DIRECTIVITY POWER
GAIN OF A BROADSIDE “STACK" OF
HALF-WAVE DIPOLES WITH UNIFORM
LOOP CURRENT AND AN ELEMENT
SPACING OF ONE HALF WAVELENGTH,
AS A FUNCTION OF DISTANCE BE-
TWEEN THE TWO OUTER ELEMENTS.

The curve applies specifically to half-wave spac-

ing, but also applies approximately to any

spacing less than 0.75 wavelength. Half wave-

length spacing is most commonly used because

it facilitates feeding the elements in the proper
phase.

FREE SPACE DIRECTIVITY GAIN
OVER ONE ELEMENT, D8

mechanical practicability, and the asym-
metrical feed shown in figure 5-18 is quite
common.

The average radiation resistance of the
elements in a broadside stack in free space
is somewhat less than that of a single ele-
ment when half-wave spacing is employed,
and the radiation resistance of the outer
elements tends to be slightly higher than
that of the inner elements. The absolute
value in practical h-f installations is depend-
ent upon many factors, but usually will
run in the neighborhood of 40 ohms for
half-wave spacing.

From a practical standpoint, comparison
between a groadside stack and a reference
antenna Chalf-wave dipole) should be made
on the basis of pole height rather than
average antenna elevation when the effect-
ive power gain at very low vertical angles
is involved. When ?gured on this basis
the practical dx signal gain of a broadside
stack usually is somewhat less than the
free space power gain, though this is not
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Figure 5-20.
“LAZY H” BROADSIDE ARRAY.

This popufar bidirectional array, also known as
“four half waves in phase,’” has a free-space
directivity gain of approximately 6 db over one
element. The optimum element and phasing
section physical lengths are best determined by
experiment, but satisfactory results usually will
be obtained if all are cut to 0.98 of a free-
space half wavelength (assuming thin, wire ele-
ments, and the minimum practical number of
spacing insulators). The correct position of the
matching stub, if used, should be determined
by experiment. At low wave angles the beam
width Is approximately 60 degrees at the half
power points.

THE

always the case. As with any array having
considerable vertical directivity, the practi-
cal dx signal gain over a single element
(whether at the same average elevation or
at the same maximum elevation) depends
upon the elevation of the array, the opti-
mum wave angle, and other factors.

The number of tiers of elements that can
be employed advantageously in a high-fre-
quency broadside stack is dependent upon
frequency. At the higher frequencies (say,
20 to 30 Mc.), where a sharp, low-angle
lobe can be tolerated, as many as five or
six tiers can be used to advantage with
half-wave spacing. At lower frequencies
(say, 7 to 12 Mc.), however, such a high
degree of vertical directivity ordinarily is
undesirable. Three or four tiers are about
as many as can be used to advantage in this
frequency range in an array with fixed ver-
tical directivity.

THE BROADSIDE CURTAIN

By combining colinear and stacked hor-
izontal bhalf-wave dipoles in the form of a
coplaner “curtain,” a broadside array havin,
pronounced directivity in both the vertica
and horizontal planes is realized. Such an
array may be considered as an “array of
arrays,” either as a stack of colinear arrays,
or as colinear stacks. Increasing the overall
vertical spread of such an array increases
the vertical directivity, while increasing the
overall width increases the horizontal di-
rectivity. A close approximation of the
gain can be had by adding the db gain due
to stacking one bay to that obtained from
one colinear tier. Because of complex diago-
nal mutual couplings between the elements
in the combined array the gain figure thus
obtained for the composite array is not
exact, but is sufficiently accurate for most
practical purposes.

THE “LAZY H” BROADSIDE ARRAY

The simplest form of broadside curtain
comprises four horizontal elements stacked
two colinear over two colinear. A simple
and widely used method of feeding such
a configuration of radiators is shown in
figure 5-20. Dubbed the “Lazy H” by the
author many years ago, it also is known as
“four half waves in phase.” The trouble
with the latter designation is that, from
a descriptive standpoint, it also could apply
to a string of four colinear elements.

The Lazy H makes an excellent “dx”
antenna for applications where moderate
gain and directivity are desired, provided
that the pole height is sufficient to elevate
the lower elements enough to put them
well “in the clear” and at least %2 wave-
length above the effective earth level.

The free space directivity power gain
of this array is approximately 6 db over
one element. The practical dx signal gain
over one element depends upon the antenna
elevation and upon the wave angle under
consideration, but usually it will be com-
parable to the free space directivity gain if
the aforementioned stipulations regarding
elevation are complied with.

300 ohm Twin-Lead may be substituted
for the open wire line, provided the per-
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Figure 5-21.
THE “BI-SQUARE BROADSIDE ARRAY.

This bidirectional array is related to the “‘Lazy
H,” and in spite of the oblique elements, is
horizontally polarized. It has slightly less gain
and directivity than the Lazy H, the free space
directivity gain being approximately 4 db. Its
chief advantage is the fact that only a single
pole is required for support, and two such
arrays may be supported from a single pole
without interaction if the planes of the ele-
ments are at right angles. A 600-ohm line may
be substituted for the Twin-Lead, and either
operated as a resonant line, or made non-
resonant by the incorporation of a matching
stub. Usually, satisfactory performance will be
obtained in the h-f range if the radiating ele-
ments are cut to 0.99 of a free-space half
wavelength and the Q section to 0.98 of a free-
space quarter wavelength. When tuned feeders
are used, the array may be used on half fre-
quency as a vertically polarized end-fire array.

formance of such line is acceptible, by
using a quarter-wave “Q” section between
the Twin-Lead and the antenna feed point.
Usually a 600 ohm Q section will give a
tolerable SWR. The feed system will re-
semble that of figure 5-21 except for the
substitution of 300-ohm Twin-Lead for 150
ohm. No stub is used with this arrange-
ment.

THE “BI-SQUARE” BROADSIDE ARRAY

Nlustrated in figure 5-21 is a simple
method of feeding a small broadside array
first described by the author several years
ago as a practical method of suspending an
effective array from a single pole. As two
arrays of this type can be supported at right
angles from a single pole without inter-
action, it offers a solution to the problem
of suspending two arrays in a restricted
space with a minimum of erection work.
The free space directivity gain is slightly
less than that of a Lazy H, but is still
worthwhile, being approximately 4 db over
a half-wave horizontal dipole at the same
average elevation,

When two Bi-Square arrays are sus-
pended from a single pole, the Q sections
should be well separated or else symmetri-
cally arranged in the form of a square (the
diagonal conductors forming one Q section)
in order to minimize coupling between
them. The same applies to the line if open
construction is used instead of Twin-Lead,
but if Twin-Lead is used the coupling can
be made negligible simply by separating
the two Twin-Lead lines by at least two
inches and twisting one Twin-Lead so as
to effect a transposition every foot or so.

When tuned feeders are employed, the
Bi-Square array can be used on half fre-
quency as an end-fire vertically-polarized
array, giving a slight practical dx signal
gain over a vertical half-wave dipole at the
same height,

THE “SIX-SHOOTER” BROADSIDE
ARRAY

As a good compromise between gain, di-
rectivity, compactness, mechanical simplici-
ty, ease of adjustment, and band width the
author recommends the array of figure 5-22
over the Lazy H for the 10 to 30 Mec.
range when the additional array width and
greater directivity are not objectionable.
The free space directivity gain is approxi-
mately 7.5 db over one element, and the
practical dx signal gain over one element
at the same average elevation is of about
the same magnitude when the array is suff-
ciently elevated. To show up to best ad-
vantage the array should be elevated suffi-
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Figure 5-22.

“SIX - SHOOTER"
ARRAY.

This bidirectional curtain has a free space di-
rectivity gain of approximately 7.5 db, with a
practical dx signal gain of the same order when
it is well elevated and in the clear. A low
SWR over a narrow band in the h-f range usu-
ally will be obtained if the two center elements
are precut to 0.99 of a free space half wave-
length and the outer elements and phasing sec-
tions are precut to 0.98 of a free space half
wavelength, using no. 12 B&S gauge wire
throughout. If the presence of surrounding ob-
jects causes an excessive SWR, the optimum
lengths should be determined experimentally.
The beam width at the half power points is
approximately 40 degrees at low wave angles.

THE BROADSIDE

ciently to put the lower elements well in
the clear and preferably at least o.5 wave-
length above the effective earth level.

THE “OCTAPUSH” 3-BAND AMATEUR
ANTENNA

The antenna system illustrated in figure
5-23 is a “maximum utility” antenna de-
signed for the amateur who is interested
in the 7, 14, and 28 Mc. bands but is
prevented by space limitations from erecting
numerous fixed antennas and arrays each
for a specific purpose. It is a highly effect-
ive, general coverage antenna for short and
medium distance work on 7 Mc.; and as a
bidirectional broadside curtain it provides
good gain on 14 and 28 Mc.

On 14 and 28 Mc the SWR on the
resonant line will be moderate, and the
line losses therefore will be low. On 7 Mec.
the SWR will be quite high, but the line
loss will be tolerable for ordinary lengths
of line. In view of the intended application

on 7 Mec., a small amount of line loss on
that band should not be considered ob-
jectionable.

The free-space directivity gain is slightly
over 6 db on both 14 and 28 Mc. This
may seem a bit low for an eight element
broadside array on 28 Mc., and is ex-
plained by a wasted vertical lobe in the
radiation pattern (due to one wavelength
spacing between upper and lower ele-
ments), and by reduced current amplitude
in the four outer elements and antenna
effect on the vertical phasing sections (both
due to unfavorable mutual couplings).
However, it must be appreciated that com-
promises in performance almost invariably
are part of the cost of increased utility.

To minimize the amplitude of the wasted
vertical lobe on 28 Mc. and thus obtain
the maximum possible practical dx signal
gain, the effective elevation of the lower
elements above ground should be an in-
tegral number of half wavelengths at 28
Mc. This can be accomplished by vary-
ing the elevation experimentally for maxi-
mum feld strength, or by fixing the effect-
ive elevation by means of a ground screen.
When either expedient is taken, the prac-
tical dx signal gain is appreciably greater
on 28 Mc. than on 14 Mc.; otherwise it is
nearly the same on both bands.

END-FIRE ARRAYS WITH PARAL-
LEL COPLANAR ELEMENTS

The simplest form of high-frequency
end-fire array consists of two parallel, non-
staggered half-wave elements in the same
horizontal plane. If they are fed 180 de-
grees out of phase, the bidirectional direct-
ivity is not greatest with half-wave spacing
as might be supposed from a superficial
consideration of time and space phase re-
lationships, but rather with closer spacing.
The directivity increases inversely with spac-
ing quite noticeably down to a spacing of
about 1/6 wavelength, then remains sub-
stantially constant for all spacings down to
zero. However, the radiation resistance goes
down as the spacing is reduced, and be-
comes very low for spacings less than about
% wavelength, causing both the circulating



188

HIGH-FREQUENCY ANTENNA SYSTEMS

————C

4 ShacED o
334 rr. Lone

Ne12 BAS

21r7. ——f

je— TUNED (mESONANT) LINE,
N*12 D43, SPACED &~
ANY LENGTH.

TO
TRANSMITTER
Figure 5-23.
THE “OCTAPUSH" AMATEUR ANTENNA ARRAY FOR THE 7, 14 AND 28 MC. BANDS.

Besides serving as a general coverage antenna for short and medium distance work on 7 Mec.,

the “Octapush” Is a nighly effective directional array on the 14 and 28 Mc. bands. The free

space directivity gain on 14 Mc. and 28 Mc. is slightly over &6 db. Because the overall system

is resonated at the transmitter, experimental adjustment of the element lengths is not necessary
for best performance.

current and the peak voltages to reach very
high values for a given power.

As a result of this situation, the signal
gain begins to fall off rapidly as the spacing
is decreased below a certain value which
is determined by the loss resistance of the
array. For a well-constructed two-element
antenna using heavy conductors and very
good insulation, this usually occurs at a
spacing between 1 /12 and % wavelength.
Actually there is little difference in the
signal gain with spacings between % and %
wavelength, and spacings within this range
usually are employed in practical systems.
It is desirable to use the greatest spacing
which can be employed without significant
reduction in signal gain, because increasing
the spacing decreases the effective Q and
thereby lessens the frequency sensitivity of
the array.

End-fire arrangements of this type are

preferable to stacked broadside arrays for
long distance communication when the
pole height is limited to % wavelength or
less, because the average elevation of the
end-fre arrangement is the same as the
pole height, while the average elevation
of a two-tier stacked broadside array is %
wavelength less (assuming % wave spac-
ing).

Another pertinent difference between
stacked and end-fire arrangements is in the
character of the directivity. For a given
free space directivity gain, the beam width
in a plane corresponding to azimuth direct-
ivity is narrower with the end-fire arrange-
ment than with a stacked arrangement,
because the end-fire arrangement contri-
butes appreciable directivity in a plane con-
taining the radiators as well as in a plane
normal to the radiators. With a stacked
arrangement practically all of the directivity
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Figure 5-24.
SINGLE SECTION “FLAT TOP BEAM” END FIRE ARRAY.

This bidirectional h-f array has a free space directivity gain of about 4 db over a single element,
a practical dx signal gain of the same order when well elevated, and somewhat more than 4 db
when elevated between 1 /4 and 1 /2 wavelength above flat ground. The azimuthal beam width
is about 40 degrees at tée half power points. The phasing-matching sections can be precut to
0.98 of a free space quarter wavelength, but the element lengths preferably should be adjusted
experimentally before being soldered. Usually the physical length of the elements will optimize
at about 0.91 or 0.92 of a free space half wavelength. The element wire end-spacer shown
makes precise rigging unnecessary, as the wires will be taut even though they differ slightly in
length. Note that a 180 degree twist is taken In one phasing-maching section, but not in the
other.

is in a plane normal to the radiators (except
for the aspect directivity, which is the same
in either case).

By spacing the elements an odd number
of quarter wavelengths Cusually Y% or %)
in an end-fire arrangement and drivin%
them in phase quadrature, a unidirectiona
pattern is obtained. As this expedient is
confined almost exclusively to large, com-
mercially employed, multi-element arrays
which combine both broadside and end-fire
directivity, it will be discussed briefly in a
later section on “combination” phased di-
pole arrays of the driven type.

At one time an end-fire configuration
comprising many parallel half-wave ele-
ments in a horizontal row was popular, but
the greater directivity obtainable with a
broadside curtain has caused this type of
array to fall into the discard except for a
very few peculiar applications to which
it happens to be particularly well suited.
Using half-wave spacing, which simplifies
the feeding of the elements in proper phase,
an end-fire row of several half-wave dipoles
has about 3 db less gain than the same

number of parallel dipoles in a broadside
Tow.

The gain of the two configurations will
be approximately the same for a given over-
all row length if the end-fire arrangement
uses quarter-wave spacing, but this requires
twice the number of dipoles and compli-
cates the feed system, due to the necessa
quadrature phase relationship between ad-
jacent elements. Such an end-fire arrange-
ment gives a undirectional pattern, which
may or may not be an advantage, depending
upon the particular application.

THE “FLAT TOP BEAM” END-FIRE
ARRAY

Two horizontal, parallel, close-spaced,
half-wave dipoles in a horizontal plane can
be fed effectively in anti-phase by numerous
means, and regardless of the feed method
the combination usually is known as a
“fat top beam” or “W8JK array” after the
amateur who first popularized it. A rec-
ommended method of feed is shown in fig-
ure 5-24. This arrangement has practically
the same signal gain as a closer spaced ar-



190

HIGH-FREQUENCY ANTENNA SYSTEMS

rangement, and has the advantage of being
much less frequency sensitive, due to the
combination of comparatively wide spacing
and folded dipole elements. Insulation re-
quirements also are less stringent.

The free space directivity gain of the
array shown in figure s5-24 is approxi-
" mately 4 db, and the practical dx signal
gain is of the same order when the array
is elevated at least one half wavelength
above the effective earth level. When
the array is closer to ground, and the ground
is comparatively flat, the practical dx signal
gain will be somewhat higher (about 5 to 6
db over a single element for an elevation
of % wavelength). At low wave angles
the beam width is approximately 40 degrees
at the half power points.

A simple flat top beam antenna of the
type shown in figure 5-24, using two radi-
ating elements (a folded dipole is con-
sidered a single element), is referred to
as a single section flat top. Additional sec-
tions may be added in colinear fashion to
increase the azimuth directivity and power
gain. However, because a single section al-
ready has considerable azimuthal directivity,
two colinear sections with half-wave spacing
between current loops produce but little
additional directivity. The gain of two
articulated sections over a single section is
only about 1 db, which is hardly worth-
while.

To obtain a substantial gain over a single
section it is necessary either to increase
the current loop spacing between two sec-
tions to approximately one wavelength, or
to employ three or more articulated sections.
Two sections, each like that illustrated in
figure 5-23, spaced with their centers one
wavelength apart, are recommended in place
of three articulated sections, because the
use of two, separately fed sections makes
available a choice of either a cloverleaf
pattern or a figure 8 pattern simply by re-
versing the connections to one feed line.
Two sections with a center spacing of one
wavelength have a free space directivity
gain of approximately 7 db, as compared
to approximately 5 db for two contiguous
sections.

It is possible to construct a flat top beam
which will work with approximately equal
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Figure 5-25.

TUNABLE, WIDE-RANGE FLAT TOP
BEAM ANTENNA. THIS ARRAY IS
IDEALLY SUITED WHERE SPACE LIM-
ITATIONS MAKE IT NECESSARY TO
USE ONE ANTENNA ON THE AMA-
TEUR 14, 21, AND 28 MC. BANDS.

This version of the flat top beam antenna has
a substantially uniform pattern and signal gain
over a frequency range from F to 2(F), and
gives good performance from 0.8(F) to 2.4(F).
The overall system, antenna and feed line, must
be resonated at the transmitter. To prevent ex-
cessive resistance loss, excellent insulation
should be used throughout. If care is taken in
construction, the practical dx signal gain over
the useful frequency range is between approxi-
mately 4 and 5 db compared to a half-wave
horizontal dipole at the same elevation, the
gain being slightly higher near the upper fre-
quency limit. As with the antenna of figure
5-24, the practical dx signal gain (but not the
absolute field strength) is 1 or 2 db greater for
elevations above flat ground on the order of 1 /4
wavelength. The two extensions of the Hne
should be made long enough that the half-wave
radiating elements are not appreciably pulled
away from a straight line by the weight of the
feed system,

effectiveness over a frequency range exceed-
ing two to one, the directivity and gain
remaining substantially the same through-
out the range. Such an array is shown in
figure 5-25. To minimize losses at the low
frequency end of its useful range, the in-
sulators supporting the elements should be
the very best and have a long leakage path,
because the single wire radiators and closer
spacing result in higher impedances. Also,
the resonant line should be of very low
loss construction, because a rather high
SWR will be present on the line. In view
of the extensive useful frequency range,
the element lengths are not especially criti-
cal.
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For maximum low-angle radiation a flat
top beam antenna should be erected with
the plane of the elements parallel to the
ground. Tilting the array reduces the low
angle radiation in both azimuth directions
of maximum radiation. The only practical
method of increasing the low angle radia-
tion is to increase the effective elevation
of the array.

PHASED DIPOLE ARRAYS WITH
PARASITIC ELEMENTS

When a half-wave dipole is placed par-
allel to and closer than about one half
wavelength to a driven element (non-stag-
gered), the magnitude of the mutual im-
pedance is sufficient to cause considerable
current to flow in the free or “parasitic”
element. Under these conditions the par-
asitic element will have appreciable effect
upon the radiation pattern. Considerable
variation in the phase angle of the currents
can be obtained by detuning the parasitic
element from resonance slightly, with only
a small effect upon the relative magnitude
of current flowing in the parasitic element.
The relative magnitude of current flowing
in the parasitic element can be controlled
by choice of spacing, though from a practi-
cal standpoint the reduction in feed point
resistance of the driven element with re-
duced spacing limits the extent to which
the relative current in the parasitic element
can be increased.

An array consisting of one driven dipole
element and one or more parasitic dipole
elements is commonly known as a parasitic
array or Yagi* array. A parasitic array is
ideally suited when a simple undirectional
array is desired; in fact, nearly all parasitic
arrays in practical use are of the undirec-
tional type. A parasitic element is called a
reflector when it is “behind” the driven
element in a undirectional parasitic array,

*“Yagi array” originally referred more speci-
fically to an array employing parasitic ele-
ments in one of several particular configura-
tions; it now is used loosely to refer to any
parasitic array employing one or more reflectors
and one or more directors, regardless of the
element spacing.

and a director when it is “ahead” of the
driven element. More than one reflector
seldom is employed in a simple parasitic
array, but several directors (with or without
a reflector) sometimes are employed one
ahead of the other.

As a director a single parasitic element
exhibits maximum directivity gain at about
o.1 wavelength spacing, the freespace di-
rectivity gain being about 5 db under opti-
mum conditions. As a reflector the gain
maximizes at a spacing of about o.15 wave-
length, the maximum free-space directivity
gain being slightly less than that obtainable
with a maximized director. However, it
should be kept in mind that these spacings
are optimum for maximum gain only when
a single parasitic element is employed.

Maximum discrimination or “front-to-back
ratio” is obtained with somewhat closer
spacing than that which gives maximum
gain. Therefore, when front-to-back dis-
crimination is a prime consideration, a
director spacing on the order of o.c5 wave-
length can be used to advantage in receiv-
ing applications.

Parasitic elements ordinarily are “tuned”
to give the desired amount and kind of
reactance by control of their physical
length. The parasitic element length which
gives maximum gain ordinarily does not
provide maximum front-to-back discrimina-
tion for that particular spacing. However,
adjusting the parasitic element length for
maximum discrimination usually results in
only a small reduction in forward gain from
the maximum gain obtainable at that
spacing.

When the element spacing is made a
small fraction of a wavelength, the effective
“Q” of the overall system becomes quite
high, and the antenna is quite frequency
sensitive. Also, the “tuning” of the parasitic
element(s) is more critical, further aggra-
vating the condition. For this reason, when
a parasitic array is to be used over a band
of frequencies rather than on a single fre-
quency, the element spacing sometimes is
made greater than otherwise would be the
case. QCain and front-to-back ratio at the
mid frequency are sacrificed in the interest
of improved performance at frequencies
slightly removed from the “design center.”
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In no case can a conventional parasitic
array qualify as a “broad-band” antenna,
because even though extremely large dia-
meter elements may be used, a moderate
change in frequency seriously upsets the
reactance relationships of the various ele-
ments, which in turn affect the phase
relationships.

While useful gain and discrimination can
be obtained with a single parasitic element,
the addition of another parasitic element
(making one director and one reflector)
provides a worthwhile increase in gain and
discrimination. Because of the improved
performance and the fact that the addition
of another parasitic element complicates
the mechanical construction only slightly,
the combination of a single driven element
and single parasitic element will not be
treated in detail.

The remarks in the preceding paragraph
do not necessarily apply in the case of an
array using several friven elements, such
as a broadside curtain. In the case of a
driven curtain the usual practice is to use
either a parasitic reflector curtain or a para-
sitic director curtain, as but little additional
gain is to be realized by using both. While
the use of “fore and aft” parasitic curtains
does help the discrimination, effectively
the same result can be obtained by using
a total of only two curtains and feeding
both curtains with equal currents (with an
appropriate phase angle). Thus, when one
parasitic curtain does not provide the de-
sired discrimination, it is better to employ
a two curtain driven array than add another
parasitic curtain.

THE THREE-ELEMENT PARASITIC
ARRAY

One of the most popular parasitic arrays
employs a horizontal half-wave dipole as
a driven element, with one parasitic re-
flector and one parasitic director, all parallel
and in the same horizontal plane. This
combination is hard to beat from the stand-
point of size and simplicity vs. gain and
discrimination, and its popularity is well
deserved. Its compact construction makes
mechanical rotation a simple matter at the
higher frequencies, and when so employed
the array usually comprises self-supporting
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Figure 5-26.
THREE-ELEMENT PARASITIC ARRAY

This compact array has high gain with good
discrimination, a low {ine SWR, and is ideally
suited to mechanical rotation at the higher fre-
quencies. For best results the element lengths
should be adjusted experimentally, and they
therefore should be made adjustable by incorp-
oration of telescopic end sections or other
means. The free space directivity gain is ap-
proximately 7 db, and the beam width slightly
over 50 degrees at the half power points.

tubular elements and often is referred to
as a “three-element rotary array.”

There is considerable latitude as regards
element spacing. The optimum spacing de-
pends upon the relative importance of gain
and discrimination, but in any case the spac-
ing is not very critical, and it is possible to
obtain both a good degree of discrimination
and a high order of gain with compromise
design and adjustment.

A three-element parasitic array developed
during the war for military applications and
designed for high forward gain with sim-
plicity of the feed system used quarter-wave
spacing and RG-8/U 50-ohm flexible co-
axial cable feeding directly into the center
of the driven dipole, without benefit of a
matching device. When the element lengths
are correctly adjusted, both SWR and an-
tenna effect on the line are quite tolerable
with this arrangement. The schematic is
shown in figure §-26.

The front-to-back ratio of this arrange-
ment when the element lengths are opti-
mized for maximum forward gain is be-
tween 7 and 10 db. The beam width is
slightly more than 50 degrees at the half
power points. The free space directivity
gain is approximately 7 db. While some-

D < =< -




THREE-ELEMENT PARASITIC ARRAY

193

what greater gains have been attributed to
this type array, they have been based on ex-
perimentally derived data. The apparent
discrepancy is explained by the fact that
under certain conditions the practical signal
gain of an array can be greater than the free
space directivity gain, as discussed eatlier
in this chapter. The front-to-back ratio
can be increased to approximately 15 db.
without appreciab(lf' reducing the forward
gain, simply by adjusting the elements for
this compromise condition,

When a higher front-to-back ratio is de-
sired, closer spacing (approximately o.15
wavelength) is desirable. This lowers the
feed point impedance of the driven element
consiggrably, requiring the use of an im-
pedance transformer, regardless of the type
of line used, if a substantially flat line is de-
sired. If low loss construction is employed
and the feed line is matched to the feed
point resistance of the driven element, so as
to operate under flat line conditions, the
practical signal gain will be about the same
with o.15 wavelength spacing as with o.25
wavelength spacing, but the antenna will be
more frequency sensitive.

The frequency sensitivity of a parasitic
array can be reduced somewhat for 2 given
element spacing by using large diameter
elements, Eut the improvement thus obtain-
able is considerably less than that which
can be obtained by applying this expedient
to a simple half-wave antenna.

The use of a folded dipole as the driven
element in conjunction with a line having a
suitable characteristic impedance does not
appreciably reduce the frequency sensitivity
of the overall system, due to the fact that
much of the frequency sensitivity is due to
the reactance slope of the parasitic elements.
A folded dipole or T-matched dipole often
is used as the driven element, but not so
much to reduce the frequency sensitivitv of
the array as to provide a more suitable feed
point impedance for 300-chm Twin-Lead
or an open wire line, or to avoid some of
the mechanical complications entailed in
splitting and insulating the driven element,
or to obviate the necessity for experimental
adjustment of the length of the driven ele-
ment.

The best method of determining the cor-

rect parasitic element lengths for a given
frequency is to adjust them experimentally
until maximum gain or maximum discrim-
ination (or a desired compromise) is ob-
tained. Fortunately the optimum element
lengths are not significantly affected by
height above ground once the array is at
least a quarter wavelength above ground and
well c?ear of surrounding objects. This
makes it possible to optimize the element
lengths at a height which is more readily
accessible for experimental adjustment.

Experimental adjustment of the element
lengths readily is accomplished by means
of a remote reading field strength meter
picking up at a point several wavelengths
from the radiator and indicating at the an-
tenna position. When front-to-back ratio is
important, a second field strength meter is
useful, as it makes it possible to determine
the ratio at a glance without rotating the
array through 180 degrees.

When the array is to be used over a band
of frequencies rather than on one fixed
frequency, the reflector should be length-
ened until a perceptible decrease in feld
strength is noted, and the director shortened
until a perceptible decrease in field strength
is noted, after first adjusting the elements
for maximum gain at the mid frequency.
When adjusted in this manner the total fre-
quency range over which the array may be
used without a serious reduction in perfor-
mance usually will be between o0.5% and
2% of the design center, depending upon
the spacing and length /diameter ratio of the
elements, upon the matching ratio, and
upon other factors. This represents a devia-
tion from the mid frequency of from about
0.25% to 1% plus or minus.

The rather laborious process of adjusting
the element lengths experimentally can be
avoided by either duplicating exactly the
dimensions and other mechanical construc-
tion of an array known to give good per-
formance on the desired frequency, or by
purchasing one of the “precut” or “cali-
brated” arrays manufactured commercially.
The precut or pretuned type is intended to
give good performance over a specified nar-
row band of frequencies, such as an ama-
teur band, when erected well in the clear.
It is not readily adjustable. The calibrated
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HALF-WAVE DRIVEN ELEMENT

L1

-—L2

al

300 TO 600 QL.
OPEN LINE

Figure 5-27.

COAXIAL LINK METHOD OF FEEDING
THE DRIVEN ELEMENT OF A ROTAT-
ABLE PARASITIC ARRAY,

This inductively coupled arrangement permits
continuous rotation without the use of slip rings
or a “‘rotary joint”. The loops L, and L, are
identical physically and surround the shaft which
supports the array. The capacity of C, and
the point of attachment to the line are adjusted
until “flat line’”’ operation is obtained. In some
cases the coupling (spacing) between L, and L,
will have to be adjusted in order to achieve this
condition. The physical length of the driven ele-
ment need not be shortened to allow for the
insertion of L, as the reactance of L, is ef-
fectively “‘tuned out’” when C, is optimized. A
shorted stub slightly less than one half wave-
fength long (the proper adjustment of the short-
ing bar being determined by experiment) may
be substituted for C, if desired.

type is equipped with telescoping elements
which are calibrated in frequency (on the
assumption that the array will be installed
according to instructions).

Rotating mechanisms and remote position
indicators designed expressly for the purpose
are availably commercially at reasonable
prices, or they may be adapted or impro-
vised from items originally intended for
other purposes. Amateurs and others who
for reasons of economy, pride. or enjoyment
wish to design and construct their own ro-
tary array will find a wide range of readily
adaptable items at the junk yards and sal-
vage stores in the larger cities. War surplus
or salvaged ordnance and aircraft parts and
equipment will be found an especially fruit-
ful source of such items. For instance, an
airplane propeller pitch changer of a widely
used type makes an ideal rotator for a good
sized array, with only slight modification.

A power driven reversible rotator with an
electrical indicator of position is an operat-
ing convenience in any case, and is the only
really practical arrangement when the array
is located at a considcrable distance from
the operating position. However, the revers-
ible motor, gear reduction, and electrical in-
dicator often are not absolutely essential, and
can be dispensed with by the use of man-
ual drive, either direct (where the array
is directly above the operating position) or
by means of rope and pulleys.

There are various methods of transferring
radio frequency power from the fixed sup-
porting tower or pole to the rotatable driven
element. The simplest is to use a flexible
line, such as RG-8/U coaxial cable, and
either coil it around the rotatable support
shaft a few times in a helix, or to run it
down through the center of the supporting
shaft if the latter is hollow. Either of these
arrangements requires either a “twist indica-
tor” or an automatic stop (or automatic
reverse) when power drive is used, in order
to avoid subjecting the line to excessive
strain as a result of continued rotation in
one direction.

When unrestricted continuous rotation
with power drive is desired, either sliding
contacts or coaxial inductive loops are em-
ployed. The inductive loops, one stationary
and one attached to the rotating assembly,
are placed concentric with the supporting
shaft and usually are tuned by means of
lumped shunt capacity to accomplish the
desired coupling characteristics. (See figure
5-27.) Sliding contacts take the form of
slip rings or a rotary coaxial joint. The
former are best adapted for use with a
symmetrical (“balanced”) line, while the
latter is best adapted for use with a coaxial
(asymmetrical) line.

Many of the commercially available ar-
rays employ either “rotary link” inductive
coupling or sliding contacts in order to
achleve wunrestricted continuous rotation.
However, a home-constructed array is more
easily built using a flexible feed line of
appropriate construction and an automatic
stop or automatic reversing switch.

Because the proper element lengths of
a home constructed array are best deter-
mined experimentally when the array is not
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Figure 5-23.

DUAL BAND ROTARY PARA-
SITIC ARRAY OF COMMERCIAL
MANUFACTURE (MIMS-AM-
PHENOL “SIGNAL SQUIRTER')
UTILIZING TOP OF TOWER RO-
TATOR AND COAXIAL LINK
FEED IN CONJUNCTION WITH
AN OPEN WIRE LINE. THE
ROTATING LINK FEED PER-
MITS CONTINUOUS ROTATION.

an exact duplicate of one already optimized
for maximum performance, and because the
optimum lengths are affected considerably
by the spacing and length /diameter ratio
of the elements, no frequency vs. length
conversion data will be given. However,
in general the driven element will be about
the same length as though no parasitic ele-
ments were used, the reflector will be from
zero to about 6 per cent longer than a
single half-wave element (not a folded
dipole) in free space, and the director(s)
will be from zero to about 6 per cent shorter
than a single half-wave element in free
space. If the driven element is not a folded
dipole, all elements should be made sym-
metrically adjustable over these ranges by
means of telescoping end sections or by
means of an adjustable center clamp. If the
driven element is a folded dipole, good re-
sults usually will be obtained by cutting the
driven element to 0.92 or 0.93 of a half
wavelength at the mid frequency and mak-
ing only the parasitic elements adjustable.

Generally speaking, slight detuning or
improper adjustment of the length of the
driven element affects primarily the line
SWR; it does not appreciably affect the
directivity pattern or the directivity gain.

The tubular elements should be rigid
enough to prevent excessive sag and whip.
A moderate amount of either has no dele-
terious effect, especially when the element
spacing exceeds o.2 wavelength. Duralumin
tubing of appropriate hardness and wall
thickness makes excellent element material,
though thin walled steel tubing also is good
if it is copper or zinc plated to increase the
r-f conductivity and protect the steel from
effects of weather.

“All meta]” construction of the array of
figure 5-26 requires only one insulator (to
support the half of the driven element con-
nected to the inner conductor of the line).
A metal supporting arm will have no sig-
nificant effect upon the currents flowing in
the elements, and vice versa, when con-
nected only to points of zero r-f voltage and
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oriented so as to be normal to the elements
it bisects.
A slight increase in forward gain can be

obtain by adding a second director,
though the frequency sensitivity of the
array will be increased by the additional
element. The maximum discrimination
that is obtainable with four elements (one
reflector and two directors) is not sig-
nificantly greater than that obtainable wit
three elements (one director and one re-
flector). The addition of a third director
does little to increase either gain or dis-
crimination, and is hardly worthwhile un-
less the frequency is so high that the ele-
ments are quite small physically.

The accompanying photographs illustrate
various rotary parasitic array components
and details.

Figure 5-29.

HOME CONSTRUCTED ROTAT-
ING TOWER USED BY AMA-
TEUR STATION W3EDD TO
SUPPORT PARASITIC ARRAYS
FOR THE 28, 50 AND 144 MC.
BANDS, THE LATTER ORIENT-
ED FOR VERTICAL POLARIZA-
TION. THE WO00D MAST IS
LIGHT BUT VERY STRONG,
DUE TO THE EMPLOYMENT OF
“AIRPLANE TYPE” CONSTRUC-
TION.

The construction aspects of practicable
rotatable arrays are treated in somewhat
greater detail in Chapter 30 of the Radio
Handbook.

COMBINATION END-FIRE AND
BROADSIDE ARRAYS

Any of the end-fire arrays previously
described may be stacked one above the
other or placed end to end (side by side)
to give greater directiviti gain while main-
taining a bidirectional characteristic. How-
ever, it must be kept in mind that to realize
a worthwhile increase in directivity and gain
while maintaining a bidirectional pattern
the individual arrays must be spaced suffi-
ciently to reduce the mutual impedances
to a negligible value,
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When two flat top beams, for instance,
are placed one above the other or end to
end, a center spacing on the order of one
wavelength is required in order to achieve
a worthwhile increase in gain, or approxi-
mately 3 db.

Thus it is seen that, while maximum
gain occurs with two stacked dipoles at a
spacing of about o.7 wavelength and the
space directivity gain is approximately 5 db
over one element under these conditions,
the case of two flat top or parasitic arrays
stacked one above the other is another story.
Maximum gain will occur at a greater spac-
ing, and the gain over one array will not
appreciably exceed 3 db.

When two broadside curtains are placed
one ahead of the other in end-fire relation-
ship, the aggregate mutual impedance be-
tween the two curtains is such that con-
siderable spacing is required in order to
realize a gain approaching 3 db (the re-
quired spacing being a function of the size
of the curtains). While it is true that a
space directivity gain of approximately 4 db
can be obtained by placing one, half-wave
dipole an eighth wavelength ahead of an-
other and feeding them 180 degrees out of
phase, a gain of less than 1 db is obtained
when the same procedure is applied to two
large broadside curtains. To obtain a gain
of approximately 3 db and retain a bidirec-

tional pattern, a spacing of many wave-
lengths is required between two large cur-
tains placed one ahead of the other.

A different situation exists, however,
when one driven curtain is placed ahead
of an identical one and the two are phased
so as to give a unidirectional pattern.
When a unidirectional pattern is obtained,
the gain over one curtain will be approxi-
mately 3 db regardless of the spacing. For
instance, two large curtains placed one a
quarter wavelength ahead of the other may
have a space directivity gain of only o.5 db
over one curtain when the two are driven
180 degrees out of phase to give a bidirec-
tional pattern (the type of pattern obtained
with a single curtain). However, if they
are driven in phase quadrature (and with
equal currents) the gain is approximately
3 db.

The directivity gain of a composite array
also can be explained upon the basis of
the directivity patterns of the component ar-
rays employed alone, but it entails a rather
complicated picture. It is sufficient for the
purpose of this discussion to generalize and
simplify by saying that the greater the di-
rectivity of an end-fire array, the farther an
identical array must be spaced from it in
broadside relationship to obtain optimum
performance; and the greater the directivity
of a broadside array, the farther an identi-

Figure 5-30.

FIVE-ELEMENT 28-MC. AMATEUR

ARRAY OF THE PARASITIC TYPE, L

UTILIZING A ROTATING PIPE
MAST (U-H-F RESONATOR CO0.).
THE MAST, BOOM, AND ELE-
MENTS ALL ARE OF ALUMINUM
ALLOY TUBING, MAKING A VERY
LIGHT ASSEMBLY HAVING GREAT
MECHANICAL STRENGTH. IT ALSO
IS LESS CONSPICUOUS THAN
OTHER TYPES, AN IMPORTANT
CONSIDERATION IN SOME RESI-
DENTIAL LOCATIONS.
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cal array must be spaced from it in end-fire
relationship to obtain optimum performance
and retain the bidirectional characteristic.

It is important to note that while a bi-
directional end-fire pattern is obtained with
two driven dipoles when spaced anything
under a half wavelength, and while the
proper phase relationship is 180 degrees re-
gardless of the spacing for all spacings not
exceeding one half wavelength, the situation
is different in the case of two curtains
placed in end-fire relationship to give a
bidirectional pattern. For maximum gain
at zero wave angle, the curtains should
be spaced an odd multiple of onc half wave-
length and driven so as to be 180 degrees
out of phase, or spaced an cven multiple of
one half wavelength and driven in the same
phase. The optimum spacing and phase
relationship will depend upon the dircctiv-
ity pattern of the individual curtains used
alone, and as previously noted the optimum
spacing increases with the size and direct-
ivity of the component arrays.

A concrete example of a combination
broadside and end-fire array is two Lazy H
arrays spaced along the direction of max-
imum radiation by a distance of four wave-
lengths and fed in phase. The space direct-
ivity gain of such an arrangement is slightly
less than ¢ db. However, approximately
the same gain can be obtained by juxta-
posing the two arrays side by side or one
over the other in the same plane, so that
the two combine to produce, in effect, one
broadside curtain of twice the area. Tt is
obvious that in most cases it will be more
expedient to increase the area of a broad-
side array than to resort to a combination
of end-fire and broadside directivity. One
exception, of course, is where two curtains
are fed in phase quadrature to obtain a uni-
directional pattern and a space directivity
gain of approximately 3 db with a spacing
between curtains as small as one quarter
wavelength. Another exception is where
very low angle radiation is desired and the
maximum pole height is strictly limited.
The two aforementioned T.azv H arravs
when placed in end-fire relationship will
have a considerably lower radiation angle
than when placed side by side if the array
elevation is low, and therefore may under

some conditions exhibit appreciably more
practical signal gain.

“BEAM WARPING” (ELECTRICAL
ROTATION) AND PATTERN
SWITCHING

One disadvantage of a conventional h-f
broadside array having considerable azi-
muthal directivity is that the area which
can be covered effectively by the beam
goes down as the horizontal directivity and
gain are increased.

When the size of the array becomes too
great to permit economical utilization of
mechanical rotation, it is more practical
to achieve pattern control electrically rather
than mechanically. This is done by control-
ling the phase relationships in the various
bays of a broadside array.

The complexity of an electrically rotated
array and its associated adjustable phasing
network increases with the degree of arc
over which the main lobe(s) must be
shifted or “slued.” In any case the usable
arc is somewhat less than 180 degrees (for
each lobe of a bidirectional “figure 8”)
when horizontally oriented dipoles are used
in the array.

THE “ELECTROTATOR” ARRAY

The basic principles of electrical beam
rotation are illustrated in the elementary
version of an electrically rotated array shown
in figure 5-31. This “Electrotator” bidi-
rectional array has a space directivity gain
of approximately 10 db when the beam is
“aimed” due broadside, and a beam width
of approximately 28 degrees at the half
power points. The “nose” of the beam can
be deflected to the right or left a maximum
of 20 degrees in steps of approximately 5
degrees. thus permitting a 40 degree total
sweep of each lobe of the bidirectional pat-
tern. This means that each lobe is useful
over approximately 68 degrees, and can be
put “dead on” over an arc of approximately
40 degrees. Because of the bidirectional
pattern, the array actually covers twice this
amount of arc, and ordinarily two of these
arrays can be oriented to cover all important
compass directions from a given location.
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Figure 5-31.
“ELECTROTATOR” BIDIRECTIONAL ARRAY EMPLOYING ELECTRICAL BEAM

ROTATION.

Each lobe of this bidirectional array can be swept through an arc of approximately 40 degrees
in steps of approximately 5 degrees. The space directivity gain with the beam due broadside
is approximately 10 db and the beam width about 28 degrees at the half power points. The
gain and sharpness of the beam deteriorate slightly as the beam is shifted to the right or left.

For details of the lobe shifter, refer to the accompanying text.
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As the beam is deflected to the right or
left from “due broadside,” the beam width
increases slightly, the free space directivity
gain decreases slightly, and the amplitude of
the minor lobes increases slightly with the
amount of deflection. But the variations
are so small that even under conditions of
maximum deflection the performance of the
array is not appreciably deteriorated.

It will be noted that each of the three
identical bays of the array consists of two
stacked dipoles, the spacing being that
which gives maximum gain. The velocity
factor of the 75-ohm transmitting  type
Twin-Lead used as a combined feed line
and phasing section to the upper element
is such that a section having an electrical
length of one wavelength automatically
gives optimum spacing between upper and
lower elements,

75-ohm Twin-Lead also is used as a
quarter wave “Q” section to match the feed
point resistance of each bay to its individual
300-ohm transmission line. This arrange-
ment results in a low SWR when the ar-
ray is well elevated and in the clear.

The three feed lines, TL,, TL,, and TL,,
should be cut so that with the phase shifter
set at “dead center” the electrical length of
TL, is exactl equal to that of TL,, and
the electrical length of TL, is equal to that
of TL, (including half the phase shifter)
plus that of the 150-ohm flexible “pigtail”
section. The lines should be poled so that
the currents in all elements flow in the
same direction at a particular instant. Usu-
ally these requirements can be met satisfac-
torily simply by allowing for the difference
in propagation time on the basis of pub-
lished “approximate” or “average” values
of velocity constant for the various types of
Twin-Lead, and being careful to observe
polarity when splicing the various sections
of Twin-Lead.

To minimize the effect of rain on the
phase relationships (and therefore the di-
rection of the beam), the three 300-ohm
lines should be made as short as practicable,
treated with Simoniz wax or Silicone
waterproofing compound, and arranged so
that approximately the same amount of each
line is exposed to rain.

The step-by-step phase shifter is con-

structed as follows. An electrical half wave-
length of 300-ohm Twin-Lead is divided
into eighths, giving the nine plug-in contact
points shown in figure 5-31. At each point
the line is straddled by a pair of small, jack-
type standoff insulators with solder lugs
turned inward and soldered to the Twin-
Lead at that point. The 150-0hm Twin-
Lead “pigtail” shown in the illustration is
terminated with two banana plugs mounted
on an insulated spacing bar and spaced to
mate with the jacks.

The overall system as shown will handle
safely a transmitter output of approximately
400 w. amplitude modulated. When the ar-
ray is constructed properly, the weak link
or limiting component is the 150-chm
Twin-Lead pigtail, which must handle two-
thirds of the transmitter output. If this pig-
tail is constructed of two lengths of RG-
11/U flexible coaxial cable lashed together
to form a symmetrical line section of ap-
proximately 150 ohms surge impedance, the
power handling capability of the overall
system is increased to approximately 1500
watts transmitter output, amplitude modu-
lated. The lower velocity constant of this
type of line (approximately 0.66) should be
taken into consideration when cutting it to
length. The outer conductors of the two
parallel sections of coaxial line should be
connected together at each end, and the in-
ner conductors employed in the same fash-
ion as the 150-0chm Twin-Lead.

Unless properly made, each junction be-
tween 300-ohm line and a 75-ohm Q sec-
tion will be vulnerable to flashover and thus
greatly restrict the power handling capabil-
ity of the array. After a section of 75-ohm
transmitting type Twin-Lead is solder-
spliced to 300-ohm Twin-Lead, some scraps
of polyethylene should be flowed in around
the close-spaced bare wires and fused to the
Twin-Lead dielectric with the aid of a hot
iron.

The slight deterioration in performance
in wet weather due to vulnerability of the
300-ohm Twin-Lead to moisture can be
avoided by the use of an open wire line
of approximately soo ohms surge imped-
ance and making the following substitu-
tions. For each quarter-wave Q matching
section, substitute a Q section made up of
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two, parallel lengths of RG-8/U coaxial
cable lashed together, with the outer con-
ductors jumpered at both ends, due allow-
ance being made for the velocity factor
(0.66). This gives a symmetrical transform-
er with a surge impedance of approximately
100 ohms. For the half-wavelength “phase
shifter” section use the same construction
as for the open wire lines, increasing the
physical length of the section to 0.97 of a
free-space half wavelength to allow for the
greater velocity factor. The phase shifter
pigtail should” be constructed of 300-ohm
Twin-Lead in this case, due allowance
being made for the greater velocity factor
(0.82). Because this section of 300-ohm
Twin-Lead is indoors, it will be unaffected
by weather. However, the safe current ca-
pacity of this pigtail will limit the trans-
mitter carrier power which may be handled
by the antenna to approximately 600 watts,
amplitude modulated. (The pigtail carries
two thirds of the total power.)

Strictly speaking, an array of the Electro-
tator type is a true broadside array only
when the lobe shifter is in the “dead center”
position and the lobe is normal to the line
of the array. However, it is common prac-
tice to consider the array as falling in the
“broadside” category under lobe shifted con-
ditions so long as the phase difference be-
tween the outer bays does not exceed 180
degrees.

gl"o ensure peak performance the element
lengths should be adjusted experimentally,
but when the array is well elevated and in
the clear, and is to be used only over a very
narrow frequency range, the radiators may
be cut to 0.48 of a half wavelength with
the assurance that good results will be ob-
tained. This assumes the use of no. 14, 12
or 10 B&S guage wire at frequencies be-
tween 6 and 30 Mc., and the use of insu-
sulators providing a gap of at least 6 inches
at the end of each radiator.

When possible the array should be ele-
vated sufficiently to put the lower elements
at least one half wavelength above the
effective earth level, though good results
will be obtained with the lower elements
as low as one quarter wavelength above
effective ground.

If an “Electrotator” array is to be used

for both transmitting and receiving, it is
important that the send-receive relay
inserted right at the antenna coil of the
transmitter (at the point marked “short
leads” in figure 5-31). The line to the
receiver should be made an exact multiple
of an electrical half wavelength, the fewer
the better (in order to minimize frequency
sensitivity).

It is important also that the input im-
pedance of the receiver accurately match
the feed system, or otherwise deflection of
the beam by the phase shifter will not al-
ways be the same on receive as on transmit,
causing the azimuthal directivity to shift
when switching from “transmit” to ‘“re-
ceive.” With some receivers it will be nec-
essary to provide an impedance matching
device at the receiver terminals in order
to obtain acceptable performance.

Another solution is to use a separate bi-
directional receiving antenna having sufh-
ciently broad horizontal directivity to cover
the entire usable azimuth range of the
“Electrotator.” This antenna may consist
of two stacked dipoles similar to one bay of
the “Electrotator,” removed as far as prac-
ticable to one side in order to avoid unde-
sirable couplings. Or, by suitable relay
connections, just the center bay of the
“Electrotator” may be used alone as the re-
ceiving antenna. In this case the relay
may be inserted anywhere along TL, and
the length of line from the relay to the
receiver is not critical.

THE “X-CURTAIN”

A somewhat simpler system of pattern
control, ideally suited to amateur applica-
tions, is incorporated in the 2 by 2 ex-
panded curtain or “X-Curtain” of figure
5-32. The application of the phase /anti-
phase switch is similar to that illustrated in
figure 5-14B.

The free space directivity gain of the
array with the two bays in phase is ap-
proximately 8 db, or about 2 db better than
the popular Lazy H, and the azimuthal
beam width is about 50 degrees at the half
power points.

With the two bays in anti-phase, a four-
lobe “cloverleaf” pattern is obtained which
effectively straddles the in-phase “figure 8"
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Using Twin-Lead line throughout, this expanded
2 by 2 curtain is but little more difficult of
construction than a Lazy H, and has about
2 db greater broadside gain, or a space direct-
ivity gain of approximately 8 db. It has the
additional advantage of pattern control, whereby
the bidirectional figure 8 pattern can be
changed to a cloverfeaf which straddles the
figure 8, thus approximately doubling the use-
ful coverage of the array. If desired, a 450-550
ohm open wire line can be substituted for
the 300-ohm Twin Lead by utilizing a different
“Q‘ section as described In the accompany-
ing text.

coverage, thus greatly increasing the useful
coverage of the array. With the anti-phase
arrangement, the space directivity gain is
reduced slightly, and is comparable to the
gain of a Lazy H. The character of the
mutual impedance between the two bays
is such that only a slight change in trans-
mitter loading will occur when the phase
switch is reversed.

The array will handle safely a transmitter
power output of 1 kilowatt, amplitude
modulated, if care is taken in construction.

Reference is made to those portions of
the text on the “Electrotator” array pre-

viously described which deal with array
elevation, feed line and elecment length, and
with splicing and waterproofing of the
Twin-Lead. It will be noted that the two
arrays employ bays of identical construction.

It it is felt that the improvement in wet
weather performance justifies the extra in-
stallation work involved, 450-550 ohm open-
wire line may be used insted of 300 ohm
Twin-Lead by substituting for each of the
75-ohm quarter-wave Q sections a 100-ohm
Q section made up by lashing together two
lengths of RG-8/U coaxial cable as previ-
ously described under the “Electrotator”
array.

VERTICAL TRIAD ARRAY WITH
PATTERN SWITCHING

While in general a horizontally polarized
array is to be preferred in the h-f range,
there are certain vertically polarized arrays
which have important advantages to offer
under particular circumstances. For in-
stance, certain characteristics of the array
of 5-33 could not be achieved with any
combination of horizontal elements.

This “Vertical Triad” array offers a sim-
ple and compact means of obtaining direc-
tional radiation and response at low vertical
angles at the lower end of the high fre-
gency range, in any desired direction, with-
out resorting to unhandy pole heights. It
is highly recommended for the amateur who
is interested in a full coverage “dx” antenna
system for the 7-Mc. amateur band, yet
is confined to a city lot.

Any two elements of the antenna consti-
tute a singlesection, close-spaced end-fire
dipole array similar to a “Flat Top Beam”
antenna tumed on end. Such an array
makes an effective low-angle radiator with
moderate horizontal directivity, and not only
provides worthwhile gain over a single verti-
cal dipole, but also results in a symmetrical
arrangement which is balanced to ground.

By spacing three such elements equally
around a circle and providing for indivi-
dual feed of each element, it is possible to
activate any two elements from within the
station by means of a two-pole triple-throw
switch. The floating element always will
be in a neutral plane with respect to the
two driven elements and therefore will have
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This compact atray is a low angle radiator, and the “‘dx” performance when suspended from

50-foot poles is in all compass directions at least as good (when surrounding obstructions are

not excessively high) as that of a half-wave horizontal dipole in its broadside direction when

elevated approximately 100 feet. The bidirectional pattern may be switched to three positions
which effectively cover all azimuthal bearings.

no effect upon the operation. Both the hor-
izontal and vertical portions of all three
feed lines which are close enough to the
dipoles to give trouble from undesirable
couplings also are in neutral planes, regard-
less of which two dipoles are being fed,
and therefore will have no significant effect
upon the operation of the dipoles and will
not be susceptible to “antenna effect.”

The direction switch makes available any
one of three overlapping, equally spaced,
bidirectional “figure 8” patterns. The hori-
zontal directivity is broad enough that in a
direction midway between two adjacent di-
rections of maximum gain the gain will be

only very slightly down from the maximum
value.

The excellent “dx” performance of this
array is due to the fact that most of the
radiation is confined to vertical angles below
30 degrees regardless of the antenna eleva-
tion and of soil. However, the per-
formance will be slightly better over ground
of high conductivity.

Although it is desirable to elevate the
array sufficiently to put it well above sur-
rounding obstructions so as to be “in the
clear,” good results will be obtained in an
arca of one-story buildings and low trees
when the array is hung from three so-foot

poles.
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Bending the ends of the half-wave dipoles
towards the axis of the array shortens the
vertical dimensions of the array and mini-
mizes the required pole height without sig-
nificantly affecting the gain of the array.
However, radiation from and pickup by the
horizontal portions of the array prevent a
complete “null” in a direction broadside to
the line of the two elements being employed.
If maximum possible discrimination is de-
sired, the half-wave elements should not be
bent, but instead extended vertically to
67 feet.

The incorporation of the 36-ohm “Q” sec-
tions (two length of RG-1 I(U in parallel)
results in a low SWR, making the length
of the line uncritical. However, if so de-
sired the Q sections can be dispensed with
by accepting a moderate SWR and cutting
the lines to an exact resonant length.

If sufficiently husky supporting poles
are used, the wires forming the top “spider”
can be pulled taut enough to support the
lines as shown in figure 5-33, without ex-
cessive sag. If light poles are employed, it
is recommended that the converging lines
be supported by a short center pole rather
than suspended as shown in the illustration.
It is important that the converging lines
from the three dipoles make approximately
a right angle with the dipoles and then,
upon reaching the axis of the array, drop
vertically to a point at least ten feet below
the bottom of the array or to the ground
before taking another direction. If these
precautions are observed, the antenna effect

will be negligible.

While the optimum overall radiator
length will depend somewhat upon the
type of end insulators used, upon the na-
ture and proximity of the supporting poles,
upon the presence of surrounding objects,
and upon other factors, satisfactory oper-
ation over the range 7000 to 7300 ke.
usually will be obtained with the dimen-
sions specified in figure 5-33 in spite of the
fact that the dimensions are somewhat criti-
cal for best performance (due to the rather
high effective Q). The Tesponse can be
broadened out somewhat by substituting
very large aluminum wire of the tvpe sold
for clothesline use and shortening the over-

all length of each half-wave element by
1 foot.

Except for the center insulator at the feed
point of each element, all insulators are at
very high impedance points, and long-gzg)
insulators of good quality should be used.
To avoid deterioration of the performance
in wet weather the following precautions
should be observed: The poles should be
spaced at least 5 feet from the radiating
elements and treated to minimize moisture
absorption. The halyards should be of
either Nylon rope or oil treated hemp. All
insulators should have good wet weather
characteristics.

The poles may be oil treated or given
several coats of spar varnish. Aluminum
paint or other paint with metallic pigment
should be avoided because of the strong field
in which the poles are located. Wire hal-
yards should be avoided as they will detune
the radiators.

It should be kept in mind that a ver-
tically polarized antenna of this type delivers
a strong surface wave which may cause
interference to nearby broadcast receivers
unless the transmitter power is low.

THE “BOBTAIL” BIDIRECTIONAL
BROADSIDE CURTAIN

Another application of vertical orienta-
tion of the radiating elements of an array
in order to obtain low-angle radiation at the
lower cnd of the h-f range with low pole
heights is illustrated in figure 5-34. When
precut to the specified dimensions this sin-
gle pattern array will perform well over
the 7-Mc. amateur band or the 4-Mc. ama-
teur phone band. For the 4-Mc. band the
required two poles need be only 70 feet
high, and the array will provide a practical
signal gain averaging from 7 to 10 db over
a horizontal half-wave dipole utilizing the
same pole height when the path length ex-
ceeds 2500 miles.

The horizontal directivity is only mod-
erate, the beam width at the half power
points being slightly greater than that ob-
tained from three cophased vertical radiators
fed with equal currents. This is explained
by the fact that the current in each of the
two outer radiators of this array carries only
about half as much current as the center,
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driven element. While this “binomial” cur-
rent distribution suppresses the end-fire lobe
that occurs when an odd number of parallel
radiators with half-wave spacing are fed
equal currents, the array still exhibits some
high-angle radiation and response off the
ends as a result of imperfect cancellation in
the flat top portion. This is not sufficient
to affect the power gain appreciably, but
does degrade the discrimination somewhat.

A moderate amount of sag can be tol-
erated at the center of the flat top, where
it connects to the driven vertical element.
The poles and antenna tank should be so
located with respect to each other that the
driven vertical element drops approximately
straight down from the flat top.

Normally the antenna tank will be lo-
cated in the same room as the transmitter,
to facilitate adjustment when changing fre-
gency. In this case it is recommended that
the link coupled tank be located across the
room from the transmitter if much power
is used, in order to minimize r-f feedback
difficulties which might occur as a result of
the asymmetrical high impedance feed. If
tuning of the antenna tank from the trans-
mitter position is desired, flexible shafting
can be run from the antenna tank condenser
to a control knob at the transmitter.

The lower end of the driven element is
quite “hot” if much power is used, and the
lead-in insulator should be chosen with this
in mind. The ground connection need not
have very low resistance, as the current flow-
ing in the ground connection is compara-
tively small. A stake or pipe driven a few
feet in the ground will suffice. However,
the ground lead should be of heavy wire
and preferably the length should not ex-
ceed about 10 feet at 7 Mc. or about 20
feet at 4 Mec. in order to minimize reactive
effects due to its inductance. If it is im-
possible to obtain this short a ground lead,
a piece of screen or metal sheet about four
feet square may be placed parallel to the
earth in a convenient location and used as
an artificial ground. A fairly high C/L
ratio ordinarily will be required in the an-
tenna tank in order to obtain adequate
coupling and loading.

As with all vertically polarized h-f an-
tenna systems, a strong surface wave is
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Figure 5-34.
“BOBTAIL” BIDIRECTIONAL BROAD-

SIDE CURTAIN FOR THE 7-MC. OR
THE 4.0-MC. AMATEUR BANDS.

This simple vertically polarized array provides
low angle radiation and response with com-
paratively low pole heights, and is very effective
for dx work on the 7-Mc. band or the 4.0-Mc.
phone band. Because of the phase relationships,
radiation from the horizontal portion of the an-
tenna is effectively supressed. Very little cur-
rent flows in the ground lead to the coupling
tank; so an elaborate ground system Is not
required, and the length of the ground lead is
not critical so long as it uses heavy wire and is
reasonably short.

radiated that tends to aggravate broadcast
interference, which may be troublesome if
the transmitter power is high and broad-
cast receivers are located nearby.

LONG WIRE ANTENNAS

If all the dipoles in a row of driven,
parallel (non-staggered), end-fire dipoles
with half wavelength spacing are rotated si-
multaneously on their centers through go
degrees in a plane containing the dipoles, so
that the dipoles form a straight line, sev-
eral pertinent effects are produced. First it
will be noted that the “plus” end of one
dipole is adjacent to the “plus” end of the
next dipole, so that the dipoles may all be
connected together. Individual feed of each
dipole no longer is necessary in order to
maintain the end-fire phase relationship;
the articulated configuration permits feed of
the system at any current loop or at one
end of the string. We now have a simple
“harmonic radiator,” or “long wire antenna.”

Next it will be noted that the aspect di-
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rectivity and interference directivity no
longer aid, but instead oppose each other, so
that in the direction in which the inter-
ference directivity gain is maximum, the
aspect directivity gain is zero, and vice
versa. As the overall free space directivity
pattern of the array is determined by the
product of the two, maximum radiation
occurs neither broadside to the wire nor in
line with the wire, but at some oblique
angle of revolution. It is for this reason that
long wire radiators, used either alone or as
elements of an array, often are called tilted
long wires.

As the length of the wire in wavelengths
is increased, the interference directivity is
increased, but the aspect directivity remains
the same regardless of the length of the
wire. This means that as the length of ra-
diator is increased, the interference direct-
ivity becomes more dominant, and maxi-
mum radiation occurs at a smaller angle
with respect to the line of the radiator,

Because of the axial and coplanar sym-
metry of an unterminated straight conductor
in free space, the lobes which constitute
the directivity pattern are figures of revolu-
tion about the axis of the wire when the loop
current magnitude is uniform, and a cross
section of these lobes taken in a plane con-
taining the wire also will be symmetrical
about the mid point of the wire. This
results in the familiar major lobe “clover-
leaf” when the cross sectional pattern is
represented by a conventional polar diagram.

A single long wire which is unterminated
always has two identical major lobes, each
forming a figure of revolution about the
wire, and both lobes occur at the same
angle with respect to the wire. If lines are
drawn through all directions of maximum
radiation, they will form two concentric
cones, apex to apex. In actual practice the
loop current magnitude will not be uniform,
but rather will “taper off” with distance
from the feed point. However, to simplify
the present discussion of the basic proper-
ties of the long wire radiator, uniform loop
current is assumed. The effect of non-uni-
form loop current upon the directivity pat-
tern will be treated in a later section.

Just as in the case of a row of parallel
dipoles, minor lobes are present, and the
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FREE SPACE DIRECTIVITY AND GAIN

CHARACTERISTICS OF A HYPOTHETI-

CAL LONG WIRE RADIATOR HAVING
UNIFORM LOOP CURRENT,

The lobe angle refers to the angle each of the
two main lobes makes with the axis of the wire,
and the gain refers to the free space direct-
ivity gain over a half-wave dipole. In the case
of an actual antenna fed at one end or at a
current loop (so as to achieve the desired phase
relationships), the curves are only approxi-
mately correct. This is explained by the stightly
tapered loop current distribution which results
from articulated feed of the elements. (All
interior half-wave sections act at the same time
as radiator and feed line.)

number increases with the length of the
wire. The total number of lobes, major and
minor, is equal to the number of half waves
on the wire. The relative average amplitude
of the minor lobes with respect to the main
lobes decreases as the length of the radiator
(and number of minor lobes) is increased.
In the case of a long radiator having nu-
merous minor lobes, the amplitude of the
various minor lobes increases with the angle
the minor lobe makes with a plane normal
to the radiator.

As the length of the radiator is increased
and the angle which the main lobes make
with the wire decreases, the two main lobes
become sharper, thus providing increased
power gain. However, the directivity gain
does not become pronounced until the wire
is made several wavelengths long.

The relative amplitude of the minor lobes
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is greater for a given end-fire array length
in the case of a single long wire than it is
in the case of parallel coplanar dipoles, be-
cause in the case of the long wire the aspect
directivity tends to favor the minor lobes.

Figure 5-35 gives the pertinent directivity
and gain characteristics of a long wire radi-
ator in free space. For the longer lengths
the curves apply only when the wire is
pulled very taut. A sag at the center ex-
ceeding a small fraction of a wavelength
will appreciably reduce the gain and the
sharpness of the main lobes of a radiator 10
to 12 wavelengths long.

THE SINGLE LONG WIRE RADIATOR

A single long wire radiator is the simplest
form of directional antenna, if we define
“directional” as “having considerably more
directivity than a half-wave dipole.” How-
ever, the performance of a single long wire
does not begin to compare with the perform-
ance of certain arrays to be described which
utilize a combination of long wires, and the
single long wire ordinarily is employed only
for reasons of available space or convenience.

The radiation pattern and practical dx
signal gain of a lon§ wire radiator over typi-
cal soil bear only slight resemblance to the
free space directivity pattern and gain, Fur-
thermore, they usually are considerably dif-
ferent from the pattern and signal gain that
would be obtained with the radiator over
hypothetical perfect ground. The azimuthal
directivity varies widely with the vertical
angle involved, and calculation of the pat-
tern obtained with the antenna over typical
ground is complicated by the fact that di-
rectly off the ends the radiation is vertically
polarized, broadside it is horizontally polar-
ized, and at intermediate angles it has both
a vertical and horizontal component.

In actual practice it will be noted that
at frequencies below about 10 Mec. and with
a radiator between two and three wave-
lengths long, fairly good coverage will be
obtained in nearly all compass dircctions.
This is explained by the fact that the minor
lobes have appreciable amplitude, and by
the fact that there will be appreciable radi-
ation at some vertical angle in nearly all
compass directions when the reflecting prop-

erties of typical earth are considered.

When the radiator is more than four
wavelengths long the practical directivity
begins to be pronounced, especially at the
higher frequencies where only low-angle ra-
diation is effective. While the conventional
“free-space” polar diagram of such an an-
tenna shows a four main-lobe cloverleaf
with no radiation directly off the ends, in
actual practice the antenna will be found
broadly directional off the ends, with the
azimuthal direction(s) of maximum effec-
tiveness varying considerably with the wave
angle, the elevation of the antenna, and the
ground constants,

A long wire makes an effective means of
obtaining low angle radiation at the lower
end of the high-frequency range (3 to 6
Me.) without resorting to high poles. With
a radiator having a length of three or more
wavelengths, the performance of the anten-
na in directions approximately in line with
the radiator will be very good at low wave
angles even with antenna elevations on the
order of % to % wavelength (particularly
over poor soil), and the 2500 mile perform-
ance of a low antenna three wavelengths
long will be comparable to that of a broad-
side horizontal half-wave dipole elevated one
wavelength above earth.

Unlike a string of cophased colinear di-
poles, the radiation resistance of a long wire
goes up rather slowly with overall length,
and increases but little as the length is in-
creased from four to twelve wavelengths.

An end-fed long wire can be made unidi-
rectional by terminating it in its character-
istic impedence by means of a non-induc-
tive resistor connected from the far end to
ground. At one time such an antenna was
widely employed at medium and low fre-
quencies for ground wave work, particularly
as a receiving antenna. The antenna is
quite effective under these conditions when
used over poor soil. as a result of the for-
ward tilt of a medium or low frequency
surface wave when travelling over poor soil.
(See Chapter 1.) An antenna of this type

is called a Beverage or wave antenna.

Effect of Feed Point Location Upon the
Pattern of 'a Long Wire Radiator

It is important that the reader appreciate
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the effect of the feed point location upon
the radiation pattern of an unterminated
long wire. To operate as a true long wire
radiator, the antenna must be fed either at
one end or at a current loop when conven-
tional methods of feed are employed. And
the pattern will be roughly the same regard-
less of which current loop is utilized as the
feed point.

That the pattern does not remain ex-
actly the same regardless of which current
loop is fed is explained by the articulated
feed inherent in a long wire system, where-
by one clement not only acts as a radiator
but also serves as a feeder to the adjacent
radiator. This results in a tapered current
distribution (the current at each current
loop becoming slightly less with increasing
distance from the feed point). As the feed
point on a long wire radiator is moved to-
ward one end, the pattern is increasingly
distorted, until with end (voltage) feed,
or with current feed of the end section, the
lobe directions are shifted noticeably from
theoretical. The radiation off the unfed end
is from 2 to 4 db. stronger than that off the
fed end, the former being slightly greater
than theoretical and the latter slightly less
than theoretical. (“Theoretical” refers to the
direction and amplitude the lobes would
have if the current were the same at all cur-
rent loops.)

If the antenna is opened at a voltage loop
(an integral number of electrical half wave-
lengths from one end) to permit use of a
symmetrical feed line, the currents in that
portion of the antenna to one side of the
feed point will be reversed with respect to
those in the portion to the other side of the
feed point, as compared to phase relation-
ships existing under conditions of “free oscil-
lation,” current feed, or end feed.

This will affect the directivity pattern of
the antenna, the effect being greatest when
the high impedance feed point is at or near
the center of the radiator rather than near
one end. A wire four wavelengths long fed
at the voltage loop in the exact center will
be in effect, two, two-wavelength antennas
fed in phase, and the free-space directivity
pattern will be characterized by, the main
lobes occuring at a greater angle with re-
spect to the wire.

If a long wire is voltage fed at a voltage
loop which is off center, not only will the
phase relationships be altered from the nat-
ural or “free oscillation” condition, but also
there will be dissymmetry of the pattern due
to the asymmetrical feed, as previously
noted under the discussion of current feed.
The latter does not seriously shift the direc-
tion of the major lobes, but does cause the
lobe towards the “long side” of the radiator
to be slightly stronger.

When the antenna is not an exact in-
tegral number of electrical half wavelengths
long and is fed in the center, the feed point
will be neither a current loop nor a voltage
loop, but intermediate between the two.
Likewise the directivity pattern will be in-
termediate between those obtained with the
wire fed exactly at a current loop and with
the wire fed exactly at a voltage loop.

When a center-fed long wire radiator is
on the order of 10 or 12 wavelengths long,
only a moderate frequency change (about
5 per cent) is required to change the feed
point from a current loop to a voltage loop
or vice versa. Thus it is seen that while the
use of center feed with a resonant feed line
permits operation of a long wire radiator
over a very wide frequency range, the di-
rectivity pattern will be altered considerably
for a frequency change of only a few per
cent when the radiator is several wave-
lengths long.

A quantitative analysis of the effect of
the feed point location upon the pattern and
gain of a series-fed, voltage-fed long wire
radiator of fixed length, and the effect of
variations in length or frequency upon the
pattern and gain of a center fed long wire
radiator is quite complex and not within the
scope of this book. However, the foregoing
simplified qualitative discussion should en-
able the reader to appreciate the consider-
ations involved.

While it is possible to “voltage feed” a
long wire antenna at an intermediate voltage
loop without breaking the wire, and thus
avoid upsetting the natural phase relations,
this method of feed has many disadvantages
and therefore has not been considered in
this discussion as a practical method of feed-
ing a long wire.

Tilting a long wire radiator in a vertical
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plane has a marked effect upon the radiation
pattern above typical soil, but the modifica-
tion of the pattern as a result of the tilt
does not lend itself to simple treament. The
effect upon the pattern depends upon the
angle of inclination, the average elevation
of the radiator, the frequency, the length
of the radiator in wavelengths, the ground
characteristics, and other factors.

When a long wire radiator has a length
exceeding 3 wavelengths, it may be end fed
simply by bringing one end of the radiator
down to the transmitter or antenna tuning
unit, as the relatively short length of the
downlead as compared to the overall length
of the wire will result in but little distor-
tion of the pattern and negligible reduction
in gain, and the antenna may be used over
a continuous, wide frequency range without
upsetting the natural phase relationships on
the wire. Certain disadvantages are inherent
in such a simple arrangement, however,
Pickup by the downlead will deteriorate the
discrimination and noise reducing properties
of the antenna when it is used for receiving,
and the lack of symmetry may cause con-
siderable trouble with “r-f to a-f feedback”
in a high powered radiophone transmitter
at the upper end of the h-f range if a low
level microphone is employed.

There are many configurations of tilted
long wire radiators used in combination
which will provide better gain and direct-
ivity characteristics than a single long wire.
One arrangement utilizes two staggered, par-
allel long wires excited out of phase, with
the stagger and spacing so adjusted as to
reinforce the radiation along a bidirectional
line and more or less cancel in other direc-
tions. Such combinations are referred to as
“staggered long wires” or “echelon anten-
nas.” When the tilted parallel wires lie in
a vertical plane, at an angle with the earth,
the array is known speciéca]ly as the RCA
model B array or “projector.” When the
tilted parallel wires lie in a horizontal plane,
at an oblique angle to the desired direction
of maximum radiation, the array is known
specifically as the RCA model C array or
projector.

Long wire arrays of the echelon type will
not be treated in detail because their per-
formance is inferior to that of Model C

projector, or “V Beam,” to be described im-
mediately following, and because echelon
type arrays no longer are widely used.

THE “V” BEAM ANTENNA (RCA MODEL
D ARRAY)

Two harmonic wires arranged in the
form of a “V” will, when the apex angle
is optimum, provide good directivity and
gain characteristics. The two wires are fed
at the apex of the V by means of a balanced
line or transformer, so that equal currents
of opposite phase flow in corresponding parts
of the two wires. The apex angle is so
chosen that the main lobes of the two wires
reinforce along the bisector of the apex
angle, and tend to more or less cancel in
other directions.

When the legs are several wavelengths
long, the optimum apex angle is approxi-
mately twice the angle the main lobes of
one leg make with that leg when operated
as a long wire radiator. For unterminated
wires this angle is given in figure 5-36.
Thus it is seen that for an unterminated
V with legs 5 wavelengths long, the main
lobe angle of each leg is 22.5 degrees; so the
apex angle of the V should be made 45
degrees.

As the lobe angle changes rather slowly
with length for a harmonic wire longer than
approximately 5 wavelengths, and because
the optimum apex angle of a “V” array is
not especially critical percentage wise, a
“V" array can be used with good results over
a rather wide frequency range when the
leg lengths are long, simply by resorting to
tuned (resonant) feeders. However, the
feed point impedance varies widely with
frequency, and a highly flexible antenna
coupling unit is required for wide-band
operation (due to the high average SWR).

A “V” array will provide worthwhile
gain and directivity when the leg lengths
are as short as two wavelengths, and some
gain when the legs are only one wavelength
long. However, the optimum apex angle
for such an array is slightly less than twice
the lobe angle of the individual legs. Also,
besides having less gain than a “V” array
having longer legs, an array having com-
paratively short legs cannot be used with
good results over as wide a frequency range.
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FEED LINE

TOP VIEW
Figure 5-36.

THE BASIC “V” ARRAY (UNTERMI-
NATED, BIDIRECTIONAL).

This array, used singly or in combination with
similar units, is the most popular type of un-
terminated long wire antenna. When a tuned
feed line is employed, the array may be used
over a wide frequency range without serious
deterioration of the performance. For leg
lengths exceeding 3 wavelengths, the optimum
apex angle is twice the main lobe angle of one
leg used alone, as determined from figure 5-35.
While the array is considered bidirectional, the
lobe off the open end of the “V has a slightly
greater amplitude than the lobe off the apex
end.

Best results will be obtained from a “V”
array one wavelength on a leg when the
apex angle is made approximately go de-
grees, rather than 108 degrees as obtained
by doubling the lobe angle obtained from
figure 5-35. For legs two wavelength long
the apex angle can be made 65 degrees.
For legs three wavelengths long Cor longer)
the apex angle may be made equal to twice
the lobe angle.

A simple form of “V” array is illustrated
schematically in figure 5-36. It is also
known as the RCA model D “basic unit,”
and may be used either alone or in combina-
tion with similar units. A flat line can be
achieved by incorporating one or more
matching stubs, but this complicates mat-
ters when the array is to be used on more
than one frequency.

The free space directivity gain of a prop-
erly designed “V” array of the type shown
in figure 5-36 is approximately 6 db greater
than the gain of a single leg operated alone
when the leg length exceeds two wave-
lengths. Reinforcement of the overlapping
main lobes along the apex bisector is respon-
sible for approximately 3 db gain over one
leg, while suppression of radiation in other

directions raises it approximatelr 3 db more.
The increased gain over a single wire twice
as long as the one leg may also be explained
on the basis of mutual impedances between
the two legs of the “V.” Thus it is seen
from figure 5-35 that the free space directiv-
ity gain of a simple “V” array 8 wavelengths
on a leg is approximately 12 db over a
half-wave dipole, or approximately 3 db over
a single long wire having a length of 16
wavelengths.

In actual practice the radiation off the
open end of a “V” antenna is slightly
stronger than that off of the apex end, for
reasons previously explained under the dis-
cussion of the basic long wire radiator.
However, as the difference in amplitude is
not great, especially when the leg length
does not exceed three wavelengths, the “V”
is classed as a “bidirectional” array.

For the highest practical dx signal gain
in the h-f range, a “V” array should be
located over flat, level ground, and elevated
at least one wavelength. However, at the
lower end of the h-f range (below approxi-
mately 10 Mc.), good results will be ob-
tained at elevations as low as o.4 wave-
length.

The radiation from a “V” array directly
along the line of the apex bisector is hori-
zontally polarized, because the vertical com-
ponent from one wire cancels that of the
other at all vertical angles. In other azi-
muthal directions, however, the radiation
has both horizontal and vertical components,

A simple “V” array of the type shown in
figure 5-36 has considerably more horizontal
directivity than vertical directivity, which
is fortunate. It permits the use of high azi-
muthal directivity without incurring exces-
sive vertical directivity. When for some rea-
son it is desirable to broaden the vertical
pattern  without increasing the azimuthal
beam width, it can be done by inclining
the plane of the array a few degrees so that
the apex of the “V” is lower or higher than
the open ends of the legs.

Variations within the range of typical
ground constants have little effect upon the
vertical pattern along the line of the apex
bisector at vertical angles below 20 degrees.
However, they do effect the amount of heat
loss incurred as a result of ground currents.
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Under certain conditions a substantial por-
tion of the power fed to a “V” array with
long legs may be dissipated in the %round
below the array. This is explained by the
fact that the radiation resistance of a “V”
array is comparable to that of a half-wave
dipole, which means that for a given total
power delivered to the antenna, about as
much current flows at each of the many
current loops in a “V” array as flows in a
single halfwave dipole. The appreciable
ground loss is characteristic of all long wire
arrays in which the overall wire length
totals many wavelengths, and it causes the
practical signal gain to be slightly less than
would be indicated on the basis of direct-
ivity gain alone.

Basic “V” units of the type illustrated in
figure 5-36 usually are employed commer-
cially in various combinations of two or
more which provide better discrimination for
a given gain and directivity (by reducing the
relative amplitude of the minor lobes). The
use of two or more basic units also makes it
possible to increase the vertical directivity
without increasing the horizontal directivity,
and vice versa. Common configurations are
one “V” over an idential one (forming a
“stack”), and two “V's” or stacks placed
side by side in the form of a W.

The practice of spacing two identical
bidirectional arrays one quarter wavelength
along the line of maximum radiation and
providing quadrature excitation to obtain
a undirectional pattern (and additional
gain) is applicable to the “V” array, but
limits the frequency range over which it
may be used, particularly if a parasitically
excited reflector is used. By driving both
units with separate lines, the direction of
the beam may be shifted 180 degrees simply
by reversing the polarity of one feed line.
This arrangement requires stub matching at
each array so as to provide two non-resonant
lines to the transmitter, one of which is
made an electrical quarter wavelength
longer than the other to obtain a quadrature
relationship at the antenna feed points.

It is also possible to obtain a undirection-
al characteristic by terminating the far end
of each leg with a noninductive resistor to
ground or to a ground screen. However,
it is difficult to obtain a good termination

in this manner using economical construc-
tion, and therefore such an arrangement
seldom is employed. The rhombic antenna
to be described immediately following makes
a much more satisfactory undirectional an-
tenna of the terminated type.

It is important that the wires of a “yr
array be pulled very taut. This predicates
the use of copper clad or galvanized steel
wire for long spans. When a rcsonant line
is used in order to permit operation of the
array over a wide frequency range, a line
constructed of no. 12 or no. 1o B&S gauge
wire spaced 6 inches is satisfactory for trans-
mitter outputs up to 1 kw,, amplitude mod-
ulated. Higher powers call for greater spac-
ing, thus limiting the transmitter power
that can be handled by the tuned line at
the upper end of the h-f range (due to ex-
cessive line radiation with wide spaced
feeders at these frequencies).

Generally speaking, the discrimination
(rejection of noise and undesired signals)
for a given power gain is not so good with
a single unit “V” array as with a broadside
curtain. The same applies to interference
caused to stations well off the direction of
the “beam.” When these considerations are
of major importance, it is the usual prac-
tice to use combinations of “V” units which
give comparable main lobe directivity and
gain but lower amplitude of the minor
lobes.

THE RHOMBIC ANTENNA

One of the most widely used h-f direc-
tional antennas in military and commercial
service for point to point work consists of
four, long-wire radiator elements disposed
in the shape of a rhombus, from which the
antenna gets its name. This antenna is
simple to construct, has high gain, is uni-
directional, and, most important, provides
excellent performance over a broad, contin-
uous frequency range. In fact, it is the
latter characteristic, its ability to provide
excellent performance over a frequency
range of 2 to 1 and good performance over
a range as great as 4 to 1, that is responsible
for the wide popularity of the rhombic an-
tenna in spite of the fact that it takes up
much more room than, and provides less
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Figure 5-37.

SCHEMATIC OF THE BASIC HIGH-
FREQUENCY RHOMBIC ANTENNA.

The pertinent design parameters are the side
length, L; the tilt angle, &; the elevation; and
the value of the terminating resistor, R. When
these are optimized the antenna is unidirec-
tional, with high gain and good discrimination.

discrimination than, a broadside curtain and
reflector combination having comparable
gain. A further advantage of the rhombic
antenna is the fact that it is not critical as
to dimensions or adjustment, this simply
being a corollary expression of its lack of
frequency sensitivity.

The basic rhombic antenna is shown
schematically in figure 5-37. The important
dimensions are the side length, L, and the
tilt angle, ¢. The latter is equal to one
half the included side angle, and repre-
sents the number of degrees by which the
legs are tilted from a broadside direction.

The function of the terminating resistor,
R, is to make the antenna unidirectional and
aperiodic. While a rhombic array may be
used cither vertically or horizontally, for
practical reasons it a{ways is oriented in a
horizontal plane when used for high fre-
quency work, and figure 5-37 therefore is a
top view. With horizontal orientation the
radiation along the line of maximum out-
put is horizontally polarized. The vertical
components tend to cancel and in a sim-
plified treatment may justifiably be ignored.

Comparison With “V” Antenna

The rhombic antenna sometimes is des-
cribed, on the basis of geometrical appear-
ance, as two articulated “V” antennas con-
nected back to back and terminated to give
a unidirectional pattern. While the rhom-
bic does superficially resemble a pair of
articulated “V” antennas, the considerations

involved in the functioning of the two
types of array are such that the rhombic
requires distinctive treatment,

For example, in a basic “V” unit in free
space the tilt angle (the complement of
half the apex angle) is determined only by
alignment of the lobes of the individual
legs along the line of the apex angle bi-
sector. However, in the case of a rhombic
antenna, the time and space phase relation-
ships between the forward elements and the
rear elements are involved, as well as the
alignment of the lobes of the individual
elements along a common direction. And
the tilt angle which aligns the individual
lobes on the apex angle bisector (for a
given leg length) is not the tilt angle which
produces the most favorable phase relation-
ship bewteen the forward pair and the rear
pair of elements for maximum gain. There-
fore, the optimum tilt angle for maximum
forward gain from a rhombic is a compro-
mise between the angle producing exact
alignment of the individual lobes, and the
angle producing optimum phase addition
of the fore and aft pairs along the line of
the apex angle bisector.

Another notable difference between the
“V” and rthombic is the difference which
the presence of the ground has upon the
directivity of the two types of array, and
therefore upon the optimum tilt angle. An-
other distinction is the difference in the lobe
angle of the individual legs for a given
leg length. The latter is due to the presence
of sinusoidal current on a “V” leg as con-
trasted with uniform distribution on a rhom-
bic leg. However, the difference is not
appreciable except for short leg lengths.

Rhombic Antenna Design Parameters

The presence of the earth has consider-
able effect upon the directivity pattern of a
thombic array, and the optimum side length,
tilt angle and elevation of a high frequency
thombic are determined by the optimum
wave angle (vertical angle of wave arrival
and departure). At low angles useful for
long distance high-frequency communica-
tion, the effect of imperfect earth conductiv-
ity upon the directivity pattern is insignif-
cant and may be ignored. Computations
based upon the assumption of a perfectly
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RHOMBIC ANTENNA DESIGN CHART.

This chart gives the correct elevation, tilt angle, and side length as a function of wave angle

for both a “maximum output” rhombic and an “alignment design’’ rhombic. The “alignment’

type requires less side length but has slightiy less gain. It is recommended when the available

ground space Is limited. 1t will be noted that the optimum elevation and tilt angle are the

same for both types. The maximum output design method gives the maximum gain that can
be obtained at a given wave angle from any rhombic antenna.

conducting earth have been found to check
very closely with experimentally derived
data on the pertinent portions of the direct-
ivity pattern. While the earth losses due to
imperfect ground may cause the signal gain
of a rhombic antenna to be 1 or 2 db less
than that which would be obtained over
perfectly conducting earth, the shape of the
directivity pattern is not seriously altered at
the lower angles of elevation by the finite
conductivity of typical earth,

The high degree of vertical directivity
obtained with a rhombic antenna makes
it necessary to design the antenna for a
specific wave angle. And for a particular
wave angle and frequency there is an opti-
mum combination of elevation, side length,
and tilt angle which will give the maxi-
mum possib%e amount of radiation and re-

sponse. It is important that the reader

appreciate the fact that for a particular wave

angle there is an optimum side length; in-
creasing the side length beyond the opti-
mum length will result in reduced radiation
and response at that wave angle, regardless
of what alterations may be made to the
elevation and tilt angle.

Maximum Output Design

A rthombic antenna designed to give the
maximum possible radiation and response at
a particular wave angle and frequency is
called a maximum output rthombic. The re-
quired tilt angle and the required elevation
and side length in wavelengths for a maxi-
mum output rhombic are given in figure 5-
38 as a function of wave angle. As an ex-
ample of how the chart is to be used, sup-
pose we wish to determine the dimensions
of a maximum output rhombic for an 18
degree wave angle. It is done as follows:
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Read up from 18 degrees to the intersec-
tion with the length curve marked “Max.
Output Design,” then left to the scale
marked “Side Length in Wavelengths.”
This will give the proper side length (5.25
wavelengths). Then read up from 18 de-
grees to the intersection with the curve
marked “Elevation,” then left to the corres-
ponding scale. This will give the proper
elevation (0.8 wavelength). Next read up
from 18 degrees to the intersection with the
curve marked “Tilt Angle,” and right to
the corresponding scale. This will give the
proper tilt angle (72 degrees).

An interesting fact about a maximum
output rhombic is that the vertical angle
of maximum transmission and response (or
“nose” of the vertical lobe) is slightly below
the wave angle used in the design com-
putations. A rhombic designed by this
method for a wave angle of 18 degrees will
exhibit a vertical lobe which maximizes at
about 16 degrees. Thus, while this thombic
gives the greatest possible output and re-
sponse obtainable from any rhombic at a
wave angle of 18 degrees, it actually ex-
hibits slightly greater output and response
at 16 degrees. Any attempt to beat the
game by designing the rhombic for a wave
angle slightly higher than that actually
desired is futile, because the gain of a max-
imum output rhombic falls off as the de-
sign wave angle is increased, and at such a
rate that there is no net gain by “fudging”
the design angle.

The elevation of a maximum output
thombic above ground is such that if an
isotropic radiator were substituted for the
rhombic, interference due to ground reflec-
tion would put the nose of the lowest lobe
right on the design wave angle. However,
the frce space directivity of a maximum
output rhombic is such that if the ground
were perfectly absorbing, the vertical angle
of the lobe nose would be somewhat below
the design wave angle. The result in the
case of a maximum output rhombic over
reflecting ground is a composite directivity
pattern which puts the nose of the lobe
between these two angles.

From the foregoing discussion it is ap-
parent that the gain of a maximum output
rhombic increases as the design wave angle

VERTICAL PATTERN e

HORIZONTAL PATTERN AT 18° WAVE ANGLE

m
“-\_\—/

SOLID CURVES — MAX, OUTPUT DESIGN
DASHED — ALIGNMENT DESIGN
DESIGN WAVE ANGLE = 18°

Figure 5-39.

COMPARISON OF DIRECTIVITY OF A
“MAXIMUM OUTPUT” RHOMBIC WITH
THAT OF AN “ALIGNMENT METHOD”
RHOMBIC, BOTH DESIGNED FOR THE
SAME WAVE ANGLE OF 18 DEGREES.

The two antennas have the same elevation and
tilt angle, but the side length of the alignment
rhombic is only 74 per cent of the side length
of the maximum output rhombic. It is interest-
ing to note that while maximum gain from a
maximum output rhombic occurs at a vertical
angle slightly below the design wave angle,
nothing can be done to increase the gain at the
design wave angle, because the gain of a maxi-
mum output rhembic falls off as the design wave
angle is increased.

is decreased. However, there is a practical
lower limit to the design wave angle, as the
vertical and horizontal directivity both be-
come excessive for practical applications
when too much gain is attempted. The
vertical and horizontal directivity (in terms
of lobe width) of a maximum output rhom-
bic are comparable, though the horizontal
directivity is symmetrical while the vertical
directivity is not. (Refer to the solid curves
of figure 5-39.)

The magnitude of the variations in wave
angle and of the deviation from a great
circle path ordinarily encountered depends
somewhat upon the particular geographical
location involved. For instance, much
greater azimuthal deviation will be observed
when the path passes near the North mag-
netic pole than on an east-west circuit near
the equator. Because of these factors, pres-
ent commercial practice is to observe a
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maximum leg length of from 5 to 8 wave-
lengths for a high frequency “maximum
output” rhombic, depending upon the geo-
graphical location and bearing.

Alignment Design

When the side length of a maximum
output rhombic is reduced to approximately
74 per cent of the value giving maximum
output, only a slight reduction in gain
occurs Cusually 1 to 2 db). This arrange-
ment aligns both the space directivity of the
thombic and the ground reflection factor
upon the wave angle, giving a somewhat
sharper vertical pattern and broader hori-
zontal pattern. A comparison of the patterns
obtained using the two design methods is
given in figure 5-39 for a wave angle of
18 degrees. The alignment method of de-
sign is the logical one to use when suffi-
cient pole height is available for optimum
height but the available ground space is
not quite sufficient for a maximum output
rhombic,

Compromise Designs
Considerable flexibility exists with regard

to the design parameters. For instance,
when the available pole height is not suffi-
cient for optimum elevation, the reduction
in elevation can be largely compensated for
by reducing the tilt angle or increasing the
side length. Reducing the tilt angle is not
as effective as increasing the side length,
but is a useful expedient when both the
pole height and available land are limited.
When the elevation is at least half the
optimum value for the desired wave angle,
a gain closely approaching that of a maxi-
mum output rhombic can be obtained by
increasing the side length. The compu-
tation of an optimum compromise design
under conditions of limited pole height is
rather complicated and not within the scope
of this book, but fortunately the design
parameters are not critical and good results
can be obtained by means of rough ap-
proximations based upon the foregoing data.

Wide-Band Operation

When a rhombic is to be used over a
wide band of frequencies, the optimum di-
mensions depend upon such factors as

whether the ground space or pole height
or both are limited, and whether the appli-
cation justifies a sacrifice in high-frequency
performance in order to obtain improved
performance at the low-frequency end of
the range. To obtain a slight improvement
at the low frequency end, considerable
reduction in performance must be accepted
at the high end.

The computations involved in designing
an “optimum” rhombic for use over a speci-
fied wide frequency range become quite
complex when all factors subject to com-
promise are considered, and are beyond the
scope of this book. Usually the performance
will be acceptable if the array simply is
designed for optimum performance at a
single frequency midway between the high-
est and lowest frequencies to be employed.
This design frequency should be the arith-
metical mean, rather than the geometrical
mean, for best all around performance.
Such an array will work very well over a
frequency range of 2 to 1, and will provide
substantial gain over a range as great as
4 to 1. However, to obtain worthwhile
gain at the lowest frequency the side length
must be at least two wavelengths long at
that frequency.

As the operating frequency is lowered,
the vertical angle of maximum output from
a given rhombic slowly increases. However,
as somewhat higher angles are effective at
the lower frequencies, this vertical angle
variation in the directivity of a rhomﬁic
is not detrimental and in some cases actually
is advantageous. The usual practice is to
design a wide band rhombic for a wave
angle which is optimum for either the upper
end of the frequency range or the arith-
metical mean frequency, and in either case
to let the vertical pattern take care of itself
throughout the rest of the range.

The Rhombic Termination

As the unidirectional and aperiodic fea-
tures of a rhombic antenna are determined
by its termination, it is obvious that a rhom-
bic must be correctly terminated in order to
provide good performance. When the ter-
mination is correct, the front-to-back ratio
of the antenna will be high and the input
impedance will be substantially constant
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Figure 5-40.

RECOMMENDED METHOD OF TERMI-
NATING A RHOMBIC WHEN LUMPED
RESISTANCE IS USED.

A rhombic antenna terminated with lumped re-
sistance behaves as though the terminated end
were shunted with a small capacitive reactance.
The above arrangement provides a more favor-
able termination, not only by minimizing the
shunt capacitive reactance, but by neutralizing
part of this shunt reactance with the inductive
reactance of the jumper between the two ter-
minating resistors.

over a wide frequency range. Usually the
correct termination resistance for maximum
uniformity of the feed point impedance will
be on the order of 8oco ohms, and when
front-to-back ratio is not too important, it
is permissible to design the antenna with
an 8ooohm termination. When front-to-
back ratio is of prime importance, it is
desirable to determine the optimum value
of terminating resistance experimentally, as
the value is not necessarily the same as
that giving the best impedance—frequen?'
characteristic and is much more critical.

While it is possible to obtain almost com-
plete suppression in the back direction by
adjustment of the terminating resistance, the
adjustment will not hold as the frequency
is varied. Because the rhombic usually is
employed over a substantial frequency
range, the usual procedure therefore is to
adjust the terminating resistor for maximum
mean front-to-back ratio when front-to-back
ratio is a major consideration.

The terminating resistor for a transmit-
ting rhombic usually dissipates between 30
and 45 per cent of the power fed to the
antenna, making necessary a husky resistor
when much transmitter power is used.
Commercially available noninductive resis-
tors of the plaque or carbon rod type are

suitable for powers up to one kilowatt or
so. A worthwhile improvement can be ob-
tained by splitting and rigging the resis-
tance as shown in figure 5-40. This mini-
mizes the stray capacitive reactance at the
end of the antenna and the residual react-
ance is more or less cancelled by the induct-
ance of the jumper connecting the two
resistors.

Another widely used type of termination
consists of a lossy open-wire line of stainless
steel or similar resistance wire, proportioned
to have a characteristic impedance of from
6oo to 700 ohms (depending upon the
desired terminating impedance). The line
is either shorted or open circuited at the
far end, or else terminated in a low wattage
noninductive resistor. This arrangement is
especially suited to powers of 1 kilowatt
and higher. However, the line must be
several wavelengths long at the lowest op-
erating frequency and have suitable attenu-
ation characteristics in order to provide a
termination having substantially uniform
impedance, with negligible reactive com-
ponent, over the required frequency range.

In some commercial installations a dis-
sipative line of limited attenuation is
brought into the station. By means of a
variable termination which permits control
over the reactive and resistive components
of the termination it is possible to improve
the front-to-back ratio, or to effect a slight
change in the direction of an objectionable
minor lobe, over the entire frequency range
by optimizing the adjustment each time
the operating frequency is changed.

It is possible to avoid wasting the power
dissipated in the terminating resistor (repre-
senting approximately 2 db) by using a
reentrant circuit in which the rhombic is
made to terminate itself. The power that
ordinarily would be dissipated in the termi-
nating resistor is fed back into the input
end. Because the circuit for accomplishing
this is rather complicated (as compared to
a simple rhombic) and restricts operation to
a single frequency, it is not widely used and
therefore will not be described in detail.

Muhiple-Wire (Space Tapered) Elements
The feed point impedance of a rhombic

antenna can be lowered to a more conven-
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Figure 5-41.

ILLUSTRATING CONFIGURATION OF A
MULTIPLE-WIRE RHOMBIC.

The use of two or three space-tapered wires ar-

ranged as above improves the impedance-fre-

quency characteristic and lowers the impedance

to a value more suitable for direct connection

of a two-wire open line. Also, when the leg

lengths are long, the gain is slightly greater
than that of a single wire rhombic.

ient magnitude and made more uniform
over a wide frequency range by the use of
space-tapered multiple-wire elements as
shown in the perspective schematic of figure
5-41. The fanning of the wires tends to
compensate for the increased spacing be-
tween the two sides of the rhombus. It
also has a beneficial effect upon the ampli-
tude and phase relationships of the current,
and oftentimes results in a signal gain of
1 to 2 db over a “single-wire” rhombic of
the same dimensions when the leg lengths
are long.

While three wires seem to be about op-
timum, almost as much improvement can be
realized by the use of two space-tapered
wires. Two are considerably simpler to rig
than three, as a spreader can be used at
each apex and a halyard connected to the
mid point of the spreader.

Usually a good match can be obtained
with two space-tapered wires by direct con-
nection of an open wire line consisting of
no. 14 B&S spaced 6 inches or no. 12 B&S
spaced 9 inches. With three space-tapered
wires a good match usually can be obtained
by direct connection of an open wire line
consisting of no. 12 B&S spaced 6 inches,
no. 1o B&S spaced 8 inches, no. 8 B&S
spaced 10 inches, or no. 6 B&S spaced 12
inches. The heavier line construction is
necessary only when high power is em-
ployed, as the line loss will be acceptable

even with lines of light construction. This
is explained by the fact that the line will
have a very low SWR.

The use of multiple wire construction
substantially reduces the intensity of precipi-
tation static when a rhombic is used for
receiving, an important consideration in
certain geographical locations subject to fre-
quent, heavy precipitation static.

Rhombic Feed Systems

Customary commercial practice is to use
an open-wire line of 6oo0-650 ohms surge
impedance for feeding a transmitting rhom-
bic, and in locations where local noise is
not excessive, to use the same type of line
for receiving. While a flat line can be ob-
tained with a single-wire rhombic at a
particular frequency by the use of a match-
ing stub, the VSWR is tolerable when
no such stub is employed, and single-wire
rhombics often are used without an im-
pedance transformer in order to simplify
multifrequency operation. When a multi-
ple-wire rhombic is employed, direct con-
nection of a 6oo ohm line results in a
very low SWR over the useful range of
the antenna,

In locations of high ambient noise, good
engincering practice calls for the use of a
coaxial line or shielded pair. Highly en-
gineered impedance matching devices which
also serve as line balance converters have
been developed which are so proportioned
that they provide an excellent match to a co-
axial line over a wide frequency range even
when a single-wire rhombic is used, the
coupling network being designed to com-
pensate for the change in impedance with
frequency which is characteristic of a single-
wire rhombic antenna.

Rhombic Antenna Gain

With the usual types of phased dipole
arrays, such as a broadside curtain having
only moderate vertical directivity, the prac-
tical dx signal gain (referred to a half-wave
dipole at the same elevation) is comparable
to the free space directivity gain. However,
in the case of a thombic antenna such is not
always the case. This is explained by the
high” order of vertical directivity realized
with the longer leg lengths, by the waste



218

HIGH-FREQUENCY ANTENNA SYSTEMS

18

DX SIGNAL GAIN, DB

Pe— N SR &

2 3 4 s 3 7 8 ° 10
SIDE LENGTH, A

Figure 5-42.

PRACTICAL DX SIGNAL GAIN (AP-
PROXIMATE) AS A FUNCTION OF SIDE
LENGTH OF A MAXIMUM OUTPUT OR
ALIGNMENT METHOD MULTIPLE-
WIRE RHOMBIC DESIGNED IN AC-
CORDANCE WITH FIGURE 5-38.

The gain is referred to a half-wave dipole at the
same elevation. It is assumed that the rhombic
is favorably sited and well constructed, working
at its design frequency, and that the most
effective wave angle is the design wave angle.
Because the most effective angle varies with
ionosphere conditions, the gain curve represents
a mean or average, and is only approximate.
For the longer side lengths, the gain of a
simple single-wire rhombic usually Is from 0.5
to 1.5 db less than the gain of a similar
multiple-wire rhombic.

of power dissipated in the terminating re-
sistor, and by the appreciable earth losses
under and around a rhombic antenna.

As the directivity gain is of practical in-
terest only as it relates to practical dx signal
gain, the accompanying gain chart (figure
5-42) shows the practical dx signal gain
over a half-wave dipole at the same eleva-
tion. However, it must be appreciated that
the curve applies only if the wave angle of
the antenna is the most effective vertical
angle, and that it is an average and at best
only an approximation. The curve can be
applied to a rhombic designed to either of
the length curves given in figure s5-38
(either a maximum output rhombic or an

alignment method rhombic). Note that the
gain is greater with a maximum output
thombic for a given wave angle because the
side length is greater, but that the differ-
ence is only about 1.5 db. The curve of
figure 5-42 applies only to the frequency
for which the antenna was designed.

It will be found that in actual practice
the signal gain of a rhombic with long
legs and a very sharp vertical directivity
pattern will vary from well above to well
below the gain figure given by the chart as
the ionosphere conditions change, but that
if the rhombic is designed for the optimum
wave angle the average gain will be close
to the indicated figure.

The gain curve is based upon the as-
sumption that the mechanical construction
of the rhombic is in accordance with good
engineering practice and that the array js
favorably sited.

Siting and Construction Considerations

While a makeshift rhombic antenna
working under the handicap of an unfavor-
able site often will give creditable perform-
ance, careful construction and observance
of certain basic siting rules are necessary in
order to realize the maximum performance
of which the antenna is capable.

The ideal location for a high frequency
thombic is over flat, level ground which
extends for considerable distance along the
azimuthal direction of maximum output
and response. Obstructions under or sur-
rounding the rhombic will have a detri-
mental effect upon the gain, though one or
two small trees or buildings within the area
will not appreciably deteriorate the perform-
ance. The angular elevation of the horizon
in front of the rhombic should not approach
the design wave angle too closely, even
though the hills or mountains may be sev-
eral miles distant. The conductivity of the
soil is of minor importance.

When the ground is flat but not level,
and slopes at the same angle for consider-
able distance in front of the rhombic, the
performance will be as good as that obtain-
able with a level site provided the antenna
is slanted so that the plane of the array is
parallel to the ground and the slope of the
ground is taken into consideration in pick-
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ing the design wave angle. Thus, if the
thombic slopes downward towards its front
at an angle of 4 degrees, the design wave
angle should be 4 degrees higher than
would otherwise be the case.

In constructing a rhombic antenna it is
desirable that stray reactances be kept to
a minimum. This calls for a minimum of
hardware, the use of insulators with low
shunt capacity, and a spacing of at least
several feet between each apex of the

rhombus and its supporting pole.

Design Data for a 7 to 30 Mc. Amateur
Rhombie

A simple, easily erected compromise
rhombic intended for amateur use over the
frequency range 7 to 30 Me. is illustrated
in figure 5-43. The termination preferably
should be in accordance with figure s5-40,
using two 4oo-ohm noninductive resistors
capable of dissipating safely about half the
power delivered to the antenna.

SPACED &~

TOP VIEW

*12 OR N® 10 843
COPPEAWELD
ELEVATED 50 FT.

Figure 5-43.

SIMPLE, EASILY ERECTED COMPRO-
MISE RHOMBIC FOR USE OVER THE
RANGE 7 TO 30 MC.

The vertical directivity, horizontal directivity,
and gain all increase with frequency, but never-
theless are quite good at the lower end of the
range. The vertical angle of maximum radiation
gradually increases as the frequency is de-
creased. However, as higher angles are effective
at the lower frequencies, this is not detrimental.
At no frequency within the range will the line
VSWR exceed approximately 1.4 if the array is
properly terminated. For details regarding the
termination, refer to the accompanying text and
figure 5-40.



CHAPTER SIX

V-H-F and U-H-F Antenna Systems

GENERAL CONSIDERATIONS:
COMPARISON WITH H-F RE.
QUIREMENTS AND PRACTICE

Many of the basic antenna types em-
ployed in the high frequency range are
suitable for use in the v-h-f /u-h-f portion
of the spectrum. However, the requirements
for an antenna in the v-h-f /u-hf range
are somewhat different than for h-f use,
and modifications often are desirable. Also,
certain effects which are present to a minor
degree in h-f systems become objection-
able in the v-h-f/u-hf range. For these
reasons, antennas for the v-h-f/u-h-f range
are treated separately.

As normal v-h-f/u-hf propagation is via
the space wave component of the ground
wave, virtually unlimited vertical directivity
can be employed to advantage in ground-
to-ground work when the antenna is located
on a stable platform. However, for vehicu-
lar, marine, and aircraft applications the
amount of vertical directivity which can
be used to advantage is limited.

When general coverage is desired, the
horizontal directivity requirements are no
different than for h-f work. However, for
point-to-point work a much higher degree
of horizontal directivity can be employed,
because azimuthal deviations of the propaga-
tion path due to variations in the medium
with time are insignificant.

Coupled with the fact that much greater
vertical directivity, horizontal directivity or
both usually can’be employed to advantage
in v-h-f yu-h-f applications is the fact that
from a practical standpoint a high degree of
directivity is much more easily obtained,
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due to the fortunate circumstance that the
absolute dimensions of an antenna array
of given configuration are inversely pro-
portional to the design frequency.

Another pertinent difference between h-f
and v-h-f /u-h-f requirements is the differ-
ence in the optimum practical antenna ele-
vation under conditions of flat terrain.
While antenna elevations exceeding one or
two wavelengths seldom are necessary or
even desirable for h-f sky-wave applications,
v-h-f /u-h-f performance continues to im-
prove with antenna elevation, up to the
point where the transmission line becomes
so long that the signal gain due to a
further increase in antenna elevation is
offset by the additional transmission line
loss.

As the signal gain (in db) per foot of
additional elevation goes down with in-
creasing elevation, and as the transmission
line loss (in db) per foot of nonresonant
line is independent of line length, the an-
tenna elevation (with respect to the trans-
mitter or receiver) which gives maximum
signal strength goes up as the transmission
line attenuation goes down. However, the
optimum elevation usually is limited by
economical considerations, because in gen-
eral the per-foot cost of line goes up as
the attenuation goes down, and the per-
foot pole cost goes up rapidly with in-
creasing pole height.

Because the optimum wave angle for high-
frequency sky-wave propagation is at some
vertical angle which depends upon the
frequency, path distance, and condition of
the ionosphere, h-f directional antennas hav-
ing considerable vertical directivity have a
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practical dx signal gain which may be
considerably difterent from the free space
directivity gain, even though the conductor
losses and ground losses may be insignifi-
cant. The difference is greatest at certain
critical heights above ground.

However, in the case of v-h-f/u-h-f an-
tennas, the effective vertical angle for long
distance communication always is approxi-
mately zero (with the possible exception of
a very high flying aircraft at one end of the
circuit). Also, well-designed v-h-f /u-h-f
antennas always are highly efficient radi-
ators, and always are elevated sufficiently to
reduce earth losses and the effect of earth
upon the antenna im dance to an insig-
nificant value. Therefore, the practical dx
signal gain of a v-h-f/uhf antenna over
a reference antenna always is very nearly
equal to the free space directivity gain.

While the best site for h-f use is a flat,
level area which is free from obstructions for
considerable distance (even when elevated
sites are available), it is desirable in areas
of hilly terrain to take advantage of terrain
elevation when siting a v-h-f /u-h-f instal-
lation. When a well-elevated site is avail-
able, the pole height need be only sufficient
to put the antenna well in the clear with
regard to trees, buildings, and other sur-
rounding obstructions, because a great in-
crease in pole height will be required in
order to effect a significant improvement in
signal strength under these conditions.

Open-wire lines seldom are used in the
v-h-f /u-h-f range, even though they are
one of the most desirable types at the lower
frequencies. Above approximately 50 Mec.,
line radiation becomes excessive when the
usual spacings are employed. The usual
procedure for v-h-f/u-h-f work is to use
some tvpe of low loss coaxial line, except
for a few of the less exacting applications
such as FM and television broadcast recep-
tion. For these applications 150 or 300-
ohm Twin-Lead generally is employed for
reasons of economy.

While vertical polarization is not often
employed for high-frequency sky-wave work,
it is standard for several applications in
the v-h-f /u-h-f range because of the ease
with which circular coverage can be ob-
tained with a simple antenna and because

the nulls in the vertical pattern are less pro-
nounced. The first is an important con-
sideration in mobile work, and the second
is important in communicating with high
flying aircraft. For point-to-point work or
general broadcasting to stationary ground
receivers, however, horizontal polarization
has become standard practice for most serv-
ices.

At frequencies above 5o Mec., capaci-
tance effects at high impedance points on
the antenna system become objectionable
when insulators are used to support the an-
tenna at these points. For this reason it is
standard practice in the more exacting ap-
plications to support all radiating elements
at low impedance points only. The small
size of half-wave dipole elements at these
frequencies makes such “self-supporting”
construction quite feasible.

The short physical length of a dipole
element at these frequencies also makes it
practicable to obtain “broad-band” character-
istics by the simple expedient of increasing
the diameter of the antenna elements until
the diameter is an appreciable fraction of a
wavelength. The convenient wavelength di-
mensions also make practical the use of
garabolic, flat-sheet, and “corner” type re-

ectors in the u-h-f and upper v-h-f range.

These are simple yet highly effective di-
rectional systems which are not suited to
h-f use because of their excessive physical
size at such frequencies.

In the following discussion, v-h-f /u-h-f
antennas will be grouped according to polar-
ization because usually the polarization for
a given application or service is pre-
determined and because the two types
of polarization require different construction
techniques. For the same reasons they will
be further broken down within each polar-
ization group into directional and nondirec-
tional types. However, for applications
requiring horizontal directivity, horizontal
polarization usually is standard. This is
fortunate, because horizontal orientation of
the dipoles in a phased array simplifies the
problem of obtaining the proper phasing and
feeding of the elements without encounter-
ing difficulties from antenna effect. So,
in view of the foregoing considerations,
only limited space will be devoted to ver-
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radiation pattern and a small amount of antenna | canLe

effect on the feed line can be tolerated, the 1

above arrangement offers a simple and effective .

v-h-f/u-h-f antenna system which is well suited Figure 6-2.

to many types of installation. The optimum
radiator length will depend upon the length/di-

ameter ratio of the radiator. Large diameter
elements will increase the useful band width.

tically polarized arrays which exhibit hori-
zontal directivity.

VERTICALLY POLARIZED
CIRCULAR RADIATORS

Circular radiators (omnidirectional in
azimuth) for vertically polarized transmis-
sion and reception consist of either some
sort of “Marconi” (resonant unipole worked
against ground), some type of resonant half-
wave dipole, or some vertically stacked ar-
rangement of colinear half-wave dipoles.
Often the resonance is very broad due to
inherent characteristics of the type of radia-
tor used. Regardless of the inherent broad-
ness of the radiator it sometimes is enhanced
by the incorporation of a reactance cancel-
ling device or the proportioning of the
system parameters to give a reactance can-
celling characteristic.

THE VERTICAL HALF-WAVE DIPOLE

When properly mounted, a vertical half-
wave dipole with conventional feed will ex-
hibit a sufhciently low antenna effect on the
line for many applications, though the
antenna is inferior from this standpoint to
various other types giving substantially the
same radiation pattern. The important con-

BROAD BAND V-H-F/U-H-F ANTEN-
NAS EMPLOYING REACTANCE CAN-
CELLING SYSTEMS.

The arrangement shown at A limits the SWR to
a tolerable value over a frequency range of
about 1.8 to 1 when the dimension L is made
0.5 wavelength and the dimension D is made
0.1 wavelength near the low frequency end of
the desired range, The arrangement shown
at B gives a very low VSWR over a range of
approximately 1.2 or 1.3 to 1.0 when the surge
impedance of the quarter-wave reactance-can-
celling section is optimized for the particular
length/diameter ratio of the radiating section.
It is assumed that fairly large diameter radiat-
ing elements are used with either arrangement.

sideration with regard to mounting is to
bring the feed line away from the radiator
at a right angle for at least a half wave-
length and preferably one wavelength, in
order to avoid excessive distortion of the
pattern and to prevent excessive antenna
effect.

The most satisfactory arrangement, illus-
trated in figure 6-1, consists of a split radi-
ator fed by a 50-ohm coaxial cable. The
directly grounded half of the radiator should
be mounted upwards, as the orientation has
no cffect upon the operation and this ar-
rangement affords increased lightning pro-
tection.

The antenna can be broad banded by
using large diameter elements. The useful
frequency range can be further increased
by either of the methods illustrated in figure
6-2. At figure 6-2A the last o.1 wave
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length of the coaxial line is proportioned to
have a surge impedance of approximately
110 ohms. This considerably extends the
useful range on the high side of the design
frequency by about 70 per cent, the antenna
covering almost a 2 to 1 frequency range
with a tolerable VSWR when the dimen-
sions are optimized experimentally. Note
that the design frequency should be near
the low end of the desired frequency range,
rather than at the center of the range.

The arrangement at figure 6-2B makes
use of the fact that a resonant half-wave
dipole acts like a series tuned circuit, while
a shorted quarter wavelength of line “looks”
like a parallel resonant circuit. The correct
surge impedance for the reactance-cancelling
quarter-wave  stub  depends upon the
length /diameter ratio of the radiator and
upon the bandwidth to be covered. Usually
the optimum surge impedance will be quite
low. In actual practice the stub would be
laid along the combined feed line section
and support arm, rather than projected be-
yond the junction with the radiator as
shown here in order to facilitate illustration
of the electrical circuit.

A parallel resonant L/C circuit using
lumped L and C can be substituted for
the shorted quarter-wave section of line if
desired. The capacitor should use polyethy-
lene, ceramic, or other low loss dielectric
material suitable for the operating fre-
quency. The optimum values for a given
frequency will depend upon the length /di-
ameter ratio of the radiating section and the
bandwidth to be covered. In typical instal-
lations the optimum capacity usuallv will
run about 25 . fd. per meter of wavelength
as dctermined from the design frequency.
The inductance can be a small loop or coil
of wire, the optimum length of which is
determined experimentally.

One disadvantage of the antennas shown
in figure 6-2 is the fact that while they have
good “broad-band” characterisitcs as regards
feed point impedance, antenna effect on the
line becomes rather high at frequencies con-
siderably removed from that at which the
elements resonate. The antenna effect can
be greatlv reduced at off-resonant frequen-
cies by the use of a broad-band detuning
sleeve when the application requires a low

order of antenna effect over the entire work-
ing range of the antenna.

THE VERTICAL UNIPOLE (MARCONI)

In certain applications a large mass of
metal is available to serve as an effective
ground for a quarter wavelength vertical
radiator. When sufficient elevation can be
obtained by working a quarter-wave radiator
against the metal body or frame of a
vehicle, boat, etc., a simple and highly ef-
fective antenna is realized. Such an an-
tenna is ilustrated in figure 6-3. The feed
point impedance will depend upon the
length /diameter ratio of the radiator and
upon the configuration of the ground body,
and in some cases the surge impedance of
the Q matching section will have to be

LARGE METALLIC BODY
(VEHICLE FRAME,ETC )}

2 MG-11/V IN PARALLEL
(SEE TEXT)

Le=3

SPLICE

RG-8/U CABLE, ANY LENGTH.

Figure 6-3.

RESONANT UNIPOLE OR “MARCONI"”
ANTENNA.

Below approximately 50 Mc. this antenna usually
Is somewhat flexible and Is called a “whip”
radiator, while above approximately 100 Mc. it
usually is rigid and is called a “‘stub” radiator.
The “ground’’ should preferably consist of a
substantially flat plane extending at least a
half wavelength in all directions from the radi-
ator, and the radiator should greferably have
an unobstructed ‘“‘view’ in all azimuth direc-
tions. However, the antenna often will work
well when these conditions cannot be met, as
when a 30 and 40 Mc. “‘whip” is mounted on
the rear bumper of a vehicle in order to keep
the height within acceptable limits. In the
latter type of installation the pattern will not
be truly circular, and will be affected con-
siderably by the horizontal spacing between the
radiator and car body. Also, the feed point re-
sistance will be lowered, necessitating a lower
value of surge impedance for the Q section.
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Figure 6-4.
BROAD BAND ASYMMETRICAL VERTICAL RADIATORS.

These radiators are especially well suited to broad band use at frequencies above 60 or 70 Me.

The arrangements shown at A and B will work well over a frequency range of 3 to 1; that

of C over a range of approximately 1.3 to 1. For best results at least 10 spines should be

They may be terminated on a metal hoop for

additional stiffness if desired. A substantially flat or slightly domed ground plate is necessary

for proper operation of the A and B arrangements; with the C arrangement this is not so
important, though still desirable.

used in the skeleton cone arrangement (B).

altered in order to obtain an accurate match.

A surge impedance of 26 ohms can be ob-
tained by paralleling RG-8 /U cable, 30
ohms by paralleling RG-8 /U cable with
an equal length of RG-11 /U cable, and 37
ohms by paralleling RG-11 /U cable. By
proper choice of one of these three imped-
ances for the “Q” section and the option of
either 52-ohm cable (RG-8 /U) or 75-ohm
cable (RG-11/U) for the feed line, it
is possible to obtain a very low SWR in
almost any practical installation,

The optimum physical length of the
quarter-wave radiator (called a “whip” or
“stub” radiator) is determined for a given
frequency not only by the length /diameter
ratio of the radiator, but also by the con-
figuration of the ground body.

It should be readily apparent that the
optimum radiator length and Q section
surge impedance will not be the same for
a radiator located in the center of a car
top as for a radiator mounted on the car’s
rear bumper. However, neither the radiator
length nor Q section surge impedance is
extremely critical for good performance, and
usually a satisfactory combination can be

R

arrived at experimentally with but little
effort.

In the u-hf range it is important that
the shunt capacit{ provided by the support-
ing insulator be kept to the lowest possible
value so that the feed point impedance will
be substantially resistive. Excessive capaci-
tive reactance shunted across the feed point
may make it impossible to obtain a low line
SWR, regardless of adjustment of the radi-
ator length. Excessive shunt capacity can
be rendered harmless by placing across the
fecd point a small inductance which reso-
nates the capacitance to the operating fre-
quency. This will also broaden out the
useful frequency range of the antenna as
already explained.

When the antenna is to be used over an
appreciable frequency range it can be broad
banded by any of the various schemes
described for the vertical dipole in the
preceding section. There also are other
schemes which are especially well suited to
an asymmetrical or “unbalanced” radiator
working against ground when the frequency
is not so low that the physical size offers
a construction problem. Some of these are
shown schematically in figure 6-4.
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By proper dimensioning of the domed
conical radiator shown at figure 6-44, it is
possible to obtain a low SWR over a fre-
quency range considerably exceeding 3 to 1.
However, when covering a range much
greater than 2 to 1, the cone begins to act
like a horn radiator at the upper end of
the range, causing the vertical pattern at
some frequencies to maximize at some angle
above zero elevation. Thus, while it is pos-
sible to make the conical radiator virtually
aperiodic above a certain “cutoff” frequency,
with a frequency characteristic resembling
that of a high pass filter, distortion of the
radiation pattern occurs in a vertical plane
as the frequency is increased.

The cutoff frequency (the frequency be-
low which the SWR rises rapidly) is slight-
ly below that at which the electrical
“length” of the cone is one quarter wave-
length. This occurs at a physical slant
height which is a little less than one quarter
wavelength,

The sﬁ(eleton cone arrangement shown at
figure 6-4B approximates electrically that
shown at A. The stiff flared rods are lighter
and present less wind resistance, but do not
permit quite as flat an impedance-frequency
characterisitc as the arrangement at A.
However, if a sufficient number of rods
are employed, the impedance-frequency
characteristic still is superior to that of a
thick cylindrical radiator. The spines can
be terminated on a metal hoop to stiffen
up the structure if desired.

The arrangement shown at figure 6-4C
is simply a thick cylindrical radiator in con-
junction with a combined “metallic insu-
lator” and reactance cancelling section. This
avoids the inherent physical weakness and
shunt capacity of a dielectric supporting
insulator. The reactance cancelling section
is, in effect, two quarter-wave stubs in par-
allel across the series feed point. The effect-
ive surge impedance of the two combined
reactance cancelling and physical support
stubs is determined by the width of the
two straps which form the stubs, and by
the spacing between the straps and the
ground plane. The wider the straps and the
closer the spacing, the lower the surge im-
pedance. The latter should be optimized
for the lowest maximum SWR for the par-

ticular radiator employed over the band-
width desired. Because of the low matching
ratio of the Q section, it does not apprec-
iably increase the frequency sensitivity of
the system, and a low SWR over a frequen-
cy range of 1.3 to 1 is possible with this
arrangement.

To avoid compromising the inherently
good impedance-frequency characteristic of
the A and B antennas of figure 6-4, the
apex angle of the cone (twice the angle of
revolution) is chosen so that the average
feed point impedance approximates the
surge impedance of the line. For the lowest
possible maximum SWR, the apex angle
should be optimized for the particular line
impedance employed and frequency range
to be covered. For RG-8 /U cable the op-
timum angle of revolution will be roughly
45 degrees, and for RG-11 /U cable it will
be roughly 30 degrees.

A substantially flat or slightly domed
ground plate which extends for at least one
half wavelength in all directions is necessary
for best operation of the A and B arrange-
ments. With the C arrangement this is not
so important, though still desirable.

In the case of all three antennas shown
in figure 6-4 the feed line is almost com-
pletely decoupled or isolated from the radiat-
ing portion by the ground plane, provided
the latter is extensive in terms of wave-
length. Antenna effect on the line there-
fore will be insignificant at all frequencies.

THE BROWN “GROUND PLANE”
ANTENNA

A resonant unipole can be used in fixed
station “flag pole” installations by simu-
lating a ground plane with four, equally
spaced horizontal “radials” each an electrical
quarter wavelength long as shown in figure
6-5. The radials effectively isolate the
vertical radiator from the coaxial feed line,
and as the opposite radials induce cur-
rents of opposite polarity in the feed line
(causing complete cancellation), antenna
effect on the line is negligible. The func-
tioning of the radials differs from an infinite
flat sheet ground plane in one respect, how-
ever., The feed point impedance, instead
of being half that of a comparable dipole,
is somewhat less. With typical length-to-
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Figure 6-5.
THE BASIC GROUND PLANE ANTENNA.

Four resonant horizontal ‘“‘radials” simulate a
ground plane for this vertical unipole radiator.
Various other methods may be used for match-
ing the feed line to the feed point resistance of
approximately 21 to 24 ohms. While the ele-
ment lengths are best determined experimental-
ly, they are not extremely critical and usually
the above dimensions will give good results with
thick elements of typical diameters.

diameter ratios of the vertical radiating
element and radials, the feed point resist-
ance will run between 20 and 25 ohms.

This feed point impedance can be trans-
formed to an impedance comparable to the
surge impedance of a coaxial line in a
number of ways, the Q matching section
shown in figure 6-5 simply being one of the
more popular. For instance, a folded ele-
ment can be used for the unipole radiator,
so that the vertical radiator resembles half

a folded dipole. The feed point immdancg
will be on the order of 8o o%_' permitting
use of RG-11 /U type 75-ohm coaxial cable
without a matching transformer for appli-
cations not requiring an absolutely flat line.
The use of a folded element also increases
the useful frequency range andwidt

of the antenna,_

THE “DROOPING GROUND PLANE”
ANTENNA

It is possible to dispense with the quarter-
wave Q matching transformer in figure 6-5
by arranging the radials so that they lie in

an inverted cone. At a certain angle of revo-
lution the feed point resistance will be equal
to the surge impedance of the RG-8 /U
cable, permitting direct connection as in fig-
ure 6-7. If the radials were comp]ete?y
depressed, so they were vertical and paral-
lel to the contained feed line, the feed
point resistance would be comparable to that
of a half-wave dipole. As the latter arrange-
ment is essentially a skeletonized “sleeve”
or coaxial antenna of the type shown in
figure 6-8 and described in a later section,
it is seen that the “Drooping Ground Plane”
antenna is a hybrid which is more or less
a compromise between the two.

When the radials are depressed as in
figure 6-7, the vertical radiating element
is not as completely isolated from the feed
line as is the case for horizontal radials.
Also, the drooping radials have a vertical
component of current. The result is that
while the antenna of figure 6-7 is somewhat
simpler than that of figure 6-5, the feed
line exhibits considerably more antenna
effect.

While four drooping radials are shown in

Figure 6-6.

COMMERCIALLY MANUFACTURED

GROUND PLANE ANTENNA (AMPHE-

NOL) FOR USE OVER THE 152-162
MC. BAND.

The grounded inner coaxia! support rod serves
not only as a metallic insulator but also as an
impedance matching and reactance cancelling
device. The ‘“spoke wheel” ground plane Iis
readily removable to permit mounting the ra-
diator on a natural ground plane such as the
metallic top of a railroad engine cab roof.
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)| RG-8/U CABLE
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Figure 6-7,

THE *“DROOPING GROUND PLANE”
ANTENNA.

By optimizing the angle of revolution of the

skeletonized conical skirt, a feed point im-

pedance equal to the surge impedance of

RG-8/U coaxial line (52 ohms) is obtained,

thus permitting direct connection. Antenna ef-

fect on the line is slightly greater than with
the ground plane antenna of figure 6-5.

figure 6-7, three or five sometimes are em-
ployed (with little difference in perform-

ance).
DOUBLE SKELETON CONE ANTENNA

The bandwidth of the antenna of figure
6-7 can be increased considerably by substi-
tuting several space-tapered rods for the
single radiating element, so that the “radi-
ator’ and skirt are similar. If a sufficient
number of rods are used in the skeleton
cones and the angle of revolution is opti-
mized for the particular type of feed line
used, this antenna exhibits a very low SWR
over 2 2 to 1 frequency range. Such an
arrangement is illustrated schematically in
figure 6-8. The maximum antenna effect
on the line, while still low, is greater than
that of a single skeleton cone worked against
a horizontal ground plane (figure 6-4B).
The antenna effect will vary considerably
with frequency for a given installation.

Each set of spines may be terminated on
a metal hoop for mechanical stiffness if the

TOP APEX CONNECTS TO
INNER CONDUCTOR.
LOWER APEX CONNECTS
TO OUTER CONDUCTOR

b F *=—APICES FORMED OF
SHEET METAL

li|rG-8/u caBLE
.

Figure 6-8.

THE DOUBLE SKELETON CONE AN-
TENNA.

A skeleton cone has been substituted for the
single element radiator of figure 6-7. This
greatly increases the bandwidth. If at least 10
elements are used for each skeleton cone and
the angle of revolution and element length are
optimized, a low SWR can be obtained over a
frequency range of at least two octaves. To
obtain this order of bandwidth, the element
length L should be approximately 0.2 wave-
length at the lower frequency end of the band,
and the angle of revolution optimized for the
lowest maximum VSWR within the frequency
range to be covered. A greater improvement
in the impedance-frequency characteristic can be
achieved by adding elements than by increasing
the diameter of the elements. With only 3
elements per “‘cone’” and a much smaller angle
of revolution a fow SWR can be obtained over a
frequency range of approximately 1.3 to 1.0
when the element lengths are optimized.

individual spines are not sufficiently rigid
to prevent whipping in a strong wind.

THE COAXIAL OR “SLEEVE” ANTENNA
One of the most widely used v-h-f /u-h-f

vertical radiators is the coaxial or “sleeve”
radiator. The most common or series-fed
arrangement is shown schematically in fig-
ure 6-9. It is essentially a verical dipole
with the bottom radiating element or “skirt”
made hollow to permit center feed of the
radiator by running the coaxial feed line
up through the center of the radiator. This
effectively decouples that portion of the feed
line within the bottom element from both
elements.
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Figure 6-9.

THE COAXIAL OR “SLEEVE” ANTEN-
NA (SERIES FED).

This antenna is widely used for fixed frequency
v-h-f/u-h-f applications, both for mobile instal-
fations and fixed station “flag pole’’ installa-
tions. In the latter type instailation a line
detuning sleeve often is incorporated, as shown
above, to minimize antenna effect. The skirt
length of this antenna Is very critical, making
the antenna quite frequency sensitive. To
simplify the illustration the hollow support staff
Is not shown. It goes outside the coaxial line
and inside the sleeve elements, and electrically
has no more effect upon the general operation
of the antenna than would the outside con-
ductor of the coaxial line if the support staff
or mast were not present.

However, appreciable coupling still exists
between the radiator (both elements) and
that portion of the feed line immediately
below the skirt, causing a moderate amount
of antenna effect on the line or the hollow
support shaft containing the line. When
antenna effect must be kept to the lowest
possible value, it can be minimized by in-
corporation of a quarter-wave detuning
sleeve placed with its open end toward the
bottom end of the skirt radiator and spaced
one-quarter wavelength from it. The usual
practice is to dispense with the detuning
sleeve in mobile installations, and ordinarily
it is incorporated only in fixed “flag pole”
installations.

The chief disadvantage of the coaxial
antenna is its frequency sensitivity. When

the dimensions are optimized for a given
frequency, considerable reduction in per-
formance is observed at frequencies deviat-
ing from the design frequency by as little
as 1 per cent. For this reason the antenna
finds its greatest use in fixed frequency
applications.

The high degree of frequency sensi-
tivity is due to the combination of skirt
and the contained feed line together with
supporting staff acting as a high Q quarter-
wave resonator or anti-resonant tank circuit.
The length at which the skirt resonates as a
linear tank is affected by the contained di-
electric insulation used for spacing and sup-
port of the skirt. However, the length at
which it resonates as a radiator is not af-
fected by the dielectric material inside the
skirt. The result is that the length which
resonates the skirt as a high Q quarter-wave
section of line is not quite the same as the
length at which it resonates as the bottom
half of the radiating system. However, as
the length at which the skirt resonates as
part of the radiating system is not critical,
and deviations from optimum can be com-
pensated for to some extent by alteration of
the length of the top radiating element or
“whip,” the skirt length is adjusted for hiih
impedance between the skirt rim and the
contained line and support staff without re-
gard to its resonant length as a radiator. As
this adjustment is not affected by the pres-
ence of surrounding objects, it can be made
before the antenna is installed, and the ra-
diating portion of the antenna optimized
after installation by adjustment of the whip
length.

The optimum skirt length usually runs
from about 0.98 to r1.04 of a free-space
quarter wave, the length being defined as
the length of the contained air column. The
optimum whip length usually runs between
0.94 and 0.96 of a quarter wave. Com-
mercial versions of the coaxial antenna usu-
ally are provided with a telescoping, cali-
brated skirt, and with a telescoping whip
which can be adjusted for best performance
under actual operating conditions (to allow
for the effect of surrounding objects).

When the antenna is installed well in
the clear, as in a “flag pole” installation,
the feed point impedance is such that a good
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match is obtained with either 50-ohm line
or 70-chm line. When the feed point im-
pedance is lowered by installation of the
antenna on a car bumper, for instance, the
better match is obtained with 50-chm cable.
A slight mismatch can be partially compen-
sated for by adjustment of the whip and
skirt length, so that at a single frequency a
nearly flat line can be obtained even though
the radiation resistance of the antenna
differs somewhat from the surge impedance
of the line.

The usual procedure is to run the coaxial
feed line (ordinarily RG8,/U or RG-
11/U) through a hollow staff which in
turn runs up through the skirt to support
the antenna at its center point. In such an
arrangement any “antenna current” that
ordinarily would flow on the outside of the
outer conductor of the line fows instead
on the outside of the support staff.

It is possible to shunt feed the antenna
by tapping the center conductor of the feed
line to a suitable point on the skirt, in
which case the bottom of the whip is con-
nected directly to the top of the skirt. How-
ever, this arrangement offers no worthwhile
advantages for feeding a single coaxial radia-
tor, and is somewhat more difficult to ad-
just. It does offer certain advantages, how-
ever, in a stacked array of colinear sleeve
radiators, and will be described under ver-
tically polarized v-h-f /u-h-f directional sys-
tems.

In fixed installations requiring a very long
run of feed line, particularly when the fre-
quency is over 100 Mc., gas dielectric co-
axial line sometimes is employed in order to
minimize line losses. However, in the
average low power fixed installation using
this type of antenna (such as various emer-
gency services) the additional expense is not
economically justified for the usual line
lengths.

THE FLEXIBLE DIPOLE OR
“HALYARD” ANTENNA

It is possible to make the outer conductor
of a coaxial line serve as the skirt of a sleeve
antenna at the same time it performs its
duties as part of the transmission line. It is
only necessary to detune the outer conductor
of the line at a point one quarter wave-

length from its end. That such an arrange-
ment is feasible is explained by the fact that
the outside of the outer conductor of a
coaxial line “doesn’t pay any attention to
what is going on inside the line,” and vice
versa.

Exploiting this fortunate fact, it is possi-
ble to construct a very simple yet effective
makeshift antenna of the “sleeve” family
for use below 150 Mc. using nothing but
RG-8 /U or RG-11 /U cable, some waxed
or oiled cord, and a Boy Scout knife. With
only a few additional materials a lasting,
workmanlike job can be done, and the an-
tenna will then make a highly desirable
permanent acessory for portable equipment
or as a stowed emergency “standby” antenna
for use in the event of a failure of a regular
fixed station antenna. The performance of
the antenna compares favorably with that
of a regular sleeve antenna with separate
skirt at frequencies up to about 8o or 100
Mc., and the performance is still within
3 db of a well-constructed, conventional
sleeve antenna at 150 Mc. The basic flex-
ible dipole or halyard antenna (also some-
times known as a “pendant” or “limp” an-
tenna) is shown schematically in figure
6-10.

Neither the whip length nor the skirt
length is extremely critical, because slight
variations in these lengths can be compen-
sated for by adjustment of the detunin
coil. The adjustment of the detuning co§
is quite critical for maximum performance
of the antenna, and the coil should be ad-
justed experimentally to the optimum frac-
tional tumn. Because this adjustment is
critical, the antenna is quite frequency sen-
sitive, just as is the case with a regular
sleeve type antenna utilizing a separate
skirt,

For a makeshift installation the detuning
coil can be scramble wound “on air” and
lashed with string. The inductance can be
optimized by inserting a 2.5 volt 0.5 amp.
dial light bulb in series with the bottom of
the whip or touching a neon bulb to the
top end of the whip and altering the coil
turns until maximum indication is obtained,
maintaining the transmitter input at a suit-
able level.

For a permanent or semi-permanent in-
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Figure 6-10.

THE FLEXIBLE DIPOLE OR “HAL-
YARD” ANTENNA.

This antenna is easily improvised when RG-8/U
or RG-11/U coaxial cable is available, and
makes an excellent temporary or emergency an-
tenna. The performance up to about 100 Mc.
compares favorably with that of a regular sleeve
antenna utilizing a separate skirt, and the effi-
ciency is still fairly good up to about 150 Mc.
The whip and skirt lengths are not critical, but
the line detuning coil must be adjusted accu-
rately to a fractional turn if maximum per-
formance is to be obtained. The coil adjustment
is best made with the help of a field strength
meter.

stallation a workmanlike, waterproof con-
nection should be made at the junction of
the whip and skirt. Regular coaxial cable
fittings can be altered to do the job. The
detuning coil should be close wound on a
low loss form, either of the X type or cylin-
drical, and firmly anchored in place after
the correct adjustment is found. The de-
tuning coil inductance should be adjusted
for maximum field strength while the trans-
mitter input power is held constant. As this
type of antenna is primarilg a fixed frequen-
cy antenna, it is permissible to adjust the
coil for maximum field strength (with a
given transmitter power) without regard to
the line SWR.

To give some idea of the number of
turns that will be required, the correct ad-
justment usually will be obtained with ap-
proximately 4 turns 5 inches in diameter
for 30 Mc,, 4.5 turns 3 inches in diameter

for 50 Mc., and 2 turns 3 inches in di-
ameter for 100 Mec,

As the feed point impedance with the
antenna well in the clear usually is in the
vicinity of 60 to 65 ohms, good results will
be obtained with either RG-8 /U or RG-
11 /U cable.

VERTICALLY POLARIZED CIRCULAR
RADIATORS WITH SHARP VERTICAL
DIRECTIVITY

For v-h-f /u-h-f ground-to-ground applica-
tions the only radiation that is effective is
that which is directed parallel to the earth’s
surface. Energy radiated at an angle of
departure exceeding one or two degrees
serves no useful purpose except in unusual
terrain situations or for commnication with
aircraft. Therefore, if the radiation can
be confined to very low vertical angles, an
equivalent power gain is obtained without
destroying the circular pattern in the hori-
zontal plane,

The Colinear Coaxial Array

The most practical vertically polarized
array for accomplishing this type of direct-
ivity control is a colinear stack of vertical
“sleeve” antennas. The basic element is
similar to the sleeve antenna of fgure
6-8 except that shunt skire feed is employed
instead of series feed, because shunt teed
permits a continuous length of pipe to be
used for the “whip” portion of each radiator
at the same time that it serves as the support
statf or mast for the whole array. The basic
system is illustrated by the schematic of the
colinear coaxial array shown in figure 6-11.
While only two sections or elements are
shown, any number up to 10 or more can
be used with a corresponding increase in
power gain, the arrangement of the addi-
tional elements being the same as for the
two illustrated. However, economic con-
siderations usually limit the stack to from
four to six sections for applications to which
this type of array is suited. The practical
signal gain is very nearly equal to the free
space directivity gain, and can be determ-
ined from the colinear array gain curve of
figure 5-15.

The point at which each feed line taps
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Figure 6-11.

VERTICALLY POLARIZED COLINEAR
COAXIAL ARRAY.

This array gives an effective power gain while
maintaining a circular horizontal pattern, While
only two elements are shown, any number up
to 10 or more may be employed, though more
than four to six seldom are justified from an
economical standpoint. To obtain the proper
phase relationships, all feed lines are made ex-
actly the same length and connected together
at the transmitter coupling device. The shunt
feed arrangement allows the use of a con-
tinuous tubular center member which serves
both as radiator and supporting staff. If de-
sired, a detuning sleeve or skirt can be added
to minimize antenna effect, as illustrated in
fiyure 6-9. Because the skirt lengths and feed
point positions are quite critical, this type of
array usually is purchased in pretuned form as
a commercial “‘package.”

on to the corresponding skirt is adjusted
experimenta]]g until negligible standing
waves are observed. The length of the
skirt of each section is quite critical, and
when adjusted experimentally for best per-
formance it will be found that this adjust-
ment and the feed point adjustment interact,
thus complicating the procedure consider-
ably. Pretuned arrays of this type are
offered commercially for various v-h-f fre-

quency assignments. Experimental adjust-
ment of such an array is not required.

VERTICALLY POLARIZED
DIRECTIONAL ARRAYS

While stacked arrays which exhibit a
circular pattern (such as the colinear coaxial
array just described) are really directional
arrays, the expression “directional array”
by common usage refers to an array exhibit-
ing pronounced horizontal directivity. For
most v-h-f fu-h-f services which can use a
high degree of horizontal directivity to ad-
vantage the use of horizontal polarization
is standard practice. However, there are
some applications where horizontal direct-
ivity is desirable in conjunction with vertical
polarization. Therefore, some of the more
practical arrays for this type of service will
be described briefly.

PARASITIC ARRAY WITH SLEEVE
TYPE DRIVEN ELEMENT

The horizontally polarized, three-element
parasitic array described in the preceding
chapter for high-frequency work easily can
be modified for vertical polarization and
scaled down for v-h-f fu-h-f work. Coaxial
feed of the driven element offers a simple
method of feeding this element when ver-
tically oriented. The array is illustrated in
figure 6-12. The use of quarter-wave spac-
ing permits use of a regular sleeve antenna
as the driven element without greatly af-
fecting the fecd point impedance. The
practical signal gain of this antenna is be-
tween 6 and 7 db when adjusted for max-
imum forward gain.. For further details
on the parasitic elements, refer to the dis-
course in Chapter 5 on the three-element
parasitic array.

When the application requires that the
azimuthal direction of the radiated beam be
made adjustable, either the whole array may
be constructed to turn, or the driven radiator
may be made fixed and the parasitic ele-
ments arranged to rotate around the driven
element.

Because a sleeve antennna by itself al-
ready is quite frequency sensitive due to the
high “Q” of the skirt, the addition of par-

asitic elements does not appreciably increase
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Figure 6-12

SLEEVE TYPE VERTICAL RADIATOR
WITH PARASITIC REFLECTOR AND
DIRECTOR.

This unidirectional array gives a practical signal

gain of 6 to 7 db over the sleeve radiator alone.

The driven element is a standard sleeve ra-

diator of the type described in a previous sec-

tion, and the operation and adjustment of the

parasitic elements are covered under high-fre-
quency arrays in Chapter 5.

the frequency sensitivity of the antenna.

The use of quarter-wave spacing for the
arasitic elements has two advantages.
Eirst, it does not greatly alter the feed point
impedance, thus making a matching sec-
tion unnecessary. Secondly, it simplifies
the adjustment procedure by making it pos-
sible to adjust the sleeve radiator for opti-
mum performance with the parasitic ele-
ments removed, then add the parasitic
elements and adjust their lengths for any
desired compromise between forward gain
and front-to-back ratio, without making fur-
ther adjustment of the sleeve radiator. This
simplified precedure is not practicable with
closer spacing.

THE VERTICAL RHOMBIC

One of the most effective vertically polar-
ized directional arrays for the v-h-f range
is a rhombic antenna oriented so that the
plane of the array is vertical. Such an
array requires a comparitively large space
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Figure 6-13.

OPTIMUM TILT ANGLE FOR A V-H-F
RHOMBIC ANTENNA.

The curve applies to either a vertical or hori-
zontal rhombic regardless of elevation above
ground, so long as the elevation of the lowest
portion of the antenna exceeds two wavelengths.

for erection, but in many applications this
is no disadvantage. With a rhombic ori-
ented in this manner a high signal gain
can be obtained with only moderate hori-
zontal directivity. This is due to the high
degree of wvertical directivi(?r contributed by
a rhombic antenna oriented in this manner.

In designing a rhombic array for v-h-f
ground work the design considerations are
somewhat different from those of a high-
frequency rhombic designed for sky-wave
propagation (with which the reader is pre-
sumed familiar). In the case of a v-h-f
rhombic the eptimum tilt angle is substan-
tially independent of the height of the array
above ground and the orientation of the
array (vertical or horizontal). Also, from a
practical standpoint there is no optimum
elevation above ground if feeder losses and
antenna cost are ignored; a v-h-f rhombic
always should be elevated above ground as
much as possible in level country, and
erected on the highest available sight under
conditions of irregular terrain. Unlike the
high-frequency rhombic, a v-h-f rhombic
need not be located over flat ground for best
performance, and should not be inclined
when located over sloping terrain.

The optimum tilt angle as a function
of leg length for a v-h-f rhombic (either
vertical or horizontal) is given in figure
6-13. For information regarding proper
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termination and other details common to all
rhombics refer to the section on high-fre-
quency rhombic antennas in the preceding
chapter.

In constructing a rhombic for the upper
portion of the v-h-f range, particular care
must be taken to avoid undesirable stray
lumped reactances and to avoid excessive
net reactance in the termination. This be-
comes increasingly difficult as the frequency
is increased, and limits the usefulness of the
thombic to a frequency of approximately
300 Mec. without resorting to “laboratory”
techniques which are none too practical
from the standpoint of obtaining a rugged,
reliable, economical installation. Other ar-
rays are better suited than the rhombic to
u-h-f applications.

SHEET OR “SURFACE” REFLECTOR
ANTENNAS

The radiation from a single dipole ele-
ment can be concentrated into a restricted
solid angle by the use of a sheet metal re-
flector, producing the same “beaming” effect
as an array of dipoles. The sheet reflector
can take any of numerous shapes, the most
desirable being determined by the particular
directivity pattern desired and by mechan-
ical considerations. Sheet reflectors are not
practicable in the h-f range because of their
prohibitive size, but in the v-h-f /u-h-f range
the required structures are easily and eco-
nomically constructed.

The simplest “surface” reflector is a flat
sheet reflector (figure 6-14A) but the gain
obtainable with such a reflector is limited to
about 7 db when a single driven dipole
element is employed. When a broadside
“curtain” consisting of a large number of
driven dipoles is backed up by a flat sheet
reflector the reflector simply converts the
bidirectional pattern into a unidirectional
pattern by “turning around” the radiation
off the back side, and the gain due to the
reflector is approximately 3 db. Under
these conditions the reflector does not sig-
nificantly affect the shape of the pattern
off the front side, and hardly can be con-
sidered as a device for “beaming” the radia-
tion into a smaller solid angle.

When a single driven dipole is employed
in front of a large, flat-sheet reflector, the

DRIVEN

4 oiroLe
I
® ©
FLAT SHEET CYLINDRICAL CORNER
REFLECTOR PARABOLIC REFLECTOR
REFLECTOR
Figure 6-14.

BASIC “SHEET” OR “SURFACE” RE-

FLECTING SYSTEMS FOR A DRIVEN

DIPOLE WHICH PROVIDE DIRECTIVITY
MOSTLY IN ONE PLANE.

At “A” s a plane or “flat sheet’” reflector;
at “B” it is rolled into a parabolic curve with
the driven dipole at the focus; and at “C” the
flat sheet is bent into the shape of a V with
the driven dipole bisecting the included angle,
With the above orientation the radiation is
vertically polarized and most of the directivity
provided by the reflecting surface is in the
horizontal plane; but if the whole array s
rotated through 90 degrees so that the dipole
is horizontal, the radiation is horizontally polar-
ized, and most of the directivity provided by
the reflecting surface is in the vertical plane.

directivity and gain can be increased by
forming the sheet into a cylindrical para-
bolic reflector in such a manner that the
radiator is at the focus of the parabolic curve
(figure 6-14B). Assuming that the width
of the mouth is several wavelengths and that
the dipole is vertical, most of the directivity
will be in a horizontal plane. Increasing
the distance across the aperature will result
in a corresponding increase in horizontal
directivity and gain. There is little point
in increasing the height of the sheet very
much beyond a wavelength, because nothing
significant is to be gained thereby. In no
case will the reflector provide much increase
in vertical directivity.

While high gains can be obtained with
cylindrical parabolic reflector systems, they
will not be described in detail because they
have nothing to offer over a corner reflector
of the type shown at figure 6-14C and
described in the following section, and the
corner reflector is a simpler and more prac-
tical structure.
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1
1

ALTERNATE GRID-TYPE
REFLECTOR USING
*FISHBONE” CONSTRUCTION

Figure 6-15.

ILLUSTRATING THE PERTINENT DI-
MENSIONS OF A CORNER REFLECTOR
SYSTEM.

The manner in which the above dimensions af-

fect the gain and radiation resistance is illus-

trated in figure 6-16. The half-wave driven

dipole lies in a plane bisecting the corner angle

and Is parallel to the intersection of the re-
flecting surfaces.

THE CORNER-REFLECTOR ANTENNA

The comer-reflector antenna system is
probably the most practical of all surface-
reflector systems exhibiting a preponderance
of directivity in one plane (a plane perpen-
dicular to the driven dipole). In practical
form it consists of two flat-sheet reflectors
(or the equivalent) making an angle of
from 45 to 9o degrees with each other,
with the dipole radiator located parallel
to the intersection of the sheets and lying
in the plane bisecting the corner angle, as
illustrated in figures 6-14C and 6-15. The
practical signal gain of a well-constructed
corner-reflector antenna runs between about
9.5 and 13.5 db for corner spacings within
these limits,

The radiation resistance, directivity, and

gain are all affected by the spacing S be-

tween the reflector apex and the dipole
element. The variation in radiation resist-
ance and gain with the dipole-to-corner
spacing, S, for three common corner angles
is shown in figure 6-16. The radiation
resistance curves assume typical length-to-
diameter ratios for the dipole radiator (rath-
er than a hypothetical, infinitely thin di-
pole); the gain curves assume typical resist-
ance losses in the antenna; and all curves as-
sume that the side length S is great enough
that the performance approaches that ob-
tained with infinitely long sides,

By choosing an appropriate dipole-to-
corner spacing for a given corner angle it
is possible to realize a radiation resistance
close to 52 or 75 ohms, thus permitting
the use of a regular sleeve or “coaxial”
radiator using RG-8 /U or RG-11 /U cable
for a vertically polarized corner-reflector
array.

The dipole also can be center fed, by
bringing the feed line away from the dipole
at a right angle along the line of the corner
bisector so that the feed line is brought out
the back of the reflector at the vertex. With
this arrangement a quarter-wave Q section
may be used to match the feed line to
the feed point resistance of the dipole when
the two are not approximately the same,
thus permitting the use of the most desirable
dipole-to-corner spacing without regard to
the surge impedance of the feed line.

The height H (hgure 6-15) should be
equal to at least one half wavelength plus S,
and the side length L should be at least
3S and preferably 4S if the maximum theo-
retical directivity and gain are to be ap-
proached for a given corner angle.

It is not necessary that the reflector com-
prise a solid surface. A screen of moderately
small mesh may be used with substantially
the same results. Or a grid arrangement
consisting of close-spaced wire or rod con-
ductors parallel to the dipole may be used
with negligible loss in performance. The
spacing between grid wires should not ex-
ceed o.1 wavelength and preferably should
not exceed .05 wavelength. The grid wires
do not act as approximately resonant
parasitic elements, but rather produce a
combined effect simulating a solid sheet.
Therefore their length is not critical, but
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preferably should be equal to at least o.5
wavelength plus S. The grid wires need
not be joined together electrically for proper
operation, but they may be joined by metal-
lic ribs for mechanical support if desired.
The use of a grid structure instead of solid
sheets produces a lighter reflector which has
less wind resistance,

The dipole may be supported by one or
more metallic support members attached to
its center, without detrimental effects, pro-
vided that they run perpendicular to the
dipole.

pI: will be noted from figure 6-16 that the
gain increases as the corner angle is reduced.
Theoretically it should be possible to obtain
almost any desired degree of directivity
and gain by reducing the comer angle, but
45 degrees is about the practical limit.
This is explained by the fact that as the
corner angle is reduced the spacing S must
be increased in order to obtain enough radi-
ation resistance to keep the resistance losses
to a tolerable value. And as S is increased,
the side length must be increased. Thus
while a corner angle of, say, 10 degrees
could be used to provide much higher gain,
the required side length would become ob-
jectionable.

The corner reflector antenna system may
be used with horizontal orientation to pro-
vide horizontal polarization if desired. In
this case most of the directivity contributed
by the reflector is in the vertical plane.

THE ROTATIONAL PARABOLA OR
“DISH”

If a driven dipole (either vertical or
horizontal) is placed at the focus of a
reflector formed to the shape of a rotational
parabola, considerable directivity will be
provided in both the vertical and horizontal
planes. This permits a much higher gain
than that obtainable from a cylindrical para-
bolic reflector of comparable aperture size,
because the latter reflector concentrates the
energy in one plane only.

If the size of the reflecting paraboloid of
revolution is very large in terms of wave-
length, and the driven dipole is spaced at
least several wavelength from the reflector,
there will be little mutual coupling between
dipole and reflector, and a spherical wave
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Figure 6-16.

ILLUSTRATING EFFECT OF DIPOLE-

TO-CORNER SPACING, S, ON THE

PRACTICAL SIGNAL GAIN AND RADI-

ATION RESISTANCE OF A WELL-CON-

STRUCTED CORNER REFLECTOR AN-

TENNA FOR THREE COMMON CORNER
ANGLES.

The curves are based upon the following assump-
tions: The dimension H is equal to one half
wavelength plus S; the length L is equal to 4S;
the distance G does not exceed .05 wavelength;
the dipole has a typical length/diameter ratio;
and normal loss resistance is present (exclusive
of feed line losses, which are assumed to be the
same for the reference antenna), Because of
the variability of the latter two factors (dipole
shape factor and antenna loss resistance), the
curves are approximate, but are close enough
for practical purposes. The gain is referred to
the dipole radiator used alone.

striking the reflector will be converted to
a substantially plane wave upon reflection.

Unfortunately a dipole radiator does not
provide a point source of “illumination.”
Also, the inherent aspect directivity of a
dipole makes it impossible to provide pre-
cisely uniform illumination of the “dish.”
For these reasons the beam is slightly elip-
tical and somewhat broader than might be
expected.

For a given dish diameter, the charac-
teristics of the reflected wave are best when
a rather shallow dish is employed, so that
the focus is well spaced from the reflector.
However, this decreases the solid angle
represented by the dish; therefore, when an
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considerably more in the horizontal plane
than the vertical plane, or vice versa,

A rigorous treatment of the rotational
paraboloid reflector and its various modifi-
cations is quite complex. For instance, the
optimum position of the driven dipole ac-
tually may be very slightly removed from
the exact focus, or the optimum dish shape
may depart slightly from a true rotational
parabola. (This is explained by the fact
that the dipole does not serve as a point
source of radiation.) Also, computation of
the optimum dimensions for a rotational
parabolic reflector system for a particular
application is rather involved, and once
determined the dimensions must be followed
very precisely, thus making fabrication difh-
cult unless proper facilities are available.

“TURNSTILE” TYPE FM TRANSMITTING

ANTENNA USING FOLDED DIPOLE ELE-

MENTS (WINCHARGER). THE TWO PAN-

ELS ARE FED 90 DEGREES OUT OF

PHASE TO GIVE A SUBSTANTIALLY CIR-
CULAR PATTERN.

ordinary dipole is used, the dish is less in-
tensely illuminated than would be the case
with a shorter focal length. This waste of
radiation can be minimized by using cither
a parasitic or small, flat-sheet reflector close
to the dipole, in such a manner as to con-
centrate most of the radiation from the
dipole into the solid angle represented by
the dish.

If considerably more directivity is de-
sired in the vertical plane than in the hori-
zontal plane, or vice versa, the circular

TWO0 ELEMENT “SQUARE LOOP” FM

g «“ TRANSMITTING ANTENNA AS MANUFAC-
parabohc reflector can be truncated or lOp‘ TURED BY FEDERAL TELEPHONE AND

ped off” so that the aperture measures RADIO CORP.
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Because of these factors, plus the fact that
the rotational parabolic reflector finds its
greatest application above 1000 Mec. (where
ordinarily it is used with wave guide feed),
“dish” antenna systems will not be dealt
with in detail.

HORIZONTALLY POLARIZED
CIRCULAR RADIATORS

The most important application of hori-
zontally polarized circular radiation is in the
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FIVE BAY WESTERN ELECTRIC “CLOVER-
LEAF” FM TRANSMITTING ANTENNA.
THE TOWER STRUCTURE SERVES AS THE
OUTER CONDUCTOR OF A COAXIAL FEED
LINE. ALL RADIATING ELEMENTS ARE
FED BY THE SINGLE CENTER CON-
DUCTOR, THE PROPER PHASE RELATION-
SHIPS BEING OBTAINED BY REVERSING
THE “TWIST"” OF ALTERNATE BAYS.

BASIC SECTION OF RCA “PYLON” AN-
TENNA FOR FM BROADCAST USE, SUR-
MOUNTED BY STANDARD BEACON. ALSO
KNOWN AS A “SLOT” RADIATOR, THIS
ANTENNA PRODUCES A SLIGHTLY EC-
CENTRIC HORIZONTAL PATTERN, WHICH,
IN MOST CASES, CAN BE EXPLOITED TO
PROVIDE BETTER COVERAGE. AS MANY
AS EIGHT OF THE BASIC UNITS CAN BE
STACKED. THE APPENDAGES ARE
CLIMBING SPIKES; RADIATION IS FROM
THE CYLINDER ITSELF

field of FM broadcasting. Antennas for this
application usually are of a “stacked” type
in which two or more identical “bays” are
stacked one over the other at a center spac-
ing of from % to 1 wavelength and excited
in phase.

The basic bay takes various commercial
forms, each manufacturer having developed
a proprietary basic radiating element for

/orld Radio History]
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“TOWER"

ANTENNA FOR FM BROAD-
CASTING. THIS ANTENNA BY THE WORK-
SHOP ASSOCIATES, INC. ACTS AS A SEC-

TION OF “LEAKY WAVEGUIDE”, THE

CHAMBER IS EXCITED BY MEANS OF

TWO, CROSSED, HORIZONTAL DIPOLES

AT THE CENTER OF THE SECTION.

SEVERAL SECTIONS MAY BE STACKED
FOR GREATER GAIN.

which he usually claims important advan-
tages. However, they all meet the pertinent
requirements imposed upon FM broadcast
radiators, and generally speaking there is
little to choose between them when all of
the advantages and disadvantages are con-
sidered. Most of the commercial antennas
have been given descriptive designations,
such as “Square Loop,” “Cloverleaf,” “Turn-
stile,” “Pylon,” and so on. They all com-
bine wide bandwidth or adjustable elements,
low-angle radiation, and good electrical effi-
ciency with rugged, economical construc-
tion.

Some of the antennas have a sufficiently
broad response to permit use of a single
size for the entire 88 to 108 Mc. band,
while others have a calibrated tuning ad-

justment for each bay. Still others are
purchased “precut” for the assigned frequen-
cy. Many of the designs have a sufficiently
wide bandwidth to permit use for television
broadcasting when the dimensions are suit-
ably altered, and some are available with
dimensions suitable for the TV bands.

The most commonly used center spacings
between bays are approximately o.5 wave-
length and approximately 1.0 wavelength,
as such spacing simplifies the phasing and
feeding problems incident to stacking most
of the basic radiating units. The gain due
to vertical directivity is an approximate func-
tion of the overall height of the stack for all
bay spacings (center to center) from o.5
to 1.0 wavelength. For stack heights of
1 wavelength or more, the number of bays
is important only as it determines the overall
height of the stack. The approximate gain
over one bay as a function of overall stack
height is given in figure 6-17.

The most economical number of bays
(or stack height) depends upon such things
as the transmitter power and the elevation
of the antenna site. Beyond a certain num-
ber of bays it is more economical to increase
the antenna elevation or the transmitter
power.

None of the various arrays is capable of
an exactly circular pattern, but the distor-
tion in every case is so slight as to be un-
important from a practical standpoint.
While theoretically a perfectly circular pat-
tem is obtainable from a circular loop
carrying uniform current, or from crossed in-
finitesimal dipoles fed in quadrature, practi-
cal loops exhibit slightly nonuniform cur-
rent distribution and a discontinuity at the
feed point, and each of a pair of crossed
half-wave dipoles exhibits interference di-
rectivity due to its finite length, thus dis-
torting the pattern from a true cosine “fig-
ure eight” and making it impossible to ob-
tain a circular resultant pattern by combin-
ing two such patterns in phase quadrature.

When an elongated service area makes
some deliberate and controllable distortion
of the horizontal pattern desirable, certain
of the commercially manufactured FM an-
tennas are better suited than others to modi-
fication of the normally circular pattern to
one which more effectively covers the elong-

World Radio Histor
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Figure 6-17.

APPROXIMATE GAIN (REFERRED TO
ONE BAY) OF STACKED LOOPS
(ROUND OR SQUARE OR CLOVERLEAF)
FOR FM OR TV SERVICE AS A FUNC-
TION OF THE OVERALL STACK
HEIGHT WHEN THE BAY SPACING IS
BETWEEN 0.5 AND 1.0 WAVELENGTH.

The curve is not directly applicable to “‘crossed
panel” antennas such as the Turnstile, or to
“continuous bay”’ antennas such as the “Pylon’
or “Slot” antenna. However, for stack heights
exceeding one wavelength, the gain of a Turn-
stile or a Pylon referred to a half-wave dipole
(not to one bay) is very nearly the same as for
a stack of loops having the same overall height.

ated service area. For instance, antennas
using circular loops are not well suited to
this application, whereas a turnstile utilizing
separate feed systems for each “panel” is
ideally suited. By controlling the relative
phase and amplitude of the current fed to
the two panels, a wide variety of pattern
choice is possible.

Because the fabrication of an FM broad-
cast antenna (exclusive of the tower) from
basic materials is a formidable and time-
consuming job, and at least as expensive
as the purchase of a commercially manufac-
tured “package” antenna, design details will
not be discussed. Descriptive literature on
these antennas is available from the various
manufacturers.

HALF-WAVE HORIZONTAL DIPOLES
FOR THE V-H-F/U-H-F RANGE

While broadly directional in azimuth, a

horizontal half-wave dipole is not classed
as a “directional” antenna. Horizontal di-
pole antennas are widely used for reception
of FM broadcast and television signals, and
for both reception and transmission by ama-
teurs in the v-h-f /u-h-f bands. At frequen-
cies below 150 Mc. a simple, inexpensive,
and reasonably eflicient arrangement is a
folded dipole which uses 300-ohm Twin-
Lead for both folded radiator and feed line.

A regular half-wave dipole fed with
RG-8 /U cable is to be preferred at higher
frequencies, and can also be used in the
lower portion of the v-h-f band if desired.
When the application makes it desirable
to do so, the frequency sensitivity of the
latter antenna can be reduced by using
large diameter elements, and the small
amount of antenna effect can be reduced

Figure 6-18.

COMMERCIALLY MANUFACTURED
FOLDED DIPOLE (AMPHENOL) FOR 88
TO 108 MC. FM RECEPTION.

The use of tubular radiating elements permits
“self-supporting’” construction. The feed line Is
300-ohm Twin-Lead.



240

V-H-F AND U-H-F ANTENNA SYSTEMS

FOLDED DIPOLE DESIGN DATA
for FM and TV bands

The length dimension applies to the overall
length of the unsplit element from the mid
point of one end jumper to the mid point of
the other end jumper. It is not the separa-
tion between these points, but rather the
length of the conductor between these two
points. A conventional folded dipole of typi-
cal commercial manufacture using air spaced
rod or tubing elements is assumed.

FM BAND (88 TO 108 MC.)
Mid band (compromise for whole band) 57 in.
To favor high end 54 in.
To favor low end 60 In.
LOWER TV BAND (44 TO 88 MC.)*
Mid band (compromise for whole band) 88 in.

Channef 1 (44 to 50 Mc.) 118 in.
Channel 2 (54 to 60 Mc.) 98 in.
Channel 3 (60 to 66 Mc.) 88 in.
Channel 4 (66 to 72 Mc.) 80 in.
Channel 5 (76 to 82 Mc.) 70 in.
Channel 6 (82 to 88 Mc.) 65 in.

UPPER TV BAND (174 TO 216 MC.)
Mid band (compromise for whole band) 28.5 in.

Channel 7 (174 to 180 Mc.) 31.5in.
Channel 8 (180 to 186 Mc.) 30.5in.
Channel 9 (186 to 192 Mc.) 29.5in,
Channel 10 (192 to 198 Mc.) 29.0 in.
Channel 11 (198 to 204 Mc.) 27.5in.
Channel 12 (204 to 210 Mc.) 27.0in.
Channe! 13 (210 to 216 Mc.) 26.0in.

®As this is written it appears probable that

television channel 1 will be reassigned to an-

other service. If this change is effected the

optimum compromise length for the “low”

band (channels 2 through 6) will be 80
inches.

To favor one or more certain TV channels,

take the geometrical mean frequency or length

between the two “outside” channels of those

to be favored. Variation in performance over

the band is the most noticeable on the lower
TV band.

A convenient and easily remembered length

formula for a conventional folded dipole (the

length being defined as above) Is: Divide the

frequency in Mc. into 5555. The answer is
in inches.

For basic information on the folded dipole an-
tenna, refer to Chapter 5.

to insignificance by the incorporation of a
detuning sleeve.

The reader is referred to that portion of
Chapter 5 which treats high frequency
dipole antennas, for basic information on
these antennas. In addition, special atten-
tion should be paid to any insulators placed
at voltage loops, as the l)t')sses and reactive
effects increase with frequency. Preferred
construction in the u-h-f range calls for
support of the dipole only at or near the
voltage node, as illustrated in figure 6-18.
Some commercially manufactured antennas
for FM and television reception utilize
special designs which provide increased
bandwidth or a more or less circular pat-
tern, or in some cases both features. These
antennas are considerably more complex
electrically and mechanically than a simple
dipole, and are much more difficult to fabri-
cate from basic materials with ordinary tools.
Therefore, it is recommended that such
antennas be purchased ready constructed, as
they are available at reasonable prices.

HORIZONTALLY POLARIZED
DIRECTIONAL ARRAYS

Because of the slightly superior per-
formance of horizontal polarization for most
point-to-point ground applications, and be-
cause a horizontally polarized array is inher-
ently balanced to ground and does not
ordinarily require the use of detuning stubs
or other special techniques in order to avoid
excessive antenna effect, horizontal polariza-
tion is more or less standard for most point-
to-point circuits. The only important ex-
ception involves two stations separated en-
tirely by a sea water path and operating in
the lower portion of the v-h-f band.

Most of the horizontally polarized high
frequency arrays described in the preceding
chapter will perform well in the lower por-
tion of the v-h-f band, and several will
provide acceptable performance well up into
the u-h-f region. However, the only two
that are recommended for such use without
considerably modifying or expanding the
construction are the 3-element parasitic ar-
ray and the horizontal thombic.

Because of the small size of half-wave
dipole elements at these frequencies, it is
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the usual practice to increase the size of
a broadside “curtain” considerably over those
shown in Chapter 5, and to add a flat sheet
(or grid type) reflector screen. “Billboard”
or “mattress” arrays consisting of from 8 to
36 coplaner dipoles in a broadside curtain,
backed up by a reflector screen, find num-
erous commercial and military applications,
but are difficult to construct without special
facilities.

THE HORIZONTALLY POLARIZED
THREE ELEMENT PARASITIC ARRAY
FOR V-H-F/U-H-F

The horizontally polarized parasitic array
described in the preceding chapter and illus-
trated in figure 5-26 requires no modifica-
tion for v-h-f /u-h-f use and will provide ex-
cellent performance up to 500 or 600 Me.
for fixed frequency work or over a narrow
frequency band. "It is particularly well
adapted to rotation where requirements dic-
tate that the direction of the beam be cap-
able of rotation throughout 360 degrees.

THE HORIZONTAL RHOMBIC FOR
V-H-F

The pertinent considerations involved in
the electrical design and mechanical con-
struction of a horizontal rhombic for the
v-h-f range are the same as for a_vertical
thombic and the reader is referred to the
section in this chapter dealing with the
v-h-f vertical rhombic, and to hgure 6-13.

Rhombic Antenna for FM and Television
DX Reception

Ilustrated in figure 6-19 is a rthombic an-
tenna designed for the purpose of increasing
the range at which FM broadcast stations
in the 88 to 108 Mc. band will provide
good reception. If an ordinary dipole an-
tenna broadside to the distant station(s)
delivers a signal which at all times can be
heard, even though it does not actuate the
limiter and seldom if ever provides “pro-
gram quality,” the substitution of this rhom-
bic antenna at the same elevation will boost
the signal sufficiently to Erovide program
quality reception all or substantially all of
the time. However, if the signal at times
fades clear out, due to tropospheric effects,

then boosting of the signal by substitution
of the rhombic may improve the quality of
the reception but still will not provide con-
sistent program quality.

The antenna is particularly well adapted
to rural reception of 250-watt stations at
distances at which the signal becomes too
weak for good reception but does not fade
badly. High powered stations usually fade
badly before they become weak. The
physical size of the antenna (including the
four poles required) does not lend itself too
well to installation in a residential district,
but ordinarily will not be found objection-
able for rural installations.

This antenna provides a practical signal
gain throughout the FM band of consider-
ably more than 10 db over a dipole which
is working at its optimum frequency, pro-
vided that the rhombic is constructed care-
fully according to directions. These are
given in consigerable detail for the benefit
of those whose technical knowledge is lim-
ited, yet can use such an array to advantage
and wish to construct one themselves, with-
out benefit of expert help.

The array does have one feature which
in some cases will be a disadvantage. Top
performance is obtained only over an azi-
muthal arc of about 10 degrees (five degrees
to either side of the direction in which the
array is pointed). When reception from
only one station is involved, or when all
of the desired distant stations are so closely
grouped that they lie within a 10 degree
arc, this high degree of horizontal directivity
is not a disadvantage. But when the desired
distant stations are widely separated, it will
be necessary to effect a compromise when
orienting the array, and possibly forego
reception of some of the stations in order
to hear certain others. Fortunately it is a
common practice to locate the FM trans-
mitters for a given city or town more or
less in the same area.

While the discrimination of this array is
good (meaning that the pick up in direc-
tions other that that in which the array is
]}:inted is comparatively poor), the “off the

am” pickup still is adequate to receive
nearby stations with good strength. Thus
if one is located within 5 or 10 miles of one

station and slightly beyond the “dipole
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Figure 6-19.

RHOMBIC ANTENNA FOR DX FM RECEPTION AND GHOST-FREE DX TELEVISION
RECEPTION.

The specified dimensions are for the 88 to 108 Mc. FM band. For the television bands the
dimensions must be altered as described in the accompanying text. Any FM signal which does
not fade completely out at any time when received on a half-wave dipole usually will be
received with solid “program quality” on this rhombic receiving antenna elevated the same
number of feet above ground. The practical signal gain is well over 10 db throughout the 88 to
108 Mc. band (compared to a horizontal half-wave resonant dipole). For television reception
the antenna not only offers high, substantially uniform gain throughout either the “low” or
“high band, but also is much more free from ‘“‘ghosts” (due to spurious reflections) than is
an ordinary dipole or simple dipole array.

range” of another station, usually it will
be possible to receive both stations satis-
factorily simply by aiming the rhombic array
at the distant station.

When possible the array should be ele-
vated at least 10 fect above all trees, build-
ings, and other objects under or immediately
surrounding the antenna, and particularly
any which may be located between the front
apex of the antenna and the desired stations.
In any case the antenna should be elevated
at least 30 feet above the actual earth, and
preferably at least 40 feet. Regardless of the
slope of the terrain, the array should be

installed with the wires perfectly level,
rather than parallel with the sloping ground.

Because of the sharp horizontal directiv-
ity, the array must be oriented very care-
fully with the aid of a suitable map and a
compass capable of 1 degree of accuracy.
The magnetic declination for the location
must be known in order to determine true
north. Alternatively, if the path is line of
sight the pole locations may be lined up
with the aid of a telescope. If neither
compass nor telescope happens to be readily
available, it may be possible to determine
the “line of shoot” to a distant station by
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erecting a folded dipole well in the clear
and rotating it until the center of the “null”
off one end of the dipole is determined.
However, this method is not practicable
when the signal is fadin% or is very weak.

In positioning the poles, at least four
feet should be allowed between each rhom-
bic apex and its support pole. Then, to
assure correct positioning of the rhombic
with respect to the poles, a knot is tied in
the halyard of each of the two side poles
at such a point that when the two knots
are pulled tight against their respective
pulleys and the fore and aft halyards are
then pulled fairly taut, the distance between
the side comers is exactly 22 feet 6 inches.
Each halyard should be connected to its in-
sulator with the shortest practicable length
of wire,

Any guy wires closer than 20 feet to the
radiating portion of the antenna should be
broken up with insulators spaced exactly 8
feet apart, in order to avoid possible reso-
nance effects. The first guy insulator should
be spaced exactly 4 feet from the pole
(assuming that a set of guys is wrapped
around the pole and that all guys of the
set make contact with each other).

The terminating resistor is comprised of
two 390-ohm 1-watt metalized resistors in
series. They should be connected by means
of wire having approximately the same size
as the wire pigtails on the resistors. It is
important that the termination be made
exactly in this manner.

The illustrated construction will with-
stand high winds and perform well during
rain, but is not suitable in locations sub-
ject to heavy icing.

In so far as practicable the Twin-Lead
should be kept at least two inches away
from buildings, etc. and should make the
fewest possible sharp bends. The line
should be made as short as possible in order
to minimize line loss, but lengths up to 200
feet can be used when it permits a higher
or otherwise more desirable location for the
antenna.

It is strongly recommended that all joints
throughout the system be soldered in order
to assure quiet operation and permanence of
performance.

This antenna is not suitable for locations

which are subject to low field strength as
a result of being in deep shadow (as for
instance a receiving location immediately
behind a range of high hills). The trans-
mission path under such circumstances of-
tentimes deviates considerably from a direct
line, and in some such cases is not constant,
thus making a highly directional fixed array
impracticable.

The “design center” of this array is 97
Mc. For other applications (such as tele-
vision) it is necessary to use a different
frequency for the design center. This can
be done by scaling up or scaling down all
dimensions given in figure 6-19 with the
exception of the spacing between the con-
ductors of the two matching sections. The
antenna is particularly well suited to dx
reception of television signals because of its
wide band characteristics, and because of
its discrimination against “ghost” signals
caused by spurious reflections of the signal.

For the television bands the dimensions
(with the exception of feed line and match-
ing section spacings) should be altered as
follows: For the “low” band (channels 1
through 6) multiply the dimensions by
1.5.* For the “high” band (channels 7
through 13) multiply the dimensions by o.s.

SIMPLE 14-ELEMENT V.H-F
BIDIRECTIONAL CURTAIN

The simple broadside curtain of figure
6-20 has almost as much gain at its design
frequency as the rhombic array shown in
figure 6-19, at frequencies below approxi-
mately 200 Mc. However, it is fairly fre-
quency sensitive and therefore suitable only
for fixed frequency work or use over a band
of frequencies not exceeding plus or minus
2 or 3 per cent of the design frequency.
Also, the length of the phasing stubs is
quite critical, and they must be adjusted
experimentally for best results.

The free space directivity gain is slightly
over 10 db, and the practical signal gain is
approximately 10 db at frequencies within

*As this is written it appears probable that
television channel number 1 will be reassigned
to another service, If this change is effected,
multiply by 1.4 instead of 1.5.
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Figure 6-20.

SIMPLE, HIGH GAIN BIDIRECTIONAL BROADSIDE CURTAIN FOR V-H-F USE.

The use of Twin-Lead for transmission line and phasing stubs greatly facilitates construction

of this 14 element array. It has a practical signal gain of approximately 10 db over a horl-

zontal half-wave dipole. It is fairly frequency sensitive and therefore well suited only for fixed

frequency use or for use over a narrow band of frequencies. For best results the physicai length

of the quarter-wave phasing stubs must be adjusted experimentally as explained In the accom-

panying text. The horizontal pattern of this array is quite sharp; the beam width at the half
power points is approximately 19 degrees.

1 per cent of the design frequency. The
bidirectional “figure 8” pattern is quite
sharp when the array is properly adjusted,
and the strongest minor lobes are somewhat
weaker (compared to the main lobe) than
those of the aforementioned rhombic.

The physical length of the half-wave
radiating elements is not extremely critical,
as moderate deviations from an electrical
half wavelength can be compensated for by
adjustment of the phasing stubs without
deteriorating the performance of the array.
The four, end radiating sections can be cut
to 0.97 of a free-space half wavelength and
the interior radiating sections to a full, free-
space half wavelength.

The quarter-wave phasing stubs should be
cut to o.2 of a free-space wavelength, tem-
porarily shorted at the bottom with a “pig-
tail,” and then individually adjusted for
optimum performance in the following man-
ner.

Either a grid dip meter or a transmitter
is required. If the transmitter power is 50
watts or more the problem is simplified.
The array is erected temporarily in a clear

spot, with the bottom row of elements at
least a wavelength above ground. A step-
ladder or scaffold then is used to permit
reaching the phasing stubs.

The four outside stubs are adjusted first,
then the four adjacent to the outer four,
and last the four inner stubs. If a moderate
amount of transmitter power is available,
this is done by adjusting the length of a
shorting pigtail (or trimming off more of
the Twin-Lead stub) until a small neon
bulb glows with equal brightness when
touched to the two points at which the
stub under adjustment is attached to the
antenna, and does not glow at all when
touched to the center of the pigtail jumper
at the bottom of the stub.

When the transmitter power is not suffi-
cient to permit use of the neon bulb meth-
od, or if a grid dip meter is used, the feed
line should be coupled to the transmitter
or grid dip meter just tightly enough to
give a pronounced change in grid or plate
current when the feed line is connected.
The indicating milliammeter should be
placed where it can be read while making a

- el
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stub adjustment and connected to the trans-
mitter or grid dip meter by a pair of wires.
Neither meter nor wires should be placed
closer than one half wavelength to an
radiating element. Each stub then is ad-
justed in the aforementioned order to a
length which is arrived at as follows.

Mark the exact center of all the half-
wave radiating elements except the four
outer ones. '1%1en adjust the length of the
pigtail jumper on each of the outer shorting
stubs until the following condition obtains
on the radiating section connected thereto
on the side nearest the center of the array.
The radiator is pinched with a pair of
pliers or diagonals (tightly enough to bite
through the enamel should the wire be
enameled) farther and farther off center
until a barely perceptible indication on the
meter is observed. The same procedure is
repeated the other side of center.. The dis-
tance off center at which an indication is
first observed should be the same both
sides of center. If not, the mid-point of the
two points at which an indication is ob-
served can be moved towards the stub by
lengthening the pigtail jumper, and can be
moved away from the stub by shortening
the pigtail jumper. After the outer stubs
are adjusted, the four adjacent stubs are
given the same treatment. The four inner
stubs are simply made exact physical dupli-
cates of the four intermediate stubs after
the latter have been adjusted experimentally.

After all stub adjustments have been
made, all connections should be soldered
and the array hoisted to its regular position.

To avoid excessive deterioration of the
performance of the array in wet weather,

the Twin-Lead line and especially the phas-

ing stubs should be given a light coat of
Silicone waterproofing compound of the
type manufactured for this purpose (such
as Amphenol 307).

Once an array has been constructed and
experimentally adjusted for a certain design
frequency, the array can be duplicated phys-
ically with the assurance that good results
will ‘be obtained without experimental ad-
justment of the stubs. However, all physical
details (such as the type of insulators used)
should be copied exactly.

SURFACE REFLECTOR SYSTEMS
USING HORIZONTAL POLARIZATION

Surface reflector systems such as the
cylindrical parabolic, flat-sheet, and corner
types (discussed earlier in this chapter in
conjunction with vertically polarized arrays)
can be used just as well with horizontal
orientation and polarization. With the ex-
citing dipole and reflector surface rotated
so that the dipole is horizontal and the re-
flector surface maintains its relationship to
the dipole, most of the directivity con-
tributed by the reflector will be in a ver-
tical plane.

When a paraboloid of revolution (or a
truncated section thereof) is used as the
reflector, the relationship between vertical
and horizontal directivity is determined pri-
marily by the aspect ratio of the reflector
aperture, and not so much by the orienta-
tion of the dipole. Thus, with a horizontal
dipole illuminating the “dish,” it is still
possible to have greater horizontal direct-
ivity than vertical directivity simply by cut-
ting off the top and bottom of the dish so
that the aperture is much wider than it
is high.




CHAPTER SEVEN

Receiving Antenna Considerations

It was stated earlier that, generally speak-
ing, a good transmitting antenna system
makes a good receiving antenna system.
However, it is desirable that the reader ap-
preciate the considerations involved, because
in some respects the requirements differ
somewhat.

In the transmitting case, the primary con-
sideration usually is maximum practicable
signal gain. This is a function of line effi-
ciency, radiation efficiency, and antenna di-
rectivity (including ground effects).

In the receiving case the primary con-
sideration may be to obtain the Zi hest
possible signal-to-noise ratio, or it may be to
obtain the greatest possible discrimination
against undesired signals (even though it
may mean a reduction in signal-to-noise
ratio), depending upon the particular appli-
cation.

With a reciver having very low inherent
noise, or a low noise (gactor, only a small
amount of signal (or atmospheric noise or
other external noise) is required in order to
override the inherent set noise, which, in
a receiver with a very low noise factor, is
mostly thermal agitation noise generated in
the first tuned circuit.

Once an antenna provides sufficient re-
ceiver input that, of the total noise present
in the receiver output, only an insignificant
amount is represented by inherent receiver
noise, then additional input (as would be
obtained from a lower loss transmission line)
will not significantly improve the signal-to-
noise ratio. Substituting an anntena with
greater directivity gain (assuming compar-
able line efficiency) will, under these con-
ditions, provide an improvement in signal-

to-noise ratio, but not because of the greater
input to the receiver. The improvement is
due to the fact that the more directional
antenna picks up a greater amount of signal
in proportion to the atmospheric noise
picked up. Even if sufficient loss resistance
were inserted in the feed line to reduce the
amplitude of the signal to that obtained
with the less directional antenna (with
its smaller “capture area”), substantially the
same improvement in signal-to-noise ratio
would be realized.

In view of the foregoing, when an an-
tenna is to be used only for receiving it
usually can be constructed more cheaply
than a transmitting antenna for the same
type of service, provided the frequency is
low enough and the receiver sensitivity hiih
enough that external noise determines the
receiver output noise even when a make-
shift antenna is used. The saving is not
so pronounced, however, in the case of a
highly directional antenna, because a highly
directional pattern can be obtained only
with an array of considerable area, and any
saving effected by economizing on the quali-
ty of transmission line, etc. may not amount
to a substantial saving when the total cost
(poles, land rent, etc.) is considered.

Concrete examples of the foregoing are
the following two extreme cases. At 30 ke.
a 7o foot vertical wire will provide about
as good reception as will a large, non-di-
rectional transmitting antenna costing many
thousands of dollars, and two 70 foot spaced
wires used in an “Adock” arrangement for
reception actually may provide better per-
formance than a large, nondirectional trans-
mitting type antenna utilizing an enormous
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“Hat top” suspended between 500-foot
towers.

For 1000 Mec. point-to-point work, how-
ever, a highly effective receiving antenna
will resemble a transmitting antenna de-
signed for the same application. Any at-
tempt to economize on the construction
when used for reception will result in a
deterioration of the signal-to-noise ratio (and
consequently the range in miles over which
the circuit is reliable).

When a directional antenna is to be
used for reception, more attention should
be paid to the amplitude of minor lobes
and to “antenna effect” than in the trans-
mitting case, as minor lobe responses and
pickup by the feed line due to “antenna
currents” may seriously degrade the signal-
to-noise ratio even though the power gain
as a transmitting antenna is not significantly
affected.

Ordinarily, less elaborate insulation may
be used for a receiving antenna, because
the only considerations are insulator loss
and tensile strength, while in the case of
a high-powered transmitter, flashover also
must be considered. Another obvious saving
occurs in the case of a rhombic antenna.
A much less expensive terminating resistor
may be used for reception than is required
for a transmitter delivering several hundred
watts of power. On the other hand, in geo-
graphical locations subject to precipitation
static, it is desirable to employ dielectric
covered wire for a receiving antenna, thus
increasing the cost.

COMMON TRANSMIT-RECEIVE
ANTENNA SYSTEMS

In many two-way communication sys-
tems the same antenna is used for both
transmission and reception by incorporating
an “antenna changeover relay,” a single an-
tenna thusly providing a high degree of
performance for both purposes. However,
there are practical limitations to the system
as regards transmitter power and various
other factors.

For “push to talk” radiotelephone appli-
cations, the use of a common antenna in
conjunction with an antenna changeover
relay is practicable for transmitter powers
up to approximately 1 kilowatt. Suitable

relays for higher power are not commonly
available, partly because complications arise
and partly because an antenna power ex-
ceeding 1 kilowatt seldom is employed for
two-way “push to talk” communications cir-
cuits anyhow.

Unless the transmitter power is low, the
relay system (both power and antenna cir-
cuits) should be arranged so that the an-
tenna (or feed line) contacts close first
and open last. This sequence is necessary
in order to minimize sparking at the con-
tacts. Even when this condition is realized,
the tendency of some conventional relays to
“bounce” at least once may produce a situa-
tion where the transmitter power is on and
the output stage is, for an instant, not
working into its normal load.

This condition may or may not cause
trouble. For instance, if a class B modulator
is used, the unloaded modulated amplifier
may draw so little plate current as to en-
danger the class B modulation transformer
unless conservatively rated, and also the
plate tank condenser of the modulated stage
may arc over if the spacing is not consider-
ably greater than required for normal op-
eration. However, the effect produced by a
bouncing antenna relay or a relay which
does not close the antenna contacts first
and open them last varies with the length
of connecting line between the transmitter
tank and the antenna changeover relay.

If the electrical length of this connecting
line is close to an integral number of half
wavelengths, a bouncing antenna relay or
a relay which does not close the antenna
contacts first and open them last will per-
mit the final amplifier to operate momen-
tarily with practically no load, thus sub-
jecting the modulation transformer and final
tank condenser to abnormally high voltages.
If the electrical length of the connecting
line is close to an odd number of quarter
wavelengths, a bouncing antenna relay or a
relay which does not close the antenna
contacts first and open them last will permit
very high instantaneous voltages to exist
across the line, possibly causing line or relay
flashover. On the other hand if the elec-
trical length of the connecting line does not
approximate a resonant length yet is an ap-
preciable fraction of a wavelength long,
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then it will act as a reactive load on the
final amplifier when the relay is open, de-
tuning the tank somewhat. Generally this
is the desirable condition, as it minimizes
the various breakdown possibilities previous-
ly enumerated.

For reliable operation the entire system
should be so designed and so provided with
sufficient safety fgarétor that the antenna or
feed line contacts on the antenna change-
over relay can be opened and closed with
the transmitter power on, with no detri-
mental effects other than excessive sparking
at the relay contacts, and possibly S]iiht
overheating of the final amplifier tubes
when the contacts are open.

Obtaining the proper contact closing and
opening sequence is facilitated when the
antenna relay is provided with a set of
auxiliary contacts. These contacts can be
employed to actuate the transmitter control
circuits via other relays, and so adjusted
that the control relays are not actuated
until after the antenna or feed line contacts
are closed.

Below 30 Mc., most any of the common
antenna changeover relays may be used at
impedance levels between 50 and 600 ohms
without serious reflection due to line dis-
continuity. When coaxial line is employed,
the outer conductor may be made common
and only the inner conductor switched, in
which case the relay contacts may be paral-
leled if the relay is of the usual d.p.d.t.
type. At higher frequencies the reflection
coefficient of the relay becomes more of a
problem, requiring special relays for good
performance above 50 Mc. or so. For u-h-f
applications, special coaxial relays are avail-
able which, in effect, act very much like
a “smooth” continuation of the line.

When choosing an antenna changeover
relay, the maximum frequency, the power,
and the impedance level should be con-
sidered. The lower the impedance level,
the heavier the contacts should be for a
given power, but the insulation require-
ments become less stringent. Low loss bake-
lite insulation is satisfactory for low im-
pedance (50 to 75 ohm) circuits below 50
Me., or for medium impedance circuits Cup
to 6oo ohms) below about 30 Mec. For
higher frequencies, or where the impedance

level is much higher than 6co ohms, My-
calex, ceramic, or polystryene insulation
is recommended.

In some cases electrical noise will reach
the receiver via the relay control wires, par-
ticularly if the relay operates on 115 v. a.c.
and is not of symmetrical construction. This
pick-up can be reduced to an insignificant
value by shielding all antenna relay wires
carrying a.c. or d.c., by-passing these wires
tontze shield at the relay end, and ground-
ing the shield. This expedient also will
prevent r.f. from getting into the control
or power circuits when the relay is in “trans-
mit” position.

For ordinary c-w telegraphy applications
in which “break-in” is not emp oyed, the
considerations involved in the use of a
common antenna system for both trans-
mission and reception impose somewhat less
stringent requirements on the relays and
transmitter equipment, because the antenna
changeover relay ordinarily will be thrown
only when the key is open and the final
amplifier is not operative.

Break-in c-w telegraphy operation ordi-
narily requires the use of a separate re-
ceiving antenna unless the transmitter power
is lJow. In some portable applications of
certain low powered military equipment
employing “break-in,” a common antenna is
utilized by means of a keyed antenna
changeover relay. However, such an ar-
rangement produces key clicks in nearby
receivers over a wide frequency range, and
is not recommended for general use.

TELEVISION RECEIVING ANTENNA
CONSIDERATIONS

Because of the uniquely stringent re-
quirements, antenna systems for television
reception will be dealt with separately.
Many complicating factors arise in con-
nection with TV antennas which are not
encountered in any other type of service.
The following brief discussion of the more
pertinent problems should assist the reader
in understanding and solving the major dif-
ficulties which are encountered.

Susceptibility to Noise

Television requires a2 wide bandwidth, as
a large amount of intelligence must be
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transmitted per unit of time. Also, no
really effective receiver “limiting” is prac-
ticable with the standard amplitude modu-
lation system employed for the video signal.
This combination of wide bandwidth and
no limiting means that much more trans-
mitter power is required in order to produce
a satisfactory signal than is the case for
voice transmission, or conversely, the trans-
mitter range is much less for a given trans-
mitter power. In effect the transmitter
power is “spread thin” over a wide band and
therefore is not so effective in overriding
background noise. The situation is aggra-
vated by the fact that the carrier frequencies
currently employed for television are sus-
ceptable to ignition interference, a particu-
larly vexing type of interference because
nothing can be done to eliminate it at the
source.

“Ghosts” Due to Spurious Signal
Paths (Reflections)

Cliffs, large buildings, water tanks, and
other structures having large vertical sur-
faces often will produce a substantial signal
at the receiving antenna by reflection. If
the path of the “direct” signal is not a
“clear shot,” and the receiving antenna
is in shadow, the strength of the reflected
signal may be comparable to or perhaps
even stronger than the direct signal. (The
“direct” path is considered to be direct even
when the signal must be diffracted over or
around a hill or building.)

Indirect signals (those due to reflection)
travel a somewhat greater distance in reach-
ing the receiving antenna, and the time
delay produces a “visual echo” which shows
up on the screen as a secondary image or
“ghost” which is displaced (usually in a
lateral direction) from the primary image.
If there are several strong reflections, there
will be several secondary images produced
with various amounts of displacement.

The picture quality under such condi-
tions is intolerable, and to avoid this condi-
tion the usual procedure is to exploit the
directional characteristics of the receiving
antenna, enhancing them by a more elab-
orate antenna with greater directivity if
necessary, so as to provide adequate re-
jection of the undesired signals. The an-

tenna orientation is adjusted experimentally
so as to alter the horizontal directivity pat-
tern until maximum freedom from multiple
images is accomplished. This is called
“probing.”

If one of the reflected signals produces
the strongest signal, it may be desirable to
“beam” the antenna so as to favor that
wave path rather than the direct path, in
which case the dominant reflection may be
considered as a “substitute” primary signal
and the image produced thereby as a sub-
stitute primary image.

“Ghosts’” Due to Line Mismatch

When considerable mismatch exists at
both the antenna end and the receiver end
of the transmission line, one or more
“ghosts” may be produced by the energy
which is reflected from the receiver, back
to the antenna, and back to the receiver.
Usually only one secondary image will be
formed in this manner, and unless the
mismatch is very bad at both ends of the
line, the secondary image will be con-
siderably weaker than the primary image.
But even a weak “ghost” image degrades
the picture quality and is objectionable.

The lateral displacement of the image is

roportional to the product of the physical
E’,ngth of the line and the reciprocal of
its velocity factor. Even with a long line
the time delay represented by the “round
trip” taken by the reflected energy usually
is much shorter than that resulting from
indirect wave paths. Therefore a “ghost”
caused by line mismatch usually occurs
quite close to the main image, and has only
lateral displacement, while a “ghost” caused
by a reflected wave path may have most
any lateral displacement, and may even be
displaced vertically by a small amount if
the location of the reflecting object is such
as to produce a comparatively long time
delay.

If the line is sufficiently short, the time
delay being correspondingly short, the later-
al displacement of the “ghost” will be so
slight that instead of showing up as a dis-
tinct secondary image it will %e manifest as
a reduction in the definition or resolution
of the main image. If there is a sufficiently
strong double reflection, the picture quality
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is degraded in this manner if the product
of the line length (in feet) and the recipro-
cal of its velocity factor exceeds approx-
imately 20. A double image is apparent to
the eye if the product exceeds approximate-
ly 70 (assuming the present standard of 30
frames and 525 lines, and an otherwise per-
fectly operating system).

If it is impossible to determine with
certainty from the relative position of the
images as to whether a “ghost” is due to
multiple wave paths or to line mismatch,
the question can be resolved by rotating
the antenna slightly. If the ghost is due to
line mismatch, the intensity will follow that
of the main image, while if it is due to a
reflected wave path the two images will not
maximize and minimize at the same antenna
orientations.

It will be noted that reference was made
to considerable reflection at both ends of
the line. This condition is necessary in
order for the energy to make the round trip.
IF the line is perfectly matched at either
end there will be no reflection at that end,
and no energy can make a complete round
trip regardless of how high the reflection
coefficient may be at the other end. The
“ghost” energy is dependent upon the line
attenuation and the product of the reflec-
tion coefhcients, and no difhculty will be
encountered if the impedance match is
either fairly good at both ends of the line
or else very good at one end. Also, the
greater the line attenuation, the greater the
tolerable reflection coefficient product, be-
cause dissipating the reflected energy in the
line is just as effective in reducing the
“ghost” intensity as is cutting down on the
amount of reflection. However, this should
not be construed to mean that a line having
high attenuation is desirable. The line at-
tenuation should be as low as economic
considerations permit, so as to deliver the
strongest possible signal to the receiver,
and any “line reflection ghosts” should be
eliminated by improving the impedance
match at one or both ends of the line,

Home television receivers of commer-
cial manufacture are designed so as to have
an input impedance which is quite constant
over the entire frequency range covered
by the receiver. This impedance usually

is substantially resistive and corresponds
closely to the surge impedance of a stand-
ard transmission line (ordinary 300 and/or
75 ohms). Therefore no difficulty should
be experienced from “line mismatch ghosts”
when the recommended transmission line is
employed, regardless of the amount of mis-
match at the antenna end of the line. Ex-
cessive mismatch at the antenna end of the
line nevertheless is undesirable, however,
because it reduces the amount of signal
delivered to the receiver.

Necessity for a “Low Q" Overall System

To avoid distortion of the picture, the
overall system including antenna, feed line,
and receiver input circuit must have in-
significant frequency discrimination over the
pass band required for the video signal.
This amounts to about 5 megacycles with
present standards, and is easily met for a
single channel. However, when the entire
“low” or the entire “high” television band
is to be covered with a single system, the
antenna presents somewhat more of a
problem. The Q of the line can be kept
low by providing a close match at the re-
ceiver termination (a necessity anyway if
the antenna is not closely matched to the
line, in order to avoid “ghosts” from line
reflections). But if the reactance of the
antenna changes too rapidly with frequency
over the range covered by any one channel,
the picture quality will be impaired on that
channel even with a perfect match between
the line and the receiver.

This means that an antenna which is
satisfactory for operation on a single chan-
nel under optimum conditions may or may
not be satisfactory on other channels. The
signal may not only be weaker on other
channels due to mismatch, but distortion
may result from an excessive reactance
slope. It is for this reason that certain high
gain, highly directional, close spaced arrays
using parasitic elements are well suited for
use on only one channel, or perhaps two
or three adjacent channels,

The receiver input circuit is not so much
of a problem, as it not only can be broad-
ened out to have a bandwidth which will
accommodate the video sidebands without
excessive discrimination, but also can be
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tuned to the channel in use along with
the oscillator and other front end stages.
The only undesirable effect of deliberately
limiting the Q of the input circuit is to
limit the voltage step up between the line
and the grid of the input tube. Fortunately
at the higher frequencies (between 174 and
216 Mc.) where it is highly desirable to
deliver the greatest possible signal to the
grid of the frst tube, the bandwidth of a
television channel is a smaller percentage
of the carrier frequency, and higher Q can
be tolerated in the first tuned circuit.

Installation Considerations

The number and magnitude of the in-
stallation difficulties encountered vary with
the number of stations to be received, the
receiving location, and the distance from
the transmitter. A suburban residence, in
flat country, with no tall buildings nearby,
set well back from the street, located not
more than 15 or 20 miles from the only
television transmitter in the area and blessed
with a clear “line of sight” shot to the
transmitting antenna offers but little more
of an installation problem than does that
of a good antenna for FM broadcast re-
ception, but such a combination of favorable
factors is comparatively rare.

When such a combination of favorable
conditions does exist, a simple folded dipole
mounted 15 or 20 feet above the roof top
will do an excellent job if the transmission
line impedance is comparable to the input
impedance of the receiver.

The problem becomes somewhat more
difficult when there are several stations in
the area. The dipole should be cut or ad-
justed to the geometrical mean frequency,
and if two stations differ in compass direc-
tion by roughly go degrees, careful experi-
mental orientation of the dipole (and its
horizontal directivity pattern) may be re-
quired in order to obtain satisfactory recep-
tion on all channels. In some cases two
separate dipoles and feed lines in conjunc-
tion with a selector switch may be required.

A typical metropolitan location almost
invariably presents difficulties which require
care, patience, and at least an elementary
knowledge of the considerations involved,
particularly when there are numerous sur-

rounding buildings capable of producing
strong reflections and one or more of the
desired stations are far enough away that
the field strength is not adequate to over-
ride the ignition and other electrical noise
common to such locations. The usual pro-
cedure in the more difficult locations is to
employ some sort of directional array and
to “probe” for the best antenna position and
orientation while an assistant appraises the
relative picture quality and relays the in-
formation via sound powered or battery tele-
phone.

If it is impossible to find a compromise
position and orientation which offers sat-
isfactory performance on all of the desired
channels, or the array has too much “Q”
to permit operation on all of the desired
channels, it may be necessary to employ
two or more antennas and feed lines in
conjunction with an antenna selector
switch.

If the receiving location is in a large,
high building having a flat roof, and the
desired stations all lie in approximately the
same direction, high gain and good directiv-
ity can be obtained over the entire low band
or the entire high band with a single an-
tenna by resorting to a v h-f thombic array
such as described in Chapter 6.

Such an elaborate installation is justified
for demonstration purposes in the case of
a store in a metropolitan area, as it is only
with an especially good antenna installation
in such a location that picture quality com-
parable to that which is obtained in most
residential or suburban areas with a simple
folded dipole can be realized. However,
a rhombic array of this type is just about
as difficult an installation job as is a com-
bination of three or four parasitic arrays,
and while slightly superior when the de-
sired stations all lie in approximately the
same direction, the rhombic array is not
practicable when they do not.

In locations of high ambient electrical
“noise,” special attention must be given to
the feed line and to whether it is operating
under balanced conditions. A special 300-
ohm “ribbon” or moulded pair line having
a third, neutral conductor midway between
the two feed line conductors is available,
and its use sometimes will result in a sub-
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stantial reduction in the amount of noise
picked up by the line and fed to the re-
ceiver. The center, neutral wire should
be grounded to the receiver chassis. This
has no adverse effect upon a correctly op-
erating line, as the center wire is in a
neutral plane.

The noise pickup of conventional two-
wire 300-ohm ribbon or “Twin-Lead” often
can be reduced considerably by twisting
it so that it makes one complete twist every
10 or 12 inches for the entire length,

When the location is especially bad,
a coaxial line or shielded pair offers the
best solution. This type of line is consid-
erably more expensive than ribbon
line, but the expense is justified if the
ambient electrical noise field through which
the line passes to reach the antenna is
unusually high. Many receivers are pro-
vided with optional 300-ohm symmetrical
(“balanced”) and 75-ohm asymmetrical
(“unbalanced”) input. This permits the
option of inexpensive 300-ohm ribbon line
in locations of low ambient electrical
“noise,” or the use of RG-11 /U coaxial
line in diffcult installations.

In extremely noisy locations it may be
advisable to suppress the worst of the elec-
trical interference at its source, provided
the latter is accessible.

Very Wide Band TV and FM Antennas

Special or “trick” variations of the dipole
antenna which give creditable performance

over the entire 44 to 216 Mc. range are
available commercially for use in locations
where the performance of such an antenna
is adequate. Generally speaking, such an
antenna is of necessity a compromise affair,
and in most cases the average performance
over the frequency range is definitely in-
ferior to that of an ordinary folded <£pole
operating on the channel for which it is
resonant.

At one or more certain frequencies in its
prescribed frequency range the performance
of such an “extra wide band” antenna may
be comparable to that of a resonant folded
dipole, but at other frequencies in the range
it will be decidedly inferior. One exception
is the “double skeleton cone” antenna,
which can be made to give performance
comparable to a resonant folded dipole over
a frequency range of two or more octaves.
However, the directivity increases consider-
ably as the frequency is increased. The
latter characteristic may or may not be an
advantage, depending upon individual cir-
cumstances.

This characteristic, a substantial change
in directivity over such a wide frequency
range, is characteristic of all the common
“extra wide band” antennas for FM and TV
service. In some cases (such as the above
example) the figure 8 lobes merely sharpen
up as the frequency is increased. In others
the directivity pattern will take on an alto-
gether different configuration, with more
than two major lobes.



CHAPTER EIGHT

Coupling to the Antenna System

COUPLING THE TRANSMITTER TO THE ANTENNA SYSTEM

General Considerations

There are three primary considerations
involved in coupling a radiator or trans-
mission line to a transmitter: (1) The an-
tenna or feed line must be made to “look
like” a resistive load to the final amplifier
if it is not already purely resistive or very
nearly so. (2) The final amplifier should
“look” into the desired magnitude of load
resistance. (3) The overall antenna system
(including the coupling network) s ould
discriminate strongly against spurious fre-
quencies present in the transmitter output,
to the extent that they will not be radiated
with sufficient strength to be capable of
causing interference to other services.

The various lumped or distributed re-
actances which may be required in order
to accomplish the above usually are referred
to collectively as a “coupling network” or
“antenna coupler.” The functions often-
times are overlapping. For instance, the
same coil and capacitor may be used to
cancel a reactive component, convert the
resistive component to the desired value,
and at the same time provide attenuation of
harmonics.

The function of transforming the resistive
component of the antenna or feed line input
impedance to the desired value of load resis-
tance and cancelling the reactive component
sometimes is referred to as “matching the
impedance.” Actually the impedance is not
“matched” to anything; it is simply made
resistive and transformed to the particular
value which causes the final amplifier to
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draw the desired plate current. However,
the term matched might be construed to
mean that the resistive component is
“matched” to (made equal to) the desired
value of the load resistance.

It should be kept in mind that when a
transmission line is employed there is
nothing that can be done at the transmitter
end of the line that will have any effect
upon the standing wave ratio on the line
(assuming a fixed frequency). It also
should be kept in mind that when a tuned
line is employed which is many wavelengths
long and exglibits a high SWR, both the
reactive and resistive components at the
sending end will vary widely with a moder-
ate change in frequency, thus complicating
the design of an antenna coupler intended
to work over an appreciable frequency range
with such an antenna system. The same
situation may arise in the case of a long
wire (harmonic) radiator even when a
short tuned line is employed.

There is a rather common misconception
that when a purely resistive load is coupled
to the plate tank of a radio-frequency power
amplifier the tank condenser setting will not
be disturbed, that if retuning is required
the load must be reactive, and that if retun-
ing is not required the load is nonreactive.
This is not so. Even if a pure resistance is
connected directly across some of the turns
of the plate tank coil the resonance settin
will change slightly because the mutua%
coupling between turns of the coil is not
unity. The effect is most noticeable when
a very low value of load resistance is clipped
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across a very small portion of the tank, and
least noticeable when the same power is
delivered to a high value of load resistance
clipped across practically the whole tank
coil. Thus, for a given power dclivered to
the load, the detuning effect increases with
the transformation ratio.

The use of an untuned coupling coil to
couple the load resistor also will effect the
resonance setting of the plate tank con-
denser slightly, because of the inductance
of the coupling coil and because of the
leakage reactance introduced as a result of
incomplete coupling between the tank coil
and the untuned coupling coil. However,
in view of the fact that a small amount of
reactance coupled into the plate tank can
be “tuned out” and is not detrimental, the
matter of slight detuning of the plate tank
is not of practical importance. It should
be kept in mind, however, that slight
detuning of the plate tank does not neces-
sarily indicate a reactive load, and that such
a check should not be used as a method of
determining whether standing waves exist
upon a transmission line,

Regardless of the method of coupling to
an antenna system, precautions should be
taken to sce that under no conditions can
d-c plate voltage appear on the feed line or
antenna. While rf burns are painful and
may be serious, they rarely are fatal. But
d-c plate voltage of even a few hundred
volts is potentially lethal. When the r-f
coupling circuits do not provide inherent
blocking of the d-c plate voltage from the
antenna and series plate feed is used, air or
mica dielectric blocking condensers should
be inserted in series with the leads to the
antenna or feed line. These should have
sufficient capacity that they do not signifi-
cantly affect the r-f operation of the cir-
cuit (except when the coupling network
calls for a critical value of capacitive re-
actance in series with the feed line), and
sufficient voltage rating to provide consider-
able safety factor. Further protection is
afforded by grounding the antenna system
(and feed line if employed) to d.c. “This
is desirable anyhow, as a d-c ground affords
increased lightning protection. If it is not
convenient to attach a d-c ground at a point
of zero rf potential, the antenna or feed

line can be grounded through an rf
choke(s) effective over the frequency range
involved.

DIRECTLY-FED ANTENNAS

At the lower frequencies (especially in
the I-f and v-1f ranges) it is common prac-
tice to bring the radiator right in to the
transmitter rather than use a transmission
line. This is especially true in the case of
shipboard installations, or in any installation
where a single Marconi-type antenna must
be used over a wide range of frequencies
because of lack of space to erect numerous
resonant antennas,

From an electrical standpoint, the sim-
plest method of feeding such an antenna
consists of adding enough lumped series
reactance to cancel that of the antenna
(either inductive or capacitive, depending
upon whether the antenna is too short or too
long) and coupling the antenna inductively
(electromagnetically) to the transmitter in
3 manner which permits the coupling co-
efficient (and therefore the load on the
transmitter) to be adjusted. The latter may
be accomplished either by varying the num-
ber of effective turns on the pickup coil
or by varying its position with respect to
the transmitter tank coil. Such an arrange-
ment is illustrated in the figure 8-1. 'I%ne
antenna can be “resonated” to the operating
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Figure 8-1.

SIMPLE METHOD OF COUPLING DI-

RECTLY TO AN ANTENNA SYSTEM

WHICH MAY BE REPRESENTED BY A
COMPLEX IMPEDANCE.

This arrangement may be used to couple to any
complex impedance having a resistive com-
ponent which does not exceed a few hundred
ohms, and a reactive component which does not
exceed a few thousand ohms. This means that
in practice it may be used effectively for coup-
ling to any antenna-against-ground system in
which the electrical length of the radiator ex-
ceeds 1/20 wavelength and does not approxi-
mate an integral number of half wavelengths.
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frequency by shorting out either Ly or G,
and varying the reactance of the other, de-
pending upon whether the natural resonant
frequency of the radiator is above or below
the operating frequency. Adjustment is
facilitated if a variometer or other continu-
ously variable inductor is substituted for the
tapped coil, L,, though practically the same
thing can be accomplished by utilizing some-
what more series inductance than the res-
onant value and then making the final ad-
justment with C,, just as though the an-
tenna were too long and Ly were shorted
out.

If the electrical length of the radiator (in-
cluding ground lead) is equal to or very
nearly equal to an odd number of quarter
wavelengths, C, and L, may be dispensed
with, the coupled reactance being such
under these conditions that it can be “tuned
out” by means of C,. This arrangement
usually requires that the physical length be
optimized by “pruning,” and limits the use
of the antenna to a narrow range of fre-
quencies.

While the arrangement of figure 8-1 is
simple electrically, it possesses certain disad-
vantages. The movable pickup coil, L,, in-
troduces mechanical complications; little at-
tenuation of certain harmonics is provided;
and difficulty will be experienced in coup-
ling to a radiator having an overall length
approximating an integral number of half
wavelengths.

The reactive component of the feed point
impedance of a directly fed antenna also
may be eliminated and the transmitter
loaded to any desired plate current by the
insertion of an adjustable reactive network
of the “T,” “Pi,” or “L” type between the
antenna feed terminals and the transmitter
output stage (figure 8-2). This avoids the
movable coupling coil L, of figure 8-1, thus
permitting a simpler mechanical arrange-
ment. Also, it allows proper feeding of a
wider range of complex impedances. How-
ever, when the length of the radiator is but
a very small fraction of a wavelength, there
are practical limitations to the use of such
an impedance transforming network. Un-
der these conditions the series reactance
presented by the antenna is many times the
resistance, and a suitable coupling network
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Figure 8-2.

REACTANCE NETWORKS USED AS AN-
TENNA COUPLERS.

The pi network at C will couple properly to a
wider range of complex impedances than will the
simpler L networks of A and B.

becomes awkward of construction because
of the very high voltage and current en-
countered under such conditions. Also, the
losses in the reactive elements (particularly
the inductor) become excessively high. A
point is reached where it becomes more
economical to increase the length of the
antenna than to provide a suitable coupling
network (except of course in mobile and
marine installations where the antenna
length is definitely limited).

Usually there will be a variety of reac-
tive network configurations which can be
used to provide proper coupling of a trans-
mitter to a certain load. However, simplic-
ity and minimum response to harmonics
usually dictate one of the “low pass” net-
works shown in figure 8-2, even though the
harmonic attenuation of such a network
often leaves much to be desired. The choice
between A and B is determined by whether
the resistive component of the antenna im-
pedance is to be stepped up or down, and
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whether the reactive component is inductive
or capacitive.

At certain critical antenna lengths difh-
culty may be experienced in obtaining the
desired impedance transformation with an
“L” network such as shown at A and B.
In such cases the “pi” network of figure
8-2C will permit the proper coupling to be
obtained. Correct adjustment of all three
networks is indicated by a condition where
attachment of the network and antenna to
the final amplifier causes the amplifier to
draw the desired plate current without
greatly changing the setting of the amplifier
tank condenser at which resonance (mini-
mum plate current) occurs. It is not neces-
sary to eliminate the reactive component of
the antenna impedance completely with the
coupling network, as a small amount of se-
ries reactance (which is equivalent to a high
value of shunt reactance) can be “tuned
out” by means of the plate tank condenser,
C,, with no undesirable effects.

The pi-section filter of ﬁivxre 8-2C does
not always provide effective harmonic atten-
uation, because the impedance of the an-
tenna at a particular harmonic may be
considerably different from the impedance at
the fundamental, and the impedance at the
harmonic may be such that the pi section
filter is working under unfavorable condi-
tions and offers little or no attenuation of
the harmonic. This also applies to an L-
section Jow-pass filter. Under certain condi-
tions it is even possible for a particular
harmonic to be accentuated, rather than
attenuated. However, when used with an
antenna which is essentially aperiodic, such
as a terminated rhombic, the pi-section
filter does a very good job of suppressing
harmonics.

The reactive networks of figure 8-2 can
be made to have high discrimination against
a particular harmonic, regardless of the na-
ture of the load impedance at that harmonic,
by resonating the series arm L, to the har-
monic by means of shunt capacity across L,,
the L/C combination being proportioned
to give the desired inductive reactance at the
fundamental frequency. The same thing
can be accomplished by resonating the
shunt arms (C,, C,) to a harmonic by
means of series inductance, the L /C combi-

nation being proportioned to give the de-
sired capacitive reactance at the fundamental
frequency.

The shunt arm or arms may be resonated
to trap the same harmonic as is rejected
by the tuned series arm, so as to give ad-
ditional attenuation of a particular har-
monic, or they may be tuned to different
harmonics, thus providing moderate atten-
uation of two different harmonics. In any
case the correct initial adjustment of the
network is rather tedious when the elements
are tuned to provide harmonic attenuation,
and therefore such an arrangement is prac-
tical only for an installation in which the
adjustments can be logged (as for instance
a transmitter used with a particular antenna
on a few definite frequencies).

In low powered portable equipment the
plate tank (C, L,) of figure 8-2 C sometimes
is omitted, the pi network serving at the
same time as a tank “flywheel” and coup-
ling network. However, for general use
such an arrangement is not recommended.
Under certain load conditions and with
practical values of C, and C, the adjust-
ments which give the desired loading will
result in an effective “Q” which is not ade-
quate for good “fywheel” effect and proper
operation of the amplifier, and harmonic
radiation will be excessive.

COUPLING TO RESONANT (TUNED)
SYMMETRICAL FEED LINES

The considerations involved in coupling
to a resonant two-wire open line having
a high SWR are similar to those discussed
under the directly fed antenna, except that
the coupling network must be symmetrical.
A symmetrical pi section network suitable
for use with such a line is illustrated in
figure 8-3. Symmetrical configurations of
the L network will correspond in a similar
fashion. If the “high Q” feeder is of such
an electrical length as to produce a resistive
component of impedance at the transmitting
end not exceeding a few hundred ohms
over the frequency range involved, a sym-
metrical version of figure 8-1 may be em-
ployed. This calls for a variable induc-
tance and variable capacitor in each leg,
unless the antenna is to be used only over
a narrow frequency range and the feed line
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TO RESONANT
FEED LINE

Figure 8-3.

SYMMETRICAL CONFIGURATION OF PI

SECTION COUPLING NETWORK FOR

USE WITH TWO-WIRE RESONANT
FEED LINE.

The considerations involved in coupling to a
resonant, two-wire open line are similar to those
involved In coupling a directly-fed antenna-
ground system (figure 8-2C) except that the
network must be made symmetrical.

is cut to a resonant length which produces
a current loop at the coupling coil, L,, (in
which case no inductor or capacitor is re-
quired in either leg). Regardless of the
configuration, when using a symmetrical
arrangement the elements in each leg should
be adjusted so as to provide the same re-
actance in each leg.

When the line SWR is only moderate,
the link coupled universal coupler described
in the following section may be used, te-
gardless of line length, and is recommended
over the previously described arrangements.
It also may be used when the SWR is high,
if the line length is such that the overall
system (radiator and feed line) is approxi-
mately resonant to the operating frequency.

THE LINK COUPLED UNIVERSAL
ANTENNA COUPLER

The link coupled universal antenna coup-
ler illustrated in figure 8-4 is suitable for
use with symmetrical two-wire lines of the
open type, shielded type, twisted pair type,
or moulded pair type, regardless of electrical
length, provided that the line is either flat
or has only a moderate SWR. When the
SWR is high, the coupler also can be used
if the line is of such length that the series
reactance is not excessive with respect to
the resistive component, or in other words, if
the line length is such as to make the an-
tenna plus feed line combination approxi-
mately resonant at the operating frequency.

The chief advantage of this coupler is
that when properly adjusted (and correct ad-
justment is a simple procedure), all har-

monics and other possible spurious frequen-
emissions (such as subharmonics due to
“leak through” from a multiplier string) are
attenuated simultaneously and automatically
so long as they are not too close to the
desired transmitting frequency. In this re-
spect it is far superior to the coupling ar-
rangements of figures 8-1, 8-2, and 8-3.

The split stator variable condenser C,
and the antenna tank coil L, should be sim-
ilar to what would be appropriate for a split
stator (balanced) plate tank circuit for the
frequency and transmitter output power in-
volved. In fact, if the final amplifier plate
tank is symmetrical to ground (instead of
as shown in figure 8-4), the plate tank and
antenna tank components may be made
identical, provided that the particular type
coil employed is of such construction as to
permit adjustment of feeder taps without
having to “bite” through enamel insulation
and without danger of shorting out turns
with the clips.

The inductor L; and the condenser C,
are not required when the line is substan-
tialy flat, or when the line SWR is high and
the length is such that the overall system
(radiator plus feed line) is approximately
resonant to the operating frequency. One
or the other compensating reactance is clip-
ped across the line only when the series
reactance presented by the feed line is so
great that the reflected shunt reactance
cannot be “tuned out” by means of C,
without the assistance of such compensating
reactance (L. or C;). The maximum in-
ductance of L, need not be nearly as great
as that of L,, but the maximum capacitance
of C, should be considerably larger than
that of C,. Smaller wire may be used for
L, than for L,, and C, need not have nearly
as much spacing as C,. The maximum ca-
pacitance of C, must be somewhat greater
when a 7oohm line (or thereabouts) is
used than when a 60o-ohm line (or there-
abouts) is used, but less spacing is required.

Large values of compensating reactance
Chigh values of shunt inductance or low
values of shunt capacitance) are not re-
quired; instead the line reactance may be
“tuned out” by means of C,. The minimum
value of shunt reactance (in ohms) required
at C, to permit satisfactory operation regard-
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CoAX

C1 (RG-8/U, ETC)

Figure 8-4.

LINK COUPLED UNIVERSAL AN-
TENNA COUPLER.

This coupler discriminates strongly
against magnetic coupling of har-
monics and other spurious frequen-
cies by virtue of the selectivity of
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the resonant antenna tank circuit,
and also minimizes stray electrostatic
coupling of harmonics. The coupler
as shown is suitable for coupling to
two-wire lines having moderately high
SWR, regardless of line length.
When used with a flat (“nonres-
onant”) line, the compensating re-
actances L, and C, may be omitted.
Adjustment procedure is covered in
the accompanying text.

less of line length is approximately equal
to the characterisitic impedance of the trans-
mission line divided by half the VSWR,
the VSWR being expressed as an integer
and not as a fraction. For instance, the
minimum value of reactance required for a
600-ohm line having a VSWR of 6.0 is
approximately 600 givided by 3, or 200
ohms. The amount of capacity which will
exhibit this amount of reactance at a given
frequency may be determined quickly by
referring to one of the various reactance-
frequency charts available in popular hand-
books on radio and electronics.

The maximum capacity required at C,
becomes quite high and therefore incon-
venient with a combination of a low im-
pedance line, a high SWR, and a low
frequency. However, as the only line com-
monly operated at a high SWR is the open-
wire line (having an impedance of approxi-
mately 600 ohms), and as this type of line
with a high SWR is widely employed only
in the h-f range, the required maximum
capacitance at C, ordinarily is not incon-
veniently high. For example, assuming a
frequency of 3 Mc., if the VSWR on a
600-ohm line is 6.0, as in the previous ex-
ample, the maximum total shunt capacity of
C; need be only about 300 ppfd. (600
ppfd. per section). A condenser of 500
ppfd. per section (a more common size)
would be found satisfactory in most cases,
as some reactance can be “tuned out” by
means of C,. At lower frequencies it is

permissible to employ good grade mica
padding condensers which may be switched
in and out as required in conjunction with
a variable condenser to cover the in-between
values.

The use of a length of grounded low-
impedance coaxial cable for link coupling
between the final amplifier plate tank and
the antenna tank virtually eliminates har-
monic excitation of the antenna system
via stray capacitive couplings. The link line
may be made any reasonable length, but
ordinarily the antenna coupler will be
placed close to the final plate tank so as
to permit reaching all controls and adjust-
ments shown in figure 8-4 trom one posi
tion, thus facilitating the tuning up process.

While the coupler will give pretty good
results even when adjustments are not
precisely correct, it is desirable that the
coupler be operated correctly. No attempt
should be made to “broad band” the coupler,
as this is not compatible with maximum
suppression of amplifier harmonics and other
spurious frequencies. The correct initial
tuning procedure is as follows.

Without the feed line attached to L,,
reduce the coupling between L, and L,
to a very low value, and with some sort of
resonance indicator (such as a neon bulb
or an inductively coupled panel bulb or
flashlight bulb attached to an insulating rod
or stick), log the resonant settings of C,
as a function of frequency or oscillator dial
setting. If two resonance humps are ob-




UNIVERSAL ANTENNA COUPLER

259

served, the coupling is too tight. If neces-
sary, reduce the coupling between L, and
L,. With the antenna tank unloaded the
Q is quite high, and only a small amount
of coupling is required in order to exceed
critical coupling and thereby obtain double
resonance peaks.

If the transmitter power is low, it may be
possible to observe resonance of the antenna
tank by a flick of the amplifier plate cur-
rent at the resonant setting of C,. How-
ever, this system is not recommended when
the transmitter power is high, as sufficient
coupling to cause an indication of the plate
meter oftentimes will cause the antenna
tank condenser to arc when the antenna
tank is unloaded.

Next, substitute for Ly a noninductive
duinimy load having a resistance approxi-
mately equal to the surge impedance of the
coaxial link line. Then determine how
much coupling is required between L, and
L, in order to load the amplifier to the de-
sired plate current at the center of the fre-
quency range covered by L,. If the power
handling capability of the dummy load resis-
tor is inadequate, the adjustment can be
made at reduced plate voltage (and corre-
spondingly reduced plate current). The
coupling between L, and L, then need not
be changed unless a single coil is used at
L, to cover a very wide frequency range by
means of a large condenser at C,. In the
latter case it may be desirable to optimize
the coupling between L, and L, at two fre-
quencies, one towards the upper limit and
one towards the lower limit. If there is
much difference in the coupling, then one
adjustment should be used for half the fre-
quency range and the other adjustment for
the other half, If there is little difference
in the adjustments, it is permissible to split
the difference and leave the coupling alone
until the coil is changed.

The foregoing coupling adjustment is
highly desirable when the coaxial line
length is an appreciable fraction of a wave-
length, but not so important when the
length of the coupling line is an insignifi-
cant fraction of a wavelength. The idea
is to prevent the link line from contributing
undesirable reactive effects, either by operat-
ing it under substantially “fat line” condi-

tions or by making it very short. The
adjustment for “flat” operation of the link
line is not especially critical, and once de-
termined one simply substitutes the an-
tenna coupler for the dummy resistor and
makes all further loading adjustments by
varying the coupling between L; and L,,
and by adjustment of the feeder taps on
L,. When the loading is adjusted in this
manner so as to cause the amplifier to draw
normal plate current, the coaxial line auto-
matically is working under the desired con-
ditions, (assuming, of course, that the re-
active component of the main feed line im-
pedance has been taken care of properly, as
will be described in a later paragraph).

The foregoing presumes that the final
amplifier always is run at the same plate
input, or that if the power input is varied
it is done by varying the plate voltage (as
by a primary auto-transformer), because
if the power input is varied by altering the
coupling between L; and L, while main-
taining the plate voltage constant, the link
line no longer is terminated under the
most favorable conditions. However, this
is not too important a consideration if the
section of coaxial link line is made very
short in terms of wavelength; in this case
the loading may be varied by manipulation
of either or both links with no significant
difference in results.

The antenna coupler is adjusted as fol-
lows. First tap the feeder wires on L,,
symmetrically with respect to the center tap,
at points which embrace a small fraction
of the total number of coil turns. Keeping
C, always at resonance (tuned for minimum
plate current), determine the resonant set-
ting of C,. If none can be found, clip
either some inductance or capacitance across
the feed line and check again. If no res-
onant point can be found with one kind
of reactance, try the other. However, if
the feed wires are clipped across a sufh-
ciently small number of turns, resonance
usually can be found at some setting of
C, without adding shunt reactance across
the line even when the line is highly re-
active. Once a resonant point is found on
C,, the idea is to check the dial setting of
C, against the “free” resonant setting for

that frequency (as previously described),
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and then add enough compensating shunt
reactance across the line to cause the two
resonant settings to be very nearly the same.

If the loaded resonant setting represents
more capacity at C, than does the unloaded
resonant setting, the reactive component of
the feed line impedance is inductive, and
shunt capacitance in the proper amount
must be employed to compensate for it. If
the reverse condition prevails (less capaci-
tance being required at C, for resonance
when the feed line is attched to L,), the
reactive component of the feed line is capac-
itive, and shunt inductance in the proper
amount must be employed to compensate
for it. Once C, is made to resonate at the
same setting regardless of whether the feed
line is attached to L,, the loading on the
final amplifier may be adjusted to the de-
sired value by varying the coupling between
L, and L, and by varying the position of
the feed line taps on L,.

There will be numerous combinations
of coupling and tap spread which give the
desired loading. The most desirable combi-
pation is the one with the smallest tap
spread which still permits the desired load-
ing to be obtained, provided that this com-
bination does not result in excessive heating
of L, or arcing of C,. If arcing or over-
heating occurs, a greater tap spread must be
employed.

Decreasing the tap spread increases the
loaded Q of the antenna tank circuit, mak-
ing it more selective and increasing the dis-
crimination against harmonics, but it also
increases the circulating current in the coil
and the peak voltage across the condenser.
There is no point in carrying the idea of a
high loaded Q to an extreme, as a loaded
Q of 10 or more in both the final plate tank
and the antenna tank will attenuate har-
monics to the extent that interference to
other services is very unlikely unless there
is appreciable radiation from the power
wires due to stray couplings, or consider-
able radiation directly from the tank cir-
cuits. The latter may occur with un-
shielded tank coils of large diameter.

If the antenna plus feed line combination
is not highly frequency sensitive, the coup-
ler can be used over a moderate frequency
range without changing the adjustment of

the compensating reactance, as a certain
amount of reactance may be “tuned out”
by means of C,. If the antenna system
is highly frequency sensitive (as in the case
of a harmonic radiator fed with a long feed
line having a high SWR), both the com-
pensating shunt reactance (Ly; or C;) and
the antenna tank condenser (C,) will have
to be readjusted even for a frequency change
of but a few per cent. The loading (coup-
ling and possibly the tap spread) also will
have to Ee readjusted, thus making the
procedure for readjusting the coupler for a
slightly different frequency rather a com-
plicated procedure when the antenna system
(radiator plus feed line) is highly frequency
sensitive,

It is recommended that the antenna
changeover relay (if used) be inserted in
the coaxial link coupling line rather than
in the regular feed line, especially if the
feed line i‘;s a high SWR. The grounded
outer conductor can be made common to
both transmitter and receiver, and the relay
contacts of a conventional d.p.d.t. antenna
relay paralleled to carry the current of the
inner conductor with less sparking and
heating. The selectivity of the antenna
tank affords improved image rejection.

COUPLING TO NONRESONANT (FLAT)
LINES

When a two-wire open line is operated
under substantially “flat line” conditions (as
indicated by a VSWR of approximately 1.5
or less), the compensating reactances L,
and G, of figure 8-4 may be dispensed with
and the coupler used as previously de-
scribed.

Coaxial lines almost invariably are oper-
ated under flat line (“nonresonant”) con-
ditions. When a coaxial transmission line
is employed, the harmonic reduction afford-
ed by the selectivity of a resonant antenna
coupler of the type shown in figure 8-4 (less
the compensating reactances L. and C,)
may be realized by modifying the configu-
ration of the coupler so as to make it “single
ended” as shown in figure 8-5. Adjustment
is the same as for the symmetrical coupler
of figure 8-4, except that there is only one
feeder tap, and the “tap spread” embraces
that part of the coil between the tap and
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Figure 8-5.

SINGLE-ENDED VERSION OF THE

LINK COUPLED UNIVERSAL AN-

TENNA COUPLER, FOR USE WITH
COAXIAL FEED LINE.

This coupler is similar to that of
figure 8-4 except that it is not sym-
metrical with respect to ground. No
shunt compensating reactances are
provided, as it is assumed that the
coaxial feed line always will be op-
perating under substantiaily “flat
line’ conditions. A  considerably
higher C/L ratio should be employed
in the antenna tank when it Iis
single ended.

A2

T

==
COAXIAL LINE

= 30 OR 70 OHMS

3

COAX
(RG-8/y,ETC.) y

the ground end of the coil.

Because of the single-ended configuration
and the fact that the impedance into which
the antenna coupler “looks” always is low,
the coupler of figure 8-5 should employ
a much higher C/L ratio for the antenna
tank than that of figure 8-4. While the
antenna tank condenser preferably should
have at least four times as much capacity
as the effective series capacity of C, in
figure 8-4, the condenser need be no larger
physically for a given transmitter power,
because the maximum voltage across the
antenna tank coil will be much less (as-
suming a comparable order of loaded Q in
either case). '

Simple Inductive Coupling to Flat Lines

In certain low power applications, par-
ticularly in the v-h-f and u-h-f range, little
or no discrimination against harmonics is
required other than that provided by the
plate tank circuit of the oscillator or am-
plifier stage feeding the antenna. In such
cases the simple coupling arrangement of
figure 8-6A may be employed for coupling
to a line which is operating under substan-
tially “fat line” conditions. Best results
will be obtained with a comparatively small
coupling coil tightly coupled, as an attempt
to use a larger coupling coil loosely coupled
usually is doomed to failure. Therefore the
coupling coil should have the fewest num-
ber of turns which will provide the desired
loading over the frequency range involved.

Somewhat improved performance will be

obtained if the inductive reactance of the
coupling coil is “tuned out” by means of a
series or shunt condenser as shown at figure
8-6B and 8-6C. Oftentimes when the line
is flat and the impedance transformation
ratio is high, the desired loading cannot
be obtained, regardless of the number of
coupling turns, unless the coupling coil is
resonated in this manner. This is es ecially
true when the final plate tank is “E)w-C,'
but also may be true of a “high-C” plate
tank if the physical arrangement of the
coupling coil is such that tight coupling to
the plate coil cannot be attained.

If the line is substantially flat, a single
adjustment of C, will be found satisfactory
over a fairly wide frequency range for usual
values of C, and L,. When the coupling
coil is tuned in this manner it is possible to
obtain the desired loading with looser coup-
ling, thus simplifying the mechanical ar-
rangement of the variable coupling coil for
a given range of load impedances.

Because looser coupling to the coupling
coil will suffice when the B or C arrange-
ment is employed, some reduction of har-
monic radiation is realized. However, the
reduction is not nearly so great as is obtain-
able with a properly designed link coupled
universal antenna coupler. The (slight) dis-
crimination against harmonics obtained with
the B and C arrangements also may be ex-
plained on the basis of the selectivity of
the coupling circuit. However, as the effect-
ive Q is low with usual values of L, and
C,, the harmonic discrimination provided




COUPLING TO THE ANTENNA SYSTEM

Nt
LAY
®

—mmie—————O
Lz& FLAT LINE

Ly

C2

= Lz& - " FLAT LINE

Cy

11 Lt

N
A
b 7, ©

= Lz& sz:jz FLAT LINE

Figure 8-6.

SIMPLE INDUCTIVE COUPLING TO A
FLAT (NONRESONANT) LINE.

The coupling method shown at A is considerably
simpler than those previously illustrated, but is
suitable only for low power applications in
which a moderate amount of harmonic radiation
can be tolerated. Either a coaxial or a sym-
metrical (“balanced”’) line may be used. The
B and C arrangements permit tuning out the
reactance of the coupling coil, and provide some
discrimination against harmonics (other than
that provided by the output tank of the trans-
mitter). When the B arrangement is used with
a two-wire (symmetrical) line, it Is recom-
mended that a condenser be put in series with
each conductor of the line, When the C ar-
rangement is used with a two-wire line, it is
recommended that a split stator condenser be
used to preserve symmetry. However, if the
impedance of the two-wire line is low (say, 70
ohms or so) the arrangements illustrated may
be wused without an objectionable amount of
unbalance, particularly at the lower frequencies,
Because the coupling loop ordinarily will not
possess much inductance, the condenser C, usu-
ally must be rather large for the frequency In-
volved (as compared to values of capacity com-
monly used in tank circuits).

by the B or C arrangement ordinarily is
not very great.

When a coaxial line is employed, one
side of the coupling coil (and the outer
conductor of the coaxial transmission line)
may be grounded. When a symmetrical line
is used, one side also may ge grounded if
the line impedance is low (say 70 ohms or
thereabouts) without detrimental effects.
When an open-wire line is employed,
grounding one side of the coupling coil will
proeduce excessive unbalance. Grounding
the center of the coupling coil is rec-
ommended in this case, but this presents
mechancial complications. Grounding the
coupling coil Ceither the center or one end)
is not particularly important when the
coupling coil is placed at the “cold” end
of a single-ended plate tank coil as illus-
trated in figure 8-6, but is recommended
when a split stator (balanced) tank circuit
is employed with no r-f bvpass to ground at
the center of the tank coil. In any case the
coupling link should be placed at the r-f
voltage node (usually the center or one
end of the tank coil).

With a coaxial or low impedance two-
wire line, the B and C arrangements may
be used as illustrated. When a two-wire
open line is employed, however, this may
result in an objectionable amount of line
unbalance, particularly at the higher fre-
quencies. The balance may be preserved
by inserting a series condenser in each con-
ductor of the line in the B arrangement,
or substituting a split stator condenser at
C, in the C arrangement. Grounding the
rotor of the split stator condenser will sub-
stitute for a grounded center tap on the
coupling coil when a feed line ground is
necessary in order to avoid capacitive coup-
ling of harmonics.

Shortcomings of Commercial “Swinging
Link” Tank Coils

One popular style of “swinging link”
plug-in transmitter tank coil utilizes a single
variable coupling link for a set of coils
covering a frequency range which may ex-
ceed 10 to 1. The number of turns in the
coupling coil or “link” obviously must be a
compromise, because the optimum number
of turns varies with the particular plug-in
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coil in use and with the particular load
impedance employed. A variable tap on
the link ordinarily involves mechanical com-
plications. Therefore the following exped-
ients are recommended.

When difhiculty is experienced in coup-
ling to a low impedance line or load at the
higher frequencies because of an excessive
number of link turns, a series condenser em-
ployed as shown at figure 8-6B usually will
remedy the situation. When difhculty is

experienced in obtaining sufficiently tight
coupling to an open wire line at the lower
frequencies because of insufficient link
turns, the coupling can be increased by
employing a shunt condenser to resonate the
coupling link, as shown at figure 8-6C.

One line of swinging link tank coils em-
ploys a plug in link arrangement. This
is a highly desirable feature as it permits
the optimum number of link turns to be
used with each different tank coil.

COUPLING THE ANTENNA SYSTEM TO THE RECEIVER

EFFECT OF COUPLING UPON
RECEIVER SENSITIVITY AND OVERALL
GAIN

Receiver input circuits designed to couple
the antenna or transmission line to the grid
of the first tube take a wide variety of
forms, as the requirements of the input cir-
cuit depend upon many factors such as fre-
quency, receiver bandwidth, equivalent
noise resistance and input resistance of the
first tube, recciver gain, versatility, image
rejection requirements, simplicity, and econ-
omy. These factors are related in a compli-
cated manner which is properly a phase of
receiver design, and therefore a detailed
discussion is not within the scope of this
book. However, it is desirable that the
reader have an appreciation of the factors
involved, even though not concerned with
the details of receiver design. With this in
mind the following brief treatment is pre-
sented, but first it is important that there
be no confusion between sensitivity (which
is a function of signal to noise ratio) and
gain (which is a matter of amplification).

Generally speaking, the design factors are
less critical and the requirements less strin-
gent at the lower frequencies, as the atmos-
pheric noise level is sufficiently high that
certain of the factors mentioned need not
be optimized nor emphasized in order to
obtain good performance.

In the v-hf range and above, it is de-
sirable to choose for the first tube a tube
having high input resistance (this is largely

a function of electron transit time) and a
low equivalent noise resistance. The input
circuit is designed to have low losses and
usually is designed to match (approximate-
ly) the antenna resistance to the resultant
resistance of the input circuit as shunted
by the input resistance of the first tube.
When the antenna is matched to the re-
ceiver input in this manner the gain will
be maximum.

Under certain conditions a slight im-
provement in the signal-to-noise charac-
teristics (sensitivity) of the receiver can be
obtained at a sacrifice in gain by deliberately
mismatching the impedances. The maxi-
mum possible improvement is determined
by (1) the ratio of the first tube’s input
resistance to its equivalent noise resistance,
(2) by the ratio of the elcctronic input
resistance of the first tube to the impedance
of the input circuit (with first tube con-
nected but antenna disconnected), and (3)
by the normal or “flat line” attenuation of
the transmission line. If the latter is high,
no improvement may be possible, as any
increase in the sensitivity of the receiver
may be completely offset by increased line
loss due to increased SWR resulting from
the deliberate mismatch.

Deliberate mismatching to improve the
S/N ratio always is accomplished by in-
creasing the coupling beyond that which
gives matched impedances and maximum
gain. In every case the loss in gain due
to the mismatching is at least as great as the
improvement in the S/N ratio, and in some
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cases will be much greater. However, the
loss in gain is not serious, as it may be made
up elsewhere. More important is the fact
that overcoupling reduces the selectivity of
the first tuned circuit and therefore the
image rejection. And still more important
are the undesirable effects resulting when a
mismatched transmission line is used. For
instance, the frequency sensitivity becomes
excessive, a particularly objectionable char-
acteristic in wide band applications such as
television.

In view of the foregoing the usual prac-
tice is to match the impedances throughout,
the required coupling adjustment being de-
termined by observing what degree of coup-
ling provides maximum gain. With an
otherwise perfect receiver (one using tubes
having infinite input resistance and zero
equivalent noise resistance) the matched im-
pedance condition will give a noise level 3
db above the antenna noise (a “noise factor”
of 3 db), while adjusting the coupling
for optimum signal-to-noise ratio will give
a noise level substantially that of the an-
tenna noise (a noise factor of approximately
zero db) if a lossless line is assumed.

With practical tubes having finite input
resistance and equiva]ent noise resistance,
the maximum improvement obtainable by
adjusting the coupling for maximum S/N
may be somewhat more or somewhat less
than 3 db, but in general the maximum
improvement obtainable by deliberate mis-
matching will not exceed 2 or 3 db. The
maximum improvement obtainable by ad-
justing the couplini for maximum S/N is
greatest with tubes having a low equivalent
noise resistance and at frequencies sufh-
ciently high that the input resisistance is
low compared to the impedance of the un-
loaded tuned grid circuit. In any case the
improvement hardly can be considered
worthwhile when the disadvantages inher-
ent in deliberate mismatching are consid-
ered.

The foregoing discussion assumes that
the gain of the first stage (whether an r-f
amplifier or mixer) is great enough that
the noise contributed by the following stages
can be ignored. This is a legitimate as-
sumption when good design practices are
followed.

It also has been assumed that the trans-
mission line, if used, has a characteristic
impedance which approximates or is con-
verted to the antenna impedance. This is
the most desirable condition, but if it does
not obtain, then it should be noted that a
“matched impedance” condition at the re-
ceiver end is obtained when the receiver
input circuit is made to “look like” a resist-
ance having a value which is not equal to
the surge impedance of the line, but rather
a value which will cause the reflected im-
pedance at the antenna end of the line to
match the resistance of the antenna. In
this case the line will exhibit standing
waves when. the receiver coupling is ad-
justed for maximum gain (representing a
“matched” condition), just as it will ex-
hibit standing waves when the antenna
is used for transmission.

It should be kept in mind that “matched”
as used here means that the antenna is
matched to the load (taking into considera-
tion the impedance transforming character-
istics of the interconnecting feed line and
any intervening impedance transformers).
The load at the receiver end required to do
this does not “match” (equal) the charac-
teristic impedance of the line unless the
latter approximates or is converted to the
antenna impedance.

It is interesting to note that when the
normal or “flat line” loss of the line is high
(say, 10 db or so), the impedance trans-
forming characteristics of the line are largely
“washed out,” and the optimum load at the
receiver end for maximum gain will approxi-
mate the surge impedance of the line regard-
less of any mismatch between the line and
antenna. If the reasons for this are not
clear, refer to the discussion of the effect
of line loss on SWR in Chapter 2.

It should be kept in mind that when a
transmission line is connected to a receiver,
the load is the receiver, rather than the an-
tenna. The antenna in this case may be
considered as a generator having an internal
impedance equal to the impedance of the
antenna at the point where it connects to
she transmission line,

COUPLING METHODS
Because the principle of reciprocity ap-
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plies to all reactive networks and trans-
formers, any of the coupling methods illus-
trated in figures 8-1 to 8-6 inclusive may
be used “in reverse” for coupling an antenna
or transmission line to the grid of the first
tube in a receiver. The plate element then
becomes the grid of the first tube in the
receiver, and the plate blocking condenser
and rf choke shown in these figures may
be ignored.

The two receiver input circuits most
commonly used in the h-f range and above,
and also widely used at lower frequencies,
are illustrated in figure 8-7. The similarity
of figure 8-7A to that of figure 8-6A, as well
as that of figure 8-7B to that of figure 8-2C
(with L, and C, of the latter omitted) is
apparent. The coupling coil L, of figure
8-7A sometimes is provided with an “an-
tenna trimmer” consisting of a series con-
denser of a value appropriate to the fre-
quency involved. If C, is ganged with other
“front end” condensers, a small trimmer
condenser, accessible from the front panel,
sometimes is used in parallel in order to
permit the operator to compensate for the
frequency detuning effect of the antenna
upon the first tuned circuit.

The arrangement at A is suitable for
use with either a symmetrical or asymmetri-
cal line or antenna, while that at B is rec-
ommended for use only with an asymmetri-
cal antenna or line (such as a Marconi an-
tenna or a coaxial line). While a two-wire
open line or other symmetrical feed system
can be used with the pi-section arrangement
at B, unbalance of the line will result, caus-
ing reduced discrimination of a directional
antenna system and increased local noise
pickup by the feed line.

The B arrangement can be used over a
narrow frequency band without unbalanc-
ing a symmetrical feed line, however, by
the use of a section of coaxial line having an
electrical length of one half wavelength
and connected as a “phase inverter” as des-
cribed in Chapter 2.

The resistor R of figure 8-7B, except in
broad-band applications, serves only as a
d-c return for the grid and has a high value
(one megohm or thereabouts). The B ar-
rangement is most popular for fixed fre-
quency receivers, while that shown at A is
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COMMON H-F, V-H-F, AND U-H-F
RECEIVER INPUT COUPLING CIRCUITS.

The arrangement at A is suitable for use with
either symmetrical or asymmetrical feed lines
or antennas, and commonly is employed in
commercial receivers of the tunable type. When
used with an asymmetrical antenna system (such
as one using a coaxial line), one of the L,
terminals is grounded. On receivers intended for
use with antennas having a wide range of im-
pedances, the turns ratio usually is made such
that the input impedance is in the neighbor-
hood of 300 ohms, this value being a good
compromise value. The arrangement at B per-
mits adjustment of the impedance transforma-
tion, thus allowing an accurate match regardless
of the antenna or feed line impedance, but in-
troduces an additional control and presents
ganging difficulties. For this reason it is use-
ful primarily for fixed frequency receivers or for
receivers used only over a narrow frequency
band. To avoid unbalance of the feed line when
a symmetrical feed line is employed with the B
arrangement, a half-wave section of coaxial line
may be used as a “phase inverter” as described
in Chapter 2.

the one commonly used in “tunable” re-
ceivers.

Commercial receivers covering a wide
band of frequencies often are provided with
a “compromise” value of input impedance
which may not provide a very good “match”
with certain antenna systems. The arrange-
ment of figure 8-7B may be employed to
advantage to couple the line to the receiver
under such conditions. If the line is sym-
metrical, the balance can be maintained by
using a phase inverting section of “coax,”
as previously mentioned, or a symmetrica]
pi-section network can be employed, using
two inductors and two split stator conden-
sers (as in the transmitter antenna coupler
of figure 8-3).

A simple modification of the conven-
tional coupling arrangement of figure 8-7A
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is shown in figure 8-8. Because coaxial
lines usually run from 5o to 75 ohms char-
acteristic impedance, and two-wire symmet-
rical lines from 300 to 600 ohms imped-
ance, it is impossible to obtain a good
match with both when using a gxed
number of turns as in figure 8-7A. With
the figure 8-8 arrangement an impedance
ratio of 4 is obtained by the use of the
grounded center tap, making a good match
possible with either a coaxial line or a
300 to 60oo ohm symmetrical line. The
grounded center tap also will minimize
feeder pickup when a symmetrical line is
employed, as capacitive coupling of in-phase
line currents to the grid circuit is minimized
when the antenna coil is grounded properly.
Grounding one side of L, in figure 8-7A
when a symmetrical line is employed pro-
duces line unbalance and is about as ob-
jectionable (in receiving applications) as is
the capacitive coupling which is reduced
thereby.

Faraday screens (electrostatic shields
which are so designed as to have negligible
effect upon the electromagnetic coupling)
formerly were used rather extensively in
order to avoid electrostatic coupling of un-
desired energy into a receiver (such as in-
phase currents on a transmission line),
but they no longer find much use. Coupling
via means of a grounded low-impedance
winding (such as in figure 8-8) accomp-
lishes substantially the same result, is simp-
ler mechanically, and does a sufficiently good
job for most applications.

INTERFERENCE REDUCTION

Interfcrence to reception takes many
forms. Several of these are tied up closely
with the subject of coupling to the receiver,
if the term “coupling” is considered in its
broadest sense. One example is electrical
interference picked up and coupled into a
receiver as a result of “antenna effect” upon
the feed line. Another is electrical interfer-
ence coupled into a receiver via the power
supply wires as a result of inadequate iso-
lation or decoupling of these wires where
they enter the receiver. Another example
is interference from a powerful, nearby
transmitter as a result of inadequate re-
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Figure 8-8.

RECOMMENDED “COMPROMISE"” RE-
CEIVER INPUT CIRCUIT FOR GEN-
ERAL USE.

This input circuit permits ganging with other
“front end” circuits and a reasonably good
match with either a 300-600 ohm open or
Twin-Lead line or a 50-75 ohm coaxial line.
When a coaxial line is employed, only half of L,
is utilized, giving an impedance transformation
of four as compared to the whole antenna coil,
and therefore a better match. The grounded
center tap also minimizes ‘“antenna effect”
on the line when a two-wire symmetrical line
is employed, by minimizing capacitive coupling
and at the same time maintaining line balance.
The circuit is simply that of figure 8-7A with
a grounded center tap provided on L,.

jection by the antenna coupling circuits.
This may take the form of “i-f leak
through,” image interference, or cross modu-
lation. In many cases the most effective
method (and sometimes the only effective
method) of eliminating such interference is
to provide additional selectivity ahead of the
first tube, which means that the flter or
resonant circuits incorporated for the pur-
pose of such rejection become part of the
antenna coupling or “input circuit.”

Some of the more common types of inter-
ference and effective methods of avoiding
or dealing with them will be discussed
briefly.

Generally speaking, the effective measures
boil down to first minimizing the interfer-
ence at the source (as for instance reducing
the sparking of 2 commutator by dressing it
down), “bottling up” the interference at the
source by shielding, and minimizing radia-
tion and conduction of noise from the source
by filtering all incoming and outgoing leads.
Then, by means of shielding and filtering,
pickup at the receiver is confined to the an-
tenna proper, which is placed as far from
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the noise as possible (using a properly oper-
ating transmission line to connect the an-
tenna to the receiver). The foregoing ap-
plies primarily to aperiodic electrical noise
which is not intentionally radiated.

When the interference is from an in-
tentionally radiated signal, nothing much
can be done at the source (assuming that
the transmitting equipment is operating
properly and that the interference is not a
spurious emission); but such signals almost
invariably are confined to a comparatively
narrow band of frequencies, and selective re-
jection circuits can be employed at the re-
ceiver to attenuate them. These consist of
parallel resonant L/C circuits in series with
the line or antenna, and series resonant L/C
circuits in shunt, as shown at figure 8-9A.

When several interfering signals make
the use of such rejection circuits or “traps”
impracticable, a low pass filter oftentimes
may be used to provide attenuation of all of
the undesired signals, provided that the in-
terfering signals all are somewhat higher
than the highest desired frequency. (See
figure 8-9B.) The filter may be designed
with a cutoff frequency equal to the highest
desired frequency in accordance with filter
design data presented in various standard
electronics handbooks. The filter is simply
inserted between the antenna or feed line
and the receiver input terminals, the num-
ber of sections being determined by the
amount and sharpness of attenuation re-
quired.

The most desirable arrangement of all is
the incorporation of sufficient signal fre-
quency tuned circuits ahead of the first
tube to prevent cross modulation, and a
sufficient total number of signal frequency
tuned circuits to prevent image troubles,
with all of the signal frequency tuned cir-
cuits made an integral part of the receiver
and tuned by a single condenser gang.

Packaged interference filters suitable for
isolating power supply wires are available
commercially at reasonable prices. Basically
these consist simply of r-f chokes and bypass
condensers having a current carrying ca-
pacity and voltage rating appropriate to
the job, but there is more to obtaining good
attenuation characteristics over a wide band
of frequencies than just hooking together
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Figure 8-9.

EXAMPLES OF TWO COMMON METH-

ODS OF INCREASING DISCRIMINA-

TION AGAINST STRONG UNWANTED
SIGNALS.

The “‘wave trap” arrangement at A utilizes
resonant L/C circuits to provide a high series
impedance and low shunt impedance to a par-
ticular frequency. Additional resonant L/C cir-
cuits may be added in cascade to increase the
attenuation. By the use of traps tuned to dif-
ferent frequencies, two or three particular
frequencies may be rejected. In general the
L/C ratio of the series traps should be high
and that of the shunt traps low. The low pass
filter arrangement at B attenuates all fre-
quencies above the cutoff frequency. Increasing
the number of sections increases the amount
and sharpness of attenuation. Design para-
meters depend upon not only the cutoff fre-
quency but also the input impedance of the
receiver. Design data will be found under a
treatment of wave filters in most any standard
handbook on electronics.

some condensers and chokes. Special bypass
condensers are employed, and the dressing
of the various leads is quite critical. There-
fore, when the maximum possible attenua-
tion is desired, it is recommended that com-
mercial filters be employed. Descriptive lit-
erature which will help in choosing a
suitable filter is available from several man-
ufacturers.

NOISE REDUCTION IN VEHICULAR
INSTALLATIONS

Elimination of electrical noise in vehicu-
lar receiving installations presents special
problems, and therefore will be treated sep-
arately.

The measures required in order to re-
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duce “car noise” to an insignificant magni-
tude depend upon the frequency range
involved and upon the particular vehicle.
Even vehicles of the same make and model
may require different treatment, and a
vehicle that has been effectively “sup-
ressed” may develop noise and require

rther treatment after it has been driven
a few thousand miles. A certain amount
of “cut and try” is unavoidable, but certain
general rules can be followed to advantage.
Also, certain measures can be taken with-
out first checking on the necessity for them,
because they invariably are required for a
noise-free installation.

Military vehicles and aircraft, as well
as the more expensive commercial aircraft,
are factory equipped with “anti-noise” elec-
trical systems and otherwise thoroughly sup-
pressed when radio installations are antici-
pated, and ordinarily no corrective measures
need be taken when radio equipment is
installed. It is only necessary to comply
with the installation instructions and follow
up with the proper maintenance. There-
fore, the following discussion applies only
to ordinary gasoline powered passenger cars
utilizing conventional ignition systems.

The various noises may be broken down
into the following categories: (1) Ignition
interference (originating primarily in the
high tension system); (2) Wheel static
(including tire static); (3) Generator
“whine”; and (4) Voltage regulator “hash.”

Noise from the High Tension System

The high tension ignition system is the
most vicious offender. First make sure that
all spark plugs are in first class condition
and correctly adjusted, and that the dis-
tributor rotor gap is no greater than abso-
lutely necessary. Then eliminate all unnec-
essary gaps at the usual “pinch fit” terminals
on the high tension leads by soldering the
ends of each high tension wire to the
terminating lugs or jacks.

The best procedure is thorough shield-
ing of all high tension wiring, and this is
recommended in police and other instal-
lations where the cost can be justified. Spec-
ial shielded high tension wire, shielded
spark plugs, and shielded connectors for the
purpose are available commercially.

However, a pretty good job can be done
on the high tension system without re-
sorting to complete shielding. First, replace
all high tension wiring with new ignition
wire of the type having a steel inner con-
ductor. Old, “leaky” wire will give trouble
regardless of the type. If high and low ten-
sion wires are run side by side through
cabling channels, isolate the low tension
wires from the high tension wires by run-
ning the low tension wires outside the tube
or channel, and keep low tension wires
separated at least six inches from high ten-
sion wires at all points where practicable
unless one or the other is effectively
shielded.

If the ignition coil is located behind the
dash instead of on the motor side of the
bulkhead, the high tension lead from the
coil should be shielded as far as the bulk-
head, and the shield grounded at both ends.

The main object is to keep the r-f en-
ergy generated at spark gaps in the high
tension system confined to the motor com-
partment. The low tension leads will pick
up some electrical noise from the high ten-
sion system by induction and distribute
it throughout the car over the light wires,
etc. if precautions are not taken to prevent
it. The 6-volt wire from the ignition coil
to the dash switch is about the worst
offender.

Fortunately, induced high tension noise
can be kept out of the low tension system
by the same chokes and bypass condensers
that are employed to isolate noise generated
in the low tension system, as will later be
described, if the systems are well isolated.

Spark plug suppressors and a distributor
suppressor will aid in reducing high tension
noise, particularly if the high tension sys-
tem is not completely shielded, without no-
ticeably affecting the car performance if the
suppressors are of the proper design. They
should have from about 7000 to 15,000
ohms resistance, and all spark plug sup-
pressors should have approximately the same
resistance when checked on an ohmmeter.
On some cars (such as certain model Fords)
a universal type distributor suppressor will
not fit, but a special suppressor is availiable
from authorized dealers handling the par-
ticular car.
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RECEIVER AND ANTENNA
CONSIDERATIONS

The receiving antenna preferably should
be mounted at the rear of the car, to keep
it as far from the various spark gaps in the
ignition system as possible, and connected to
the receiver via a coaxial feed line. If the
receiver is to be used only on a fixed fre-
quency, the receiver itself can be mounted
in the trunk of the car, thus minimizing
feed line loss and also reducing stray pickup.

If not already provided within the re-
ceiver, a shielded low pass filter should be
inserted in the ‘“hot” 6-volt lead to the
receiver right where it enters the chassis
(assuming that the vibrator or dynamotor
power supply is integral with the receiver).
If the power supply is separate, shielded low
pass filters should be placed in both the hot
heater lead and the B plus lead where they
enter the receiver chassis. Suitable filters
are available commercially as packaged
units,

The amount of work involved in ob-
taining virtually complete elimination of in-
terference on weak signals is minimized
if the receiver is equipped with a “noise
silencer” of the peak chopper type. Such
noise silencers are available commercially
as packaged units for external attachment
to receivers not so equipped.

Quieting the Low Tension System

All low tension wires should be bypassed
to the bulkhead at the point where they pass
through the bulkhead. The bypass conden-
ser leads should be as short as possible.
The optimum value of bypass condenser to
be used for the purpose depends upon fre-
quency. Above approximately 30 Mec. it
will be found that.o1-ufd. or .006-ufd. mica
condensers do a better job than paper con-
densers of larger capacity. In the AM
broadcast band, paper tubular condensers
of about o.25-ufd. capacity will be found
satisfactory. Metal cased “auto radio” con-
densers are ideal for applications requiring
the large capacity of a paper condenser. At
the higher frequencies the length of the
condenser leads or “pigtails” should not be
over an inch long for best results. The 6-
volt wire from the ignition coil to the switch

is especially troublesome, and should be
bypassed again at the switch.

Eliminating “R-F Pipelines”

All control rods, metal tubing, the steer-
ing post, and anything else (other than elec-
trical wiring) that passes through the bulk-
head without making a positive ground to
the bulkhead should be jumpered to the
bulkhead by means of a flexible grounding
“pigtail” of shield braid of the shortest
practical length. The motor itself should be
grounded to the frame in the same fashion
at each rubber engine mount, assuming that
the engine is floated on rubber mounts. The
exaust pipe also should be grounded at two
or three points to prevent conduction of
noise to the rear of the car. If the ex-
haust pipe and muffler are not so grounded,
they should be jumpered to the frame by
means of short pieces of shield braid.

Quieting Generator Whine

Generator noise can be greatly reduced
by bypassing the “hot” (armature) lead to
ground right at the generator terminal in
accordance with the bypassing data pre-
viously given. Above about 15 Mc. con-
sideragle improvement can be realized by
inserting an r-f choke in series with the
hot (armature) lead right at the generator.
The choke should be wound with heavy
wire (no. 10 B&S for a 30-ampere gen-
erator) in order to minimize voltage de'
When the receiver is used only on a single
frequency or over a narrow {and of fre-
quencies, stubborn cases of generator hash
can best be handled with a resonant r-f
choke, the choke being resonated to the sig-
nal frequency by means of a small, com-
pression type variable condenser (trimmer)
placed across it. This also reduces the
amount of inductance required in the choke,
and therefore the voltage drop.

Voltage Regulator Hash

Voltage regulators utilizing vibrating
points to control the amount of current
flowing through the generator field (and
therefore the charging rate) will produce a
“hash” which becomes increasingly objec-
tionable with the reception frequency.
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A large condenser placed across the regu-
lator will interfere with the operation of the
regulator and also may cause short vi-
brator life. However, at the higher fre-
quencies, where the hash is the strongest,
considerable reduction in the amplitude of
the hash will be obtained with a bypass
condenser having a capacity as low as .oo1
pfd., and this amount of capacity ordinarily
will not have an adverse effect upon the
operation or life of the regulator. The
condenser should be placed right at the
regulator, from the generator field wire to
ground. All other terminals on the regulator
(assuming it is of the conventional type)
may be bypassed to ground with whatever
capacity is necessary in order to do the job.

If a .0o1-ufd. mica bypass on the regu-
lator output does not keep r-f hash off the
lead to the generator field, the bypass can
be augmented by an r-f choke placed right
at the regulator. Unlike the choke in the
armature lead, this choke does not have to
carry heavy current, and a compact choke
wound from no. 18 B&S ordinarily will do
the job satisfactorily. If reception is on but
a single frequency or a narrow band of
frequencies, the choke may be shunted by a
compression trimmer and tuned to the signal
frequency in order to increase its effective-
ness.

Wheel Static

Wheel static is caused by “leaking” of
static electricity generated by the rotating
tires and brake drums. It is worst in a very
dry climate while driving on a dry, paved
road. A special conducting powder is avail-
able which, when injected into the inner
tubes in the proper amount in accordance
with accompanying instructions, virtually
eliminates trouble from “tire static.” The
remaining wheel static results from the fact
that the presence of wheel bearing grease
Prec]udes a constant, low resistance
‘ground” contact from the wheel to the
rest of the car through the bearings.

To get around this condition, a “static
collector” should be installed on each wheel.
While so-called universal types are manufac-
tured, it is best to purchase the ones made
for the particular make car involved, from
an authorized dealer. This is especially true

of the rear wheel type. Not all car dealers
carry static collectors in stock, and often-
times they must be ordered from a zone
warehouse. The same applies to tire pow-
der, though of course in the latter case the
powder need not be purchased from a dealer
handling a particular make car.

Residual Noise

When all the foregoing corrective meas-
ures have been applied, a listening test may
or may not show that a satisfactory reduc-
tion in car noise has been accomplished. If
not, further bonding and bypassing is in-
dicated, and it is largely a cut and try
process. If the addition of a certain by-
pass or the grounding of a certain member
results in any improvement at all, it should
be left on, as it may be found later when
all other noise sources have been eliminated
that removing the bypass or ground makes
a much greater difference than is the case
when it is contributing only a small por-
tion of the total noise.

It is especially important that the hood
of the car be effectively grounded at several
points, particularly if the high tension sys-
tem is mnot shielded, because a poorly
grounded hood will permit radiation from
the high tension wiring to reach the an-
tenna. An examination of the hood latches
will show whether they must be augmented,
worked on, or modified to ensure a good
ground contact.

Sometimes it will be observed that when
the car is in motion there is a crackling
or grinding noise present, after all other
noise has been substantially eliminated.
This usually can be traced to one or more
scraping contacts somewhere in the car bod
or frame. It is cured by tightening or bom;:
ing the offending joint or joints.

COUPLING TO TELEVISION
RECEIVERS

As explained in Chapter 7, special con-
siderations are involved in the coupling of a
feed line to a television receiver. The line
must be terminated in an impedance very
nearly equal to the characteristic impedance
of the line in order to avoid the necessity
for an exact match at the antenna end of
the line. Also, the avoidance of pickup by
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the transmission line is of prime importance,
because of the fact that a television receiver
is highly susceptible to electrical “noise.”

The Q of the input circuit also is of ma-
jor importance. If it is too high, the video
sidebands will not be amplified faithfully,
and distortion of the picture will result.

When a grounded grid triode is em-
ployed as the first r-f amplifier, tube noise
is not as much of a problem, and the im-
portance of delivering the maximum pos-
sible signal to the first tube is minimized.
This permits use of an aperiodic input cir-
cuit using only a non-inductive resistor from
the cathode (the “hot” input element) to
ground. For balanced input a “dummy” re-
sistor is connected to the other input term-
inal. A resistor-load input circuit suitable
for use in the 44 to 216 Mc. range with
either 300-ohm Twin-Lead or RG-11/U
coaxial line is shown in figure 8-10.

300-ohm Twin-Lead is connected to ter-
minals 1 and 2, giving a symmetrical 300~
ohm resistive termination. The continuity
of the folded doublet with which Twin-
Lead ordinarily is used effectively puts R,
and R, in parallel for d.c., which gives an
effective cathode bias resistance of 75 ohms.

If three-wire neutral-ground type of 300-
ohm ribbon line is employed, the con-
nections are the same except that the neu-
tral (center) wire is connected to chassis
ground, terminal 3.

If RG-11/U coaxial line is used, termin-
als 1 and 2 are jumpered and connected
to the inner conductor, and terminal 3
is connected to the outer conductor. This
makes the line termination and cathode
bias resistance both 75 ohms.

Thus it is seen that when 300-0hm
ribbon line is employed, the line is termin-
ated in a balanced, symmetrical load equal
to its surge impedance. And when 73-ohm
coaxial line is emvloyed, the line still is
properly terminated (well within acceptable
tolerances). In cither case the cathode bias
resistance is 75 ohms, a suitable value for
a 67a.

The condenser C, is made approximately
equal to the cathode-to-ground capacitance
of the 6]4. and maintains circuit svmmetry
when a symmetrical feed line is emploved.

For the same reason R, and R, should be

1 g
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Figure 8-10

RESISTOR-LOAD INPUT CIRCUIT

FOR A GROUNDED GRID R-F

STAGE, SUITABLE FOR A TELE-
VISION RECEIVER

This circuit offers a simple solution
to the problem of obtaining a sub-
stantially constant, resistive load for
the transmission line over the wide
range of frequencies employed for
television broadcast service. Either
two - wire or three - wire (neutral
ground) 300-ohm ribbon may be em-
ployed by connecting the “hot” con-
ductors to terminals 1 and 2, and
the center ground wire (if used) to
terminat 3. To use a 70-75 ohm co-
axial line, terminals 1 and 2 are
jumpered and connected to the inner
conductor, and terminal 3 is con-
nected to the outer conductor. Fur-
ther details are covered in the ac-
companying text.

selected with an accurate ohmmeter so as
:0 be within 2 or 3 per cent of each other
and between 150 and 160 ohms. Even a
small amount of unbalance will produce
an objectionable amount of antenna effect,
and these precautions are necessary in or-
der to provide a well balanced, accurately
matched termination. Ordinary metalized
rod type composition resistors of good qual-
ity are suitable at R, and R..

Strictly speaking this arrangement does
not provide a purely resistive load termin-
ation, because of the input capacity of the
tube and the balancing capacity C,. How-
ever, the shunt reactance is comparatively
low even at 216 Mc., and the reflection co-
efficient is tolerable unless an antenna is
used which exhibits an unsually high
mismatch. The input capacity of the tube
(and the required value at C,) can be re-
duced slightly by “floating the heater of
the 6J4 by means of a low resistance u-h-f

rf choke in series with each heater
lead right at the socket terminals.
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The noise factor is degraded slightly by
the effect of the d-c cathode current flow-
ing through the terminating resistors, but
with good quality resistors the increase in
noise is small. It can be avoided if de-
sited by keeping the d.c. out of the 150-
ohm terminating resistors. This requires
the addition of a blocking condenser in
series with the cathode, and an r-f choke in
series with a 75 to 100 ohm cathode re-
sistor to ground.

Parallel-tuned L-C circuits also are used
to couple the feed line to the first tube,
the Q being limited to a value which will
allow the necessary pass band. The prob-
lem of maintaining the Q at the changing
optimum value over the entire frequency
range is simplified when a turret type tuner
is employed, because the input circuit for
each channel can be designed for optimum
Q. At the lower TV frequencies it is diffi-
cult to obtain a sufficiently low Q simply

by choice of coil design, and the coil usu-
ally is shunted with a resistor of such
vaﬁxe as to give the desired Q.

The usual practice is to employ no shunt
capacity other than that of the wiring and
interelectrode capacity of the tube, the cir-
cuit being tuned inductively either by
means of a slug or sliding contacts. In the
latter case, the “coil” often is a section of
line, rather than a solenoid. This permits
the greatest possible gain, as the gain ob-
taina%le for a given bandwidth or Q at

a given center frequency increases with the
L/C ratio.

A low-Q, low-C, tuned input circuit of
this type feeding a grounded cathode 6AKs
or 6AGs pentode r-f amplifier will provide
somewhat more gain than a 6J4 in the
arrangement of figure 8-10, but the sensi-
tivity (noise figure) will be approximately
the same.



CHAPTER NINE

Measuring Equipment and Techniques

There are many measurements to be
made in the process of adjusting a com-
plex antenna system or checking its operat-
ing characteristics. Many of the measuring
devices and techniques are based on ordi-
nary, standard procedures for measurement
of rf voltage, current, power, reactance,
impedance and resistance. The following
discussion assumes that the reader is in
general familiar with such measuring equip-
ment and conventional techniques for em-
ploying such equipment. Measuring equip-
ment and techniques more or less unique to
antenna and transmission line measurements
will be discussed in somewhat greater detail.

MEASUREMENT OF POWER
OUTPUT

Measurement of r-f power dissipated in a
load resistor is not strictly an antenna prob-
lem, because the load Tresistor is only a
“dummy” antenna; but because such meas-
urement is so closely related it will be in-
cluded in the discussion.

The amount of power dissipated in a load
resistance may be measured either by de-
termining the voltage across and current
through the resistor, or by measuring the
amount of heat developed in the resistor,
by means of a calorimeter.

POWER DETERMINATION BY E AND I
MEASUREMENTS

The former method (measurement of E
and 1) is simpler of execution, but is not
conveniently applicable to measurements of
very high power because of the difficulty
in obtaining a suitable load resistance.
Also, the method becomes increasingly sub-

ject to error as the frequency is raised, re-
gardless of the power level, due to the
following: (1) It becomes increasingly diffi-
cult to obtain a purely resistive load as the
frequency is raised above the h-f range.
(2) R+ ammeters and voltmeters tend to
display increasingly large error as the fre-
quency is increased. (3) Stray reactances
and couplings become increasingly trouble-
some as the frequency is raised, giving rise
to deceptive voltage and current indications
as well as affecting the operation of the cir-
cuit to which the instruments are connected.

Load Resistor Considerations

With regard to (1), large carbon rod
resistors or ‘“noninductive” wire wound
resistors can be used up to 30 Mc. or so
without introducing serious error due to re-
active effects and skin effect, and can be
used to dissipate considerable power. At
higher frequencies it becomes necessary to
“tune out” the reactive component and to
determine the actual, effective resistance of
the load at the frequency involved, the latter
procedure being outside the scope of this
discussion.

Small, metalized resistors of the common
1-watt size in values not exceeding a few
thousand ohms exhibit much less reactive
effect and are less subject to skin effect
than the large resistors previously men-
tioned. The reactance is insignificant (for
all practical purposes) and the resistance
substantially constant up to several hundred
megacycles, and the r-f resistance can be as-
sumed to be the same as the d-c resistance
(withip these limitations) when an especial-
ly high degree of accuracy in measurement
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is not required. The characteristics of or-
dinary carbon composition resistors are not
nearly so good in these respects, due to
greater skin effect (as a result of the greater
diameter of the current carrying element)
and due to the comparatively high capaci-
tance between conducting granules.

Because the undesirable cffects become
increasingly troublesome as the resistance is
increased, high values of v-h-f and u-h-f
load resistance are best simulated, by means
of a low value of resistance in conjunction
with a quarter wavelength section of trans-
mission line. As the characteristic imped-
ance of a section of line can be determined
accurately from its physical dimensions, and
the impedance inverting characteristics of a
quarter-wave “Q section” are well known,
such a setup and procedure involves no par-
ticular difficulties.

Use of Attenuating Line

If a load resistance having desirable char-
acteristics at v.h.f. or u.h.f. does not have
sufficient power handling capability for a
particular job, it still can be utilized for
rf power measurement by using it as the
termination of a section of lossy transmis-
sion line having a known normal attenua-
tion. The arrangement is analagous to that
commonly employed to terminate rhombic
transmitting antennas when high power is
used.

This method of measurement is simplified
if the load resistance is equal to the charac-
teristic impedance of the lossy line, so that
the line is working under “flat line” con-
ditions, because then no conversion factor
need be applied to the attenuation to take
care of the effect of standing waves, and
also no care need be taken to see that
the line has a certain exact electrical length.
In addition, the power handling capability
of the attenuating line is maximum.

The load resistance can be converted to
some other value, if desired, by connecting a
low loss quarter-wave “Q” (linear) trans-
former between the lossy line and the termi-
nals across which the desired load resistance
is to be simulated. Using this method it is
possible to employ a 1-watt metalized re-
sistor of known resistance to measure accu-
rately power outputs up to several hundred

watts at impedance levels up to a thousand
ohms or higher. The only limitations are
the safe current handling capacity of the
attenuating line and the requirement that
the attenuation per wavelength of attenu-
ating line not be too great.

Frequency Sensitivity of Measuring
Instruments

With regard to the frequency sensitivity
of measuring instruments, the following
considerations are pertinent. Thermocouple
ammeters and galvonometers are frequency
sensitive, and above a certain frequency (de-
pending upon the instrument) a correction
factor must be applied. A correction curve
(error vs. frequency) usually is supplied by
or is available from the manufacturer of
the instrument.

Because the error is primarily due to
skin effect in the heater element, the error
almost invariably causes the meter to read
high, and is less (at a given frequency for
a given style of instrument) in the lower
current ratings. While a 120-ma. thermo-
couple instrument may exhibit an error of
only a few per cent at 100 Mc., an instru-
ment of the same style having a range of
several amperes may exhibit an error of as
much as 50 per cent at the same frequency.

Special thermocouple ammeters designed
for minimum error and reactive effects at the
higher frequencies are available for v-h-f
and u-h-f measurements, and are recom-
mended where the greatest possible accuracy
must be obtained, because they not only
are less frequency sensitive but also are
designed to minimize stray and spurious
reactances. Obviously a correction curve is
not of much help when an instrument looks
like a complex impedance having consider-
able reactance both in series ang in shunt
with the resistive component. These special
high-frequency meters often employ an ex-
ternal thermocouple unit in order to permit
short, heavy connections to the circuit under
test.

Stray reactive effects which tend to show
up at the higher frequencies will be min-
imized if the thermocouple is inserted at a
point as near zero r-f potential as possible,
rather than at a point having high imped-
ance to ground, regardless of the type of
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meter employed. In the case of a sym-
metrical circuit, this will require that the
load resistance be made up of two identical
resistors, with the thermocouple inserted at
their junction.

Vacuum tube voltmeters, used for meas-
uring r-f voltage, also are frequency sensi-
tive. However, the frequency above which
the error becomes significant and a corree-
tion factor is required is on the order of 100
Mec. in most any well-designed “gencral
purpose” instrument of recent manutacture,
and considerably higher in instruments de-
signed cxpressly for v-h-f and u-h-f work.
The error is due to resonance effects in the
probe circuit and to transit time effects
in the tube, regardless of whether the instru-
ment is of the diode type or the triode type.
As the former effect tends to make the meter
read high and the latter low, the resultaut
error may be either on the high side or the
low side, depending upon instrument and
frequency.

It should be kept in mind that while the
voltage across the probe may be determined
accurately by means of a correction curve,
the probe has a few pufd. of effective
shunt capacity which may produce an un-
desirable effect upon the circuit under
measurement, causing the voltage across the
circuit under measurement to change when
the probe is connected. Under these con-
ditions, the reactance introduced by the
probe must be “tuned out.”

To determine the voltage across a sym-
metrical circuit element (such as a two-wire
open line) when only one v.t.v.m. is avail-
able, it is necessary to measure the voltage
from each side to “ground” separately and
then add the two voltages. Usually it can
be assumed that the two voltages are of the
same phase. The “ground” can be a mid-
point on the line termination. If two iden-
tical instruments are available, a more ac-
curate measurement can be made by con-
necting the two probes across the symmetri-
cal line or load “back to back” (probe shells
strapped together and connected across the
balanced line or load).

Stray Reactances and Couplings

With regard to detrimental stray react-

ances and couplings introduced as a result
of connecting measuring instruments into a
circuit at the higher frequencies, they can
be minimized by taking the rather obvious
precautions of making all leads as short as
possible, and, where series reactance must
be kept to an absolute minimum, by using
heavy conductors. In some cases shielding
will be necessary, and in any case it will
help if the instruments themselves are de-
signed for operation up to the highest fre-
quency under consideration.

The residual stray reactances and coup-
lings must be compensated for or allowed
for if of objectionable magnitude, and to
do this a good working knowledge of L, C,
and R circuits in combination is essential.
If the reader’s knowledge of such circuits
is inadequate to cope with such problems,
he is referred to one of the several excellent
genera] texts on electronics or radio treating
such circuits in detail.

Regardless of how the measurements are
made, it should be kept in mind that if the
actual, effective value of load resistance is
known accurately, it is necessary to measure
only the current or the voltage in order to
determine power, but that if both voltage
and current measuring instruments are
available the exact value of the load resist-
ance need not be known, though of course
it should be as nearly nonreactive as possi-
ble considering the frequency involved.

POWER DETERMINATION BY
CALORIMETRIC METHODS

When the frequency is too high or the
power too great for convenient and accurate
determination of power dissipation by E, 1,
and R measurements, calorimetric methods
oftentimes are employed. The usual ar-
rangement utilizes a water cooled load with
continuous flow and some method of meas-
uring the rate of flow and temperature rise
of the water. To minimize the error due to
radiation and conduction of heat from the
water, the rate of flow is made great enough
that the temperature rise is small. When
judiciously executed, this method is capable
of very high accuracy, even in the u-hf
range.
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MEASUREMENT OF ANTENNA
POWER

Measurement of the actual power de-
livered to a radiator is in most cases made
somewhat more complex by the fact that the
feed point resistance of the antenna is not
always easily determined, and by the fact
that care must be taken to see that either
the voltage and current are in phase at
the point of measurement or that the power
factor is taken into acount.

If the overall antenna system is reso-
nant, the power at certain points in the
system can be determined simply by measur-
ing the voltage and current at that point.
These points are points of unity power fac-
tor where the voltage and current are in
phase. They occur at voltage loops (current
nodes) and at current loops (voltage nodes).
Thus, in the case of an antenna fed b{ a
long resonant line having appreciable but
unknown attenuation, it is a simple matter
to determine the power at a nonreactive
point near the sending end (by measuring
E and 1) and again at a point near the re-
ceiving (or antenna) end. The transmitter
output then is known, the power reaching
the antenna is known, and the line at-
tenuation is known. For well-designed an-
tennas having a physical length which is a
substantial fraction of a wavelength, the
radiated power may be taken as approxi-
mately equal to the antenna power, because
the radiation efficiency will in most cases
approach 100 per cent.

As the characteristic impedance of the
line usually is known with good accuracy,
the power also can be determined by meas-
uring only E or I, by checking the VSWR
at that point on the line under consideration
and resorting to some simple calculations.
Thus, if the VSWR on a 6oo-chm line is
2.0 at a certain portion of the line, then
the impedance at a voltage loop is 1200
ohms, the impedance at a voltage node 300
ohms, and the impedance is purely resistive
at both points. Knowing that the line has
a certain value of purely resistive impedance
at a certain point, it is only necessary to
measure the current or voltage at that point
to determine the power flowing at that

point.

If the transmission line is “fat,” as de-
termined by SWR measurements, the volt-
age and current may be measured at any
point on the line at which it is desired to
check the power flow, as the voltage and
current will be in phase at all points on
the line.

DIRECTIONAL COUPLERS

By means of various devices known as
the “Reflectometer,” “Micromatch,” “Power
and Impedance Monitor,” etc. (all belonging
to a family carrying the designation of “di-
rectional couplers”), it is possible to measure
directly the power flowing at any point on
a line, without regard to the position of
nodes and regardless of SWR. This very
handy ability of these devices is explained
as follows.

Standing waves are due to the combina-
tion of a direct wave and a reflected wave,
as explained in Chapter 2. Until energy
has had time to reach the termination and
be reflected back there can be no standing
wave, regardless of the mismatch of the
termination, and the line will Cuntil some
energy reaches the termination) act like a
“fat” line. (A “flat” line is a line termin-
ated in an impedance which dissipates all
of the energy reaching it, thus exhibiting no
reflection.) This means that, theoretically,
for an instant the power flowing in a line
could be measured at any point on the line
by simply measuring E and 1. Of course in
actual practice the wave would reach the
line and be reflected back, resulting in a
standing wave, before a measurement could
be made. And anyway, even if it could,
the measurement would not give us the
amount of power transferred to the load ex-
cept in the case of a line terminated in Z,.

Directional couplers have the interesting
feature of being able to respond to the trans-
mitted wave while ignoring the reflected
wave, and by reversing the polarity of the
coupler, to respond to the reflected wave
while ignoring the transmitted wave. Thus
we can measure the amount of energy go-
ing and the amount of energy returning, and
the difference is the amount of power which
is transferred to the load.

This algebraic addition of the “going”
power and the “returning” power is done
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automatically when E and I are measured
at a current or voltage loop, but the use
of a directional coupler makes it possible
to measure the power at any point on the
line, and not just at specific points. Direc-
tional couplers also are useful for measurin
standing wave ratios, and will be discusse
later in further detail under that topic.

PHANTOM (DUMMY) ANTENNAS

The expressions “phantom” antenna and
“dummy” antenna are used to indicate an
artificial, nonradiating antenna which is
used to check transmitter operation, to fa-
cilitate power output measurements, to de-
termine what coupling network parameters
or adjustments are required in order to
couple to a certain type of antenna, or to
“tune up” a transmitter without radiating
a signal capable of causing interference.

In connection with receiver measure-
ments, the term “dummy” antenna indi-
cates an artificial antenna which is used
(in conjunction with the signal generator)
to simulate a real antenna having certain
characteristics. The dummy antenna is
connected between the signal generator and
the receiver input.

RMA standards specify the characteris-
tics of certain dummy antennas to be used
for receiver testing, thus providing a com-
mon “yardstick” for gain and sensitivity
measurements. These apply primarily to
standard broadcast and “all-wave” broad-
cast receivers which usually are employed
in conjunction with simple, single-wire an-
tennas of indeterminate length, and they are
intended to simulate the reactive and re-
sistive characteristics of an average antenna
of this type. They consist of specified
values of L, C, and R in combination.

Communications receivers usually are de-
signed with an input impedance which is
substantially resistive, and if the specified
input impedance is comparable to that of
the internal impedance of the signal gener-
ator, no dummy antenna need be inserted
between the generator and receiver, as the
generator itself acts as a dummy antenna. If
the impedance of the generator is lower than
that of the rated or desired receiver input
impedance, the dummy antenna consists

simply of a non-inductive resistor in series
with the output of the signal generator, the
value being such that the total series resist-
ance (including the internal impedance of
the generator) is the desired value. In the
v-h-f range and above, receiver input cir-
cuits and signal generators are both usually
designed for 50 ohms impedance, thus sim-
plifying the problem of measurements.

The type of phantom or dummy antenna
appropriate for a particuar transmitter ap-
plication depends upon whether it is de-
sired only to load the transmitter to facili-
tate tuning up without radiation, whether
it is desired to simulate the exact charac-
terics of a certain antenna or the average
characteristics of a certain class of antennas,
or whether a load is desired for accurate
power output measurements without at-
tempting to simulate any particular antenna
characteristics.

While some effort has been made to es-
tablish a distinction between the expres-
sions “dummy” antenna and “phantom” an-
tenna, the former to indicate a simulated
load having specified characteristics and the
latter to indicate a load designed only to
take power from the transmitter without re-
gard to the exact characteristics of the load,
the two expressions long have been used
interchangeably in a rather loose fashion.
The term “dummy load” also is sometimes
used to indicate a nonradiating transmitter
load.

Ordinary Mazda lamps often are em-
ployed as a phantom antenna. While ade-
quate for some purposes, they have cer-
tain limitations. These may be summarized
as follows: (1) They are fragile. (2) At
the higher frequencies they ex%libit reactive
effects. (3) The resistance varies widely
with the amount of power dissipated in the
lamp. (4) For a given amount of dissipa-
tion, the brilliancy varies considerably with
frequency (due to skin effect). (5) They
are not well suited to water cooling.

These shortcomings make Mazda lamps
none too well suited to accurate measure-
ment of transmitter power output, but never-
theless Mazda lamps make an inexpensive,
simple, readily availiable load for moderate
powers when the purpose is simply to pro-
vide a nonradiating load which will permit
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loading the transmitter to normal output. If
it is not convenient to obtain the desired
load resistance by a series-parallel combina-
tion of various wattage lamps, any lamp or
combination of lamps capable of dissipating
the transmitter output power can be used
by coupling the lamp(s) to the transmitter
through an adjustable network. The link
coupled universal antenna coupler described
in the previous chapter is well suited to this
application.

Special noninductive resistors are utilized
in phanton or dummy antennas when the
characteristics of Mazda Lamps are not ac-
ceptable. For very high power applications
these usually are water cooled.

STANDING WAVE MEASURE-
MENTS

Oftentimes it is desirable to know the
position of a current loop or node, or voltage
loop or node, on a radiator or transmission
line, without regard to the standing wave
ratio. Sometimes it is desirable to know
the VSWR on a line, without regard to the
position of the nulls and loops. In other
cases it is desirable to know both the mag-
nitude of the standing waves and the loca-
tion of loops and nulls. In fact, when both
the null position and VSWR can be meas-
ured accurately, it is possible to determine
the resistive and reactive components of a
complex load impedance with a high degree
of accuracy, and this system is widely used
for making such measurements in the v-h-f
and u-h-f range.

LOCATING LOOPS AND NODES

To locate the nodes and loops on a
radiating system or open-wire line, the only
thing required is a voltage or current in-
dicator which has adequate sensitivity and
does not disturb the normal operation of the
line or radiator.

Vacuum tube voltmeters, crystal rectifier
voltmeters, and small neon bulbs are most
generally employed as voltage indicators.
Obviously only a relative measurement is
required for location of the nodes and loops,
and absolute accuracy is not important.

The voltage indicator is capacitively
coupled to the radiator or to one wire of
an open line, with the least amount of coup-

ling which will give a usable indication (so
as to disturb the line constants a. little as
possible). The more sensitive the indicator,
the less coupling is required, making the use
of a highly sensitive indicator desirable (par-
ticularly when the available transmitter
power is low).

Because the voltage loops never are sharp-
ly defined, and because the voltage nodes are
si:arply defined only when the Q of the
radiator is very high or the SWR on the line
is very high, it usually is necessary to “fix”
the exact location of a voltage loop or null
by locating two points of equal voltage far
enough removed from the loop or null that
a slight displacement along the line gives
a change in reading. The loop or null then
is halfway between these two points,

When using this “equal amplitude”
method of locating a null or loop it is im-
portant that exactly the same coupling be-
tween the indicator and line be maintained
as the indicator is moved along the line. A
polystyrene “guide spacer” can be employed
to facilitate constant coupling by maintain-
ing a fixed physical spacing of appropriate
amount (and therefore a constant capacity)
between the line and the pickup electrode
or “probe.”

When the indicating device is coupled
to first one feeder wire and then the other
with exactly the same amount of coupling,
at the same position on the line, it should
register the same amount of voltage at a
given point on a symmetrical line (such as
a two-wire open line). If the readings are
not the same, the line is not balanced and
“antenna effect” is present.

To check for the position of nodes and
Joops on a radiating system or a transmission
line by means of a current indicator, the
most commonly employed arrangements con-
sist of a small pickup or “sampling” loop
in series with either a small Mazda bulb, an
r-f ammeter or milliammeter Cusually of the
thermocouple type), or a d-c milliammeter
or microammeter in series with a crystal rec-
tifier. In the latter case the sampling loop,
the meter, and the crystal all are connected
in series.

The sensitivity can be reduced, if it is
inconvenient to lower the transmitter power
to a more convenient value while the check-
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ing is being done, either by reducing the
size of the sampling loop, by shunting the
current indicator, or both.

The sampling loop is oriented with re-
spect to a two-wire line in such a fashion
that it lies in a plane which is parallel to
that which contains the feeder wires, and in
such a manner that the loop is symmetrical
with respect to the two wires. A spacing
jig made up of polystyrene or other suitable
material should be used to provide con-
stant spacing between the sampling loop and
the line.

If the sampling loop is rotated go degree:,
on any axis which is parallel to the two feed
wires and equidistant from them, there
should be no indication of current at any
point on the line if the line is operating
under balanced conditions, because under
such conditions the current induced in the
loop by one wire should cancel that induced
by the other when the loop is oriented in
this manner, regardless of the displacement
of the loop axis with respect to the plane of
the wires. An indication of current with
the loop so oriented means that antenna
effect is present.

When using the device to check the
position of loops and nulls on a linear radia-
tor by means of the “equal amplitude” meth-
od, the orientation of the sampling loop with
respect to the radiating conductor is not im-
portant so long as both the orientation and
spacing are maintained very exactly as the
indicator is moved along the radiator.

Checking the node and loop locations on
a “moulded pair” or “twisted pair” line
(especially the latter) is somewhat more
difhcult than in the case of an open-wire
line, because the field is much more con-
fined. However, while not so convenient
or accurately done, it can be accomplished.
But in the case of coaxial cable, the inac-
cessibility of the inner conductor makes it
impracticable to observe the current distribu-
tion simply by moving an indicator along
the line.

THE TRANSMISSION LINE AS A
WAVEMETER; LECHER WIRE
MEASUREMENTS

When connected to a uniform line, the

wavelength (and therefore the frequency)
of an r-f source can be determined from
the standing wave pattern simply by meas-
uring the distance between loops or nodes
and allowing for the velocity factor of the
line, because the adjacent loops and ad-
jacent nodes always are exactly an electrical
half wavelength apart. If sufficient care
is taken, it is possible to obtain good accu-
racy with this method, and because of its
simplicity it is widely used for wavelength
measurement in the v-h-f and u-h-f ranges.

The simplest arrangement of this type for
measuring an unknown frequency consists
of a pair of bare, parallel wires stretched
taut, with the closest practical spacing for
the length involved. They should not be
supported except at the enc{s, so as to obtain
a uniform impedance and a velocity factor
approaching 1.0 as closely as possible. They
are fed at one end, and an adjustable “short-
ing bar” is used to establish resonance.
Such a device, often called “Lecher Wires,”
may be considered as a form of absorption
wavemeter using linear circuit elements.

A Lecher Wire line should be at least
one wavelength long at the lowest frequency
to be measured. The shorting bar should
have a knife edge to permit an accurate
“fix,” should be of low resistance material,
and should be provided with a slender “han.
dle” of low loss dielectric material, so as
to minimize the amount of dielectric (in-
cluding the operator’s hand) in the field
of the line. If the Lecher Wire line is
stretched on a wood or other dielectric frame
in such a manner that the wires are not
separated from the frame by a distance
which is large compared to the spacing of
the wires, the velocity factor will be lowered
sufficiently that it cannot safely be assumed
as equal to 1.0. However, if some means is
available for accurate measurement of the
velocity factor, this is not important except
that it makes it necessary to apply a con-
vesion factor to all physical measurements.

If a scale is provided on the frame to fa-
cilitate wavelength measurements, the velo-
city factor can be taken into consideration in
the calibration, so that the scale reads in free
space wavelength even though the velocity
factor is appreciably less than 1.0. Obvious-
ly the metric system should be used, so that
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Figure 9-1.
BASIC ELEMENTS OF A LECHER WIRE WAVEMETER.

The Lecher Wire system Is essentially an absorption wavemeter using linear circuit elements.
The construction of a practical setup Is described in the accompanying text.

readings can be interpreted directly in terms
of meters, decimeters, or centimeters.

A typical Lecher Wire setup is shown
schematically in figure 9-1. The 300-ohm
Twin-Lead does not have to be any partic-
ular length, and does not require any special
care, just so long as it is not excessively long
and is not moved while measurements are
being made. (Moving it with respect to
adjacent objects will affect the point at
which the shorting bar resonates at a given
frequency).

The principle upon which the Lecher
Wire wavemeter works is as follows: When
the shorting bar is located so that the
electrical length of the entire line is an
integral number of electrical half wave-
lengths, the line will act as a high Q par-
allel-resonant tank circuit with a current
loop at the coupling coil, and will produce
the same effect upon another circuit (such
as an oscillator tank circuit) as will a con-
ventional absorption wavemeter which is
tuned to the same frequency. Because of
the high Q of the unloaded linear tank, very
loose coupling will suffice, and a single turn
coupling coil ordinarily will be adequate.

When the shorting bar is slid over the
resonance point, or the shorting bar is left
in one position and the frequency of the r-f
oscillator is varied, there will be a sharp
dip in grid current at resonance. The plate
current will exhibit a “hump” at resonance,
but when a self-excited triode oscillator is
employed, the grid current indication is

sharper and more sensitive. In the case of
a superregenerative receiver using no r-f
stage, resonance will be indicated by the
receiver going out of superregeneration as
the shorting bar is slid over the resonance
point. The coupling should be adjusted so
that the nonsuperregenerating condition ex-
ists only over a very short travel of the short-
ing bar, and the resonant point is taken as
the mid-point of the “dead spot.”

When the Lecher Wire wavemeter is
coupled to an r-f amplifier, or to certain
u-h-f oscillators not of the negative grid
type (klystron, magnetron, etc.), the grid
dip method is either impracticable or less ef-
fective. In such cases a sharp, sensitive in-
dication of resonance can be obtained by
means of a sensitive current indicator loose-
ly coupled to the Lecher Wire system at the
coupling loop. Resonance then is estab-
lished by adjusting the shorting bar for
maximum current indication. If the r-f
current meter is inserted directly in series
with the coupling coil, care must be taken
to see that the Q of the Lecher Wire system
is not lowered excessively thereby, because
this may cause an objectionable amount of
broadening of the resonance indication.

Measuring Procedure

A wavelength measurement is taken as
follows: The Lecher Wires are coupled
just closely enough to the r-f source to give
a readily discernible resonance indication
when the shorting bar is moved along the
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line. The bar then is adjusted carefully to
the resonance position closest the unfed end
of the Lecher Wires. This position is care-
fully noted, and the shorting bar then is
slid towards the generator end until the ad-
jacent resonant point is located. The dis-
tance between the two points is then care-
fully measured, preferably on a metric scale.
This distance is equal to an electrical half
wavelength. The distance is doubled in
order to arrive at the electrical wavelength,
and divided by the velocity factor to con-
vert to free space wavelength As men-
tioned before, if the Lecher Wires are
well isolated from surrounding objects the
velocity factor may be assumed to be 1.0
(with negligible error), in which case no
conversion is necessary. The conversion
likewise is unnecessary if the Lecher Wires
are supported on a frame which is provided
with a permanent scale calibrated directly
in terms of free space wavelength.

Sources of Error

The accuracy obtained with a Lecher
Wire wavemeter depends upon the precision
with which the system is constructed and
upon the care taken in making a measure-
ment, and usually runs from about o.1 to
1.0 per cent. The two primary sources of
error, other than poor execution of the tech-
nique and errors in the measuring scale, are
listed below along with methods of mini-
mizing them.

Because of the finite spacing of the Lech-
er Wires, the side of the line towards the
unfed end is coupled to the rest of the
system, producing variable reactive effects
upon the “live” portion of the Lecher Wires
as the shorting bar is moved along the line.
This effect can be minimized by making
the spacing between the two wires as close
as gracticable, and by terminating the unfed
end of the line in a noninductive resistor
which closely approximates the surge im-
pedance of the Lecher Wires. This not only
minimizes the coupling between the fore
and aft sections of the Lecher Wires, but
also effectively shunts the shorting bar with
a substantially constant resistance rather
than a widely varying reactance. This low-
ers the Q slightly, causing resonance to be
less sharp, but a slightly broad resonant

point which is correct is better than a
sharper one which is subject to error.

The second potential source of consider-
able error is excessive coupling between the
Lecher Wire wavemeter and a self-excited
oscillator, particularly if the latter does not
employ a very high Q tank circuit. This
causes bad “pulling” of the oscillator fre-
quency. The cure, obviously, is to employ
looser coupling, and, when the greatest pos-
sible accuracy is required, to use a high Q
oscillator.

Conversion Data

When using a regular steel tape or rule,
the following conversion data are conven-
ient:

Wavelength in meters is obtained by mul-
tiplying the distance between resonance
ioims in inches by o.0508, then dividing

y the velocity factor.

Frequency in megacycles is obtained by
dividing the distance between resonance
points in inches by the velocity factor, then
dividing the answer into 5907.

MEASURING SWR

The standing wave ratio at a given point
on a transmission line can be measured by
a voltage or current indicating device of
the type described earlier in this chapter
if it is capable of accurate measurement in
absolute units. The current or voltage is
measured at a loop and again at an ad-
jacent null, and the standing wave ratio,
expressed in terms of either voltage or cur-
rent, is the ratio of the two readings. The
current standing wave ratio at a given point
on a line is equal to the voltage standing
wave ratio; so either a current measuring
device or a voltage measuring device can
be used to check the “VSWR,” which is
the conventional method of expressing a
standing wave ratio quantitatively.

THE SLOTTED LINE

When it is desired to determine the
VSWR existing at a certain point on a
coaxial line, it can be done by breaking the
line at that point and inserting a section of
slotted line having the same characteristic
impedance. The slotted line is simply a
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Figure 9-2,

ILLUSTRATING CONSTRUCTION OF A LABORATORY TYPE SLOTTED LINE
USED FOR PRECISION MEASUREMENTS (COURTESY COLLINS RADIO
COMPANY).

Visible in this view of the carriage are the indicating meter (left), the micrometer type
probe assembly (top center) and the tuning system for the crystal detector (right). The
slotted line itself, only part of which is visible in this illustration, is eight feet long.

section of air dielectric coaxial line con-
structed to close tolerances and provided
with a milled slot along the outer conductor,
parallel to the axis of the conductor, to per-
mit insertion of an r-f voltmeter probe. No
spacing insulators are used except at the
ends of the slotted section, resulting in a
uniform line having a velocity factor of sub-
stantially 1.0.

The voltmeter usually consists of a diode
or crystal rectifier (detector) with tuned
(resonant) input in conjunction with a
sensitive d-c microammeter, the whole as-
sembly being arranged to slide along the line
on a grooved track which keeps the probe
in an exact position with respect to the slot
as the probe is moved along the line.

As the probe is not permitted to project

/ex el Dartios Hict oy
World Radio History|
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into the line very far, its effect upon the
operation of the line is insignificant. The
slot itself has no significant effect upon the
operation of the slotted section of line be-
cause currents on the inner wall of the
outer conductor travel parallel to the axis
of the line (assuming only the normal mode
exists).

Oftentimes the “detector box” or “car-
riage” is provided with a rack and pinion
arrangement which facilitates fine adjust-
ment of the carriage position, and a scale
is provided to permit readin% of distances.
A typical laboratory type slotted line is
illustrated in figure 9-2.

An 1f generator suitable for slotted line
testing up to 10oo Mc. may consist of a
power type ‘“Lighthouse” triode oscillator
employing a butterfly tank, or a coaxial tank
with an adjustable plunger. A section of at-
tenuating line often is placed somewhere
between the oscillator and the slotted line
while making load adjustments, so as to
minimize “pulling” of the oscillator fre-
quency, though this is not always neces-
sary with an oscillator employing a high
Q tank.

The length of a slotted line measuring
section should be at least one half wave-
length and preferably one wavelength at
the lowest frequency at which measurements
are to be made. Slotted line instruments
usually are made with a characteristic im-
pedance in the 50 to 55 ohm range or in
the 70 to 75 ohm range so as to equal the
surge impedance of commonly used coaxial
lines. For accurate measurements the surge
impedance of the slotted section should
equal that of the regular line within very
close tolerances.

The slotted line section usually is of
considerably larger diameter than that of
many of the widely employed types of co-
axial cable, such as RG-8/U, and to mini-
mize reflection as a result of line discontin-
uity (even though the joining sections have
the same surge impedance), a short, tapered
section often is included at the ends of the
slotted line in order to minimize the “bump”
when the slotted section is joined to a
smaller diameter line.

The approximately square law charac-
teristic of a crystal detector (and of a
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Figure 9-3.

SLOTTED LINE MEASURING SETUP
FOR DETERMINING LOAD IMPEDANCE
CHARACTERISTICS IN ACCORDANCE
WITH THE ACCOMPANYING TEXT.

The slotted line preferably should have a length
of at feast 1 wavelength at the operating fre-
quency. It Is permissible to connect the load
directly to the slotted line, but if a line is
used it should have exactly the same surge
impedance as the slotted line section. The
surge impedance of the line connecting the
slotted section to the r-f generator need not
have the same surge impedance, but it prefer-
ably should be approximately the same. The
“KX°" scale is shown in detail in figure 9-4.

diode at small signal levels) makes it difh-
cult to measure accurately standing wave
ratios above 10 or so. Also, because the
characteristics of a crystal change with age,
the calibration of the indicating meter must
be checked and sometimes corrected from
time to time. To get around these dilf
culties, a calibrated adjustable attenuator
sometimes is employed between the probe
and the detector. This usually consists of
a calibrated depth adjustment on the probe,
resembling a micrometer. Then the amount
of attenuation required to maintain the same
indicator reading when the probe is moved
from a voltage “null” to a voltage “peak” is
the standing wave ratio. When using this
method the absolute accuracy of the indi-
cating meter is unimportant, though of
course the indicator should be consistent
(stable) and capable of responding to a
very slight variation in the amount of

probe pickup.

LOAD MEASUREMENTS WITH A
SLOTTED LINE

The VSWR may be determined at any
goint on a coaxial line much more readily
y means of an appropriate directional coup-
ler than by means of a slotted line, and of
the two methods is the only practical one
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SPECIMEN SLOTTED LINE MEASUR-
ING SCALE (“KX°®” SCALE) FOR USE
WITH FIGURES 9-5 AND 9-6.

The scale should be accurately drawn so that
the overall physical length (180 degrees) cor-
responds to an electrical half wavelength at
the operating frequency. For a slotted line
section having a velocity factor substantially
equal to 1.0, the length of the scale in inches
should be equal to 5907 divided by the frequen-

for continuous monitoring of the VSWR on
a line connected to a v-h-f or u-h-f trans-
mitter of considerable power (such as an
FM broadcast transmitter). However, the
slotted line is better adapted to certain
measurements required for the initial ad-
justments of a v-h-f or u-hf antenna sys-
tem. For instance, the resistive and reactive
components of a load impedance (imped-
ance and phase angle) can be determined
from slotted line measurements and refer-
ence to the two accompanying charts®,
})rovided that the slotted line has a velocity
actor approaching 1.0 so closely that no
significant error will be introduced by as-
suming that it is exactly 1.0. The method
also is applicable to open-wire lines and
symmetrical loads, provided that the meas-
uring section has a velocity factor closely
approaching 1.0, If little dielectric material

®These slotted line charts and the data per-
taining to their use are taken from Practical
Analysis of Ultra High Freguency, by J. R.

¢y in Mc. Meagher and H. L. Markley, with the permis-
sion of the publishers, RCA Service Com-
pany, Inc. (a Radio Corporation of America
subsidiary).
VSWR
KX® Kxe
m___'gs‘o 09_9.1_ _O.l_ 0-3_ 0.4_ 0,}_ 0.‘_&7_0.5 0’0.!:0. 0‘_0.7 ao_ _03’ _0.:_ Gl_ 0.2 0_:_9?_‘0"“_'&
2 N~ |
0 05 0
| . - T+ 4 4]~ Jld teor
e T\ N O T T
WRVRRY RS A AT AT I N
=g n [ /¥ ~<
i AANNNUTIAA AT
Lo - T \ N T4 —30*
¢ AN N IO o W T T e
= | \ ;
LB ANS ARG P EY WA
160° 4+ 4+~ =~ 20
0.3 \ \\ 11\/ - - \)1 /// / . 0.3
- N e
0.2 55— \\\’,’\‘r\"% ’(\/‘,/‘;‘(/‘__ —tr—o2
0.1 > R s /‘\‘-./_ 0.1
8 E—=1= < — PN == bt o, {13
Ll ~%0 -80 =70 =60 =30 -40 ~30 -20 -10 o 10 ZO. 30 40 50 60 70 80 90 0.0
=X 0a (oeorees) «Z.0a (DEGREES)
CAPACITIVE INDUCTIVE

20 " CHARACTERISTIC (SURGE) IMPEDANCE

ZL®= MAGNITUDE OF LOAD IMPEDANCE

©Q TPHASE ANGLE OF LOAD IMPEDANCE

Figure 9-5.

INTERPRETATION CHART FOR SLOTTED LINE MEASUREMENTS, FOR VALUES OF KX°
BETWEEN 0 AND 45 DEGREES AND BETWEEN 135 AND 180 DEGREES.
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is used to support a two-wire line, the line
itself may be used as the measuring section
with only a slight error. However, in the
following discussion it will be assumed that
a slotted measuring section having a velocity
factor of 1.0 is used in conjunction with a
coaxial transmission line and asymmetrical
load. The characteristics of a load imped-
ance are determined in the following man-
ner. (Refer to figure 9-3 for the equipment
setup.)

1. Make up a scale for the particular operat-
ing frequency involved, as shown in
figure 9-4.

2. Establish a reference point as follows:
(a) Short circuit the load as effectively

as possible.

(b) Adjust the generator output to the
desired frequency and an appropri-
ate output level.

(c) Locate accurately the voltage null
closest the center of the line by
moving the probe carriage along
the line. This is the reference point
which will be referred to in the fol-
lowing instructions.

3. Attach the scale (1) to the slotted line
so that the go degree mark lines up with
the reference point.

4. Remove the short circuit and check the
oscillator frequency for shift, correcting
it if necessary.

5. Determine the VSWR by noting the
ratio of the voltage reading at a voltage
“node” to the voltage reading at a volt-
age “loop.” Convert to a decimal fraction
so as to correspond to the charts of
figures 9-5 and 9-6.

6. Find “KX°.” To do this, accurately lo-
cate the voltage “node” closest to the
scale reference point (9o degrees). The
scale reading at this point is taken as
l(KX..’)

After determining the VSWR and “KX°,”
refer to the interpretation charts, figures 9-5
and 9-6, to determine the impedance and
phase angle of the load. If KX° is between
45 and 135 degrees, use figure 9-6; other-
wise use figure 9-5. It should be noted that
the magnitude of the load impedance is
given in terms of the surge impedance of
the slotted line; this permits a universal
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Figure 9-6.

INTERPRETATION CHART FOR SLOTTED LINE MEASUREMENTS, FOR VALUES OF KX°®
BETWEEN 45 AND 135 DEGREES.
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chart which is applicable to any slotted
line, regardless of surge impedance.

IMPEDANCE MEASUREMENTS AT THE
LOWER FREQUENCIES

The reason for using a slotted line for
antenna impedance measurements or re-
ceiver input impedance measurements in the
v-h-f and u-hf ranges is to minimize the
detrimental effects of stray couplings and re-
actances. At lower frequencies these are not
so troublesome, and in the m-f range and
below, more conventional methods and in-
struments may be employed.

Some of the more common methods of
measurement are the various resonance
methods (substitution, resistance or con-
ductance variation, reactance or susceptance
variation, and “Q meter” measurements),
and the various null methods (impedance
bridge, Schering bridge, and “double-T").
AS SuCh impedance measurements are not
strictly or primarily an antenna problem,
and as they represent ordinary laboratory
technique and practice, they will not be
treated here in detail. Care must be taken,
however, in applying certain of these meth-
ods to the measurement of symmetrical

(balanced to ground) loads.

FIELD STRENGTH MEASURE-
MENTS

Measurement of the field intensity or field
strength permits evaluation of antenna radia-
tion efficiency, directivity characteristics, and
signal “coverage.” It also facilitates “tuning
up” an antenna system,

For tuning up an antenna system or
measuring the directivity characteristics of
an array, the field strength measuring de-
vice, commonly called a field strength meter,
need not be particularly sensitive and need
only be calibrated in relative units (db
from an arbitrary reference level).

To determine the “coverage pattern” by
means of a field strength survey, the meter
also must either read in absolue units or
else be used in conjunction with a standard
field generator. In addition, it must be quite
sensitive, the required sensitivity being com-
parable to that of a good receiver. In fact,
such a field strength meter actually is a

special form of receiver.

Field strength measuring equipment suit-
able for making coverage surveys or check-
ing the actual radiated power from an an-
tenna is rather complicated, and a discus-
sion is not within the scope of this book.
It is available commercially, though rather
expensive (due to the complexity and rather
limited demand).

Field strength meters with comparatively
low sensitivity and giving only a relative
indication of field strength are much simpler
of construction, and readily can be impro-
vised. Essentially the simpf,est form of such
a meter consists of a pickup antenna or a
loop, a rectifier or detector, and a sensitive
d-c meter. Usually the input circuit to the
rectifier is tuned.

SIMPLE DIODE TYPE F-S METER

A relative reading field strength meter
typical of the simple diode types is illus-
trated in figure 9-7. A germanium or sili-
con crystal serves as a rectifier, and a sensi-
tive d-¢c microammeter as the indicator. To
increase the usefulness of the instrument, it
is constructed in two parts: the pickup and
detector unit, and the remote indicator unit.
This makes it possible to read, at the an-
tenna, the field strength some distance from
the antenna. This facilitates antenna adjust-
ment by making it unnecessary to run back
and forth between the meter and antenna
or to enlist the aid of an assistant.

Care must be taken with this type of
instrument to avoid excessive pickup, as the
microammeter may be damaged thereby.
Another disadvantage of this type of instru-
ment is the restricted range over which
readings can be taken. The approximately
square-law characteristic of the crystal recti-
fier limits the useful range to not much
over 1o db, which is inadequate for many
purposes. The db range can be doubled
by the use of a meter shunt and switch,
but this is rather awkward, besides requiring
two scale calibrations. The need for separate
scale calibrations is explained by the fact
that the crystal characteristic is neither strict-
ly linear mnor strictly square law, which
means that 2 db increment on the low scale
is not necessarily the same as a db in-
crement on the high scale.
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0- 30 UA.

Figure 9-7.

SIMPLE DIODE-TYPE FIELD
STRENGTH METER WITH REMOTE
INDICATOR.

The useful single-scale range of this type of
meter is about 12 or 14 db. The coil windings
L, and L, are wound on a single plug-in coil
form, the turns ratio being about 4 to 1. The
combination L, C, should be capable of tuning
to the desired frequency. A short whip is con-
aected to terminal “A,” or a short doublet is
connected to the “D” terminals. For measure-
ment of ratios, the microammeter should be
calibrated in db. This type of field strength
meter is not suitable for measuring absolute
field strengths except when used in conjunction
with a standard field generator.

WIDE RANGE F-S METER

The useful single-scale range can be in-
creased to nearly 20 db by substituting for
the crystal rectifier a 1.5-volt vacuum tube
(1Gg4, etc.) connected as a diode. However,
if a tube and battery are to be employed, the
rectifier-amplifier type meter described in
the following paragraphs and illustrated in
figure 9-8 is recommended. While contain-
ing a few more components, the cost is
about the same, because of the difference
in the cost between a o-50 pa. microam-
meter and a o-1 ma. milliammeter. The lat-
ter, incidentally, is much more rugged than
a 0-50 oOr 0-100 pa. microammeter.

When calibrated in accordance with
the procedure to be described later, the
useful single-scale range of the instrument
exceeds 30 db. Also, there is no danger
of damaging the meter from excessive input,
and the tube can be damaged only by rf
inputs considerably exceeding 100 volts
peak (which is well above the safe limit
for a crystal, as the inverse or “back” voltage
is roughly twice the peak r-f input voltage%.
The sensitivity is comparable to that of the
field strength meter of figure o-7.

Als) AlLY)
(o]

|
i

Figure 9-8.

RELATIVE READING FIELD STRENGTH
METER USING DIODE RECTIFIER
AND D-C AMPLIFIER.

The useful single-scale range of this instru-
ment is approximately 30 db, making it more
convenient to use than the meter of figure 9-7
when checking the directivity of an array. With
a suitable r-f input circuit the above instrument
can be used up to approximately 300 Mc. The
constants are as follows.

L, L,—Plug-in r-f coil, closely coupled wind-
ings, turns ratio approximately 4 to 1

C,—Variable condenser, suitable for frequency
range to be covered

C,—3-30 upfd. adjustable (“trimmer type)

C, C, C,—.001 ufd. mica

R, R,—100,000 ohms, 12 watt metalized re-
sistors

R,—1000 ohm wire wound potentiometer with
integral switch

MA—0-1 ma. d-c (invert meter unless zero
right)

B,—Two 412 volt “C"” batteries in series

B,—6 volt “atern” battery

A 6SF7 is connected as a variable-y, triode
and used as a diode rectifier and d-c ampli-
fier. The variable-u characteristic increases
the useful range of the meter over that ob-
tainable with a straight diode arrangement,
by compressing that portion of the scale
which would be excessively expanded (fig-
ured on a db or logarithmic basis).

By the use of short, heavy leads and an
appropriate input tank circuit, the instru-
ment can be used up to about 300 Mc. This
limit can be increased considerably, if nec-
essary, by substituting a “radar” type silicon
crystal for the diode; but the useful scale
range will be decreased slightly because the
crystal is more nearly “square law” than is
the diode.

The use of a tube with an indirectly
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heated cathode permits use of the heater
battery (B2) as part of the plate voltage
supply. The remainder of the required plate
voltage is obtained from two 4.5-volt “C”
batteries in series. As the drain on the latter
is less than 1 ma., their life under normal
use will approach their “shelf life.” The
life of the 6-volt “lantern battery,” B2, will
be about 24 hours (aggregate) under con-
ditions of intermittent use, representing a
battery maintenance cost of about 2% cents

r hour, However, considering the num-
ﬁr of hours a meter of this type ordinarily
is employed, battery expense is not a major
item.

Because of the manner in which the d
amplifier is used, the indicating milliam-
meter (MA) reads backwards; that is, an
increase in signal causes a decrease in
plate current. This requires that either
the meter be inverted or else a “zero right”
meter be employed. The latter are manu-
factured for certain receiver “S meter” appli-
cations, and are available on special order.

The potentiometer R, is used to set the
plate voltage on the 6SF7 to a value which
causes exactly 1 ma. of plate current to flow
with no signal input. This adjustment is
made when the instrument is calibrated in
db, and again each time the instrument is
turned on to take a reading.

The potentiometer should be of the in-
tegral switch type, so that turning the knob
all the way counterclockwise turns off
the heater supply. To avoid possible damage
to the meter, it is important that the poten-
tiometer be connected with the polarity
such that clockwise rotation of the knob
increases plate voltage.

Provision is made for either a short “whip”
antenna, a long whip or wire, or a doublet.
The short whip is connected to the A(S)
post, the long antenna to the ACL) post,
and a doublet to the “D” posts. When
a long antenna is employed, a ground should
be connected to the G post at frequencies
below about 20 Mec., and regardless of fre-
quency the adjustable coupling condenser
C, should be optimized when maximum
sensitivity is required. When pickup is ex-
cessive with any of the three antennas, it
effectively can be reduced to any desired
value by detuning C,.

Calibration Procedure

The db scale either should be drawn
directly on the meter face, or on a blank
scale cemented over the regular scale. The
instrument is calibrated with the aid of an
oscillator which is provided with means for
cutting the plate voltage exactly in half
by throwing a switch. The full voltage
should be the normal rated voltage for the
tube, and the oscillator should have plenty
of feedback and be lightly loaded. The
frequency at which the instrument is cali-
brated is not important,

The coupling to the field strength meter
and the setting of C, are adjusted so that
with full plate voltage on the oscillator the
field strength meter reads what would cor-
respond to slightly less than o.1 ma., and
the needle position marked on the scale.
The oscillator voltage then is cut in half
and the needle position again marked on the
scale. Full voltage is applied to the oscillator
and the coupling reduced or C, detuned
until the needle falls exactly on the last
mark. The voltage then is cut in half, and
the needle position marked. Full voltage
then is applied again to the oscillator and
the process repeated. This gives 6 db in-
crements. The procedure is followed until
the 6 db increments become too close to-
gether to be useful. The last usable incre-
ment is taken as the “zero” or reference
point and all of the calibration marks are
labelled accordingly: o, 6, 12, 18, etc. db.

ANTENNA ADJUSTMENT BY THE
“RECIPROCITY METHOD"”

It is possible, and under some conditions
even preferable, to make antenna and feed
line adjustments by the “reciprocity meth-
od.” The position of the r-f generator and
field strength meter are simply reversed. An
r-f generator drives an ‘“exciter” antenna
which is located some distance from the
regular antenna or array, and the regular an-
tenna feed line is terminated in a nonin-
ductive resistor having a value closely ap-
proximating the surge impedance of the
line. The voltage developed across this
resistor then is measured by means of a
sensitive vacuum tube voltmeter suitable for
the frequency under measurement, or, if the
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Figure 9.9,

ILLUSTRATING “RECIPROCITY METHOD” OF TUNING UP AN ANTENNA SYSTEM.

The anti-resonant tank circuit L, C, acts as a line balance converter, thus preventing in-
phase currents (antenna effect) from registering on the v.t.v.m., and also preventing the v.t.v.m.
from unbalancing the line. It also permits “tuning out” of the probe reactance. When a
coaxial line is employed, a line balance converter is not required, though It still will be neces-
sary to tune out the reactance of the probe if the reactance is appreciable at the frequency in-
volved. Also, when a coaxial line is employed it is not necessary to split the load resistance
as is shown above; instead a single noninductive resistor may be used. At the higher frequencies,
short, heavy connecting leads should be used.

r-f generator has sufficient power, the cur-
rent through the resistor is measured by
means of an 1-f milliammeter.

Because only relative accuracy rather than
absolute accuracy is required, a v.t.v.m. may
be used for this purpose up to its extreme
frequency limit. The probe reactance
should be tuned out, however, if it consti-
tutes an appreciable portion of the load
when the probe is connected across the ter-
minating resistor. Used in this manner a
v.t.v.m. such as a “Vomax” is suitable for
use up to approximately 200 Me., and a
Hewlett-Packard model 410-A is suitable
for use up to at least 1000 Mec.

When a symmetrical (“balanced”) line is
employed, a suitable “phase inverting” net-
work is necessary in order to prevent the
v.tv.an, from unbalancing the line and to
prevent in-phase currents (antenna effect)
from affecting the v.t.v.m. reading. Such
an arrangement is shown in figure 9-9. The
coil L, should be close wound, so as to
provide maximum coupling between the two

halves, and the loaded Q of the L,, C, com-

bination should be at least 10, for the same
reason. The balancing condenser C, is re-
quired only if the shunt capacitance con-
tributed by the probe is an appreciable
fraction of the capacitance of one section
of C,, in which case its value should be
the same as the shunt capacitance of the
probe.

The L,, C, combination should not be
tuned for maximum reading of the v.t.v.m.
when set up to make antenna measurements.
Instead it should be tuned to the operating
frequency with the feed line disconnected.
This can be done by very loosely coupling
L, to the transmitter and tuning C, to
resonance. The feeders then are connected
and C, is left alone.

A frequencies below approximately 200
Mec. a much simpler arrangement for use
with a symmetrical line consists of an r-f
milliammeter in series with two noninduct-
ive resistors having a total resistance equal
to the surge impedance of the line, the com-
bination simply being connected across the
end of the line as shown at figure 9-10A.
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Figure 9-10.

ALTERNATIVE LINE TERMINATION

AND MEANS OF MEASUREMENT

WHEN USING THE “RECIPROCITY

METHOD” OF ADJUSTING AN AN-
TENNA SYSTEM.

An r-f current meter of the themocouple type

Is used instead of an r-f voltmeter. While this

system is simpler than that of figure 9-9 (par-

ticularly when a symmetrical line is employed),

It is not as sensitive, and requires a more
powerful r-f field generator.

Splitting the load resistance permits the r-f
meter to be inserted at a point of zero rf
potential, a desirable practice above 20 Mec.
or so. Below approximately 20 Mc. a single
resistor may be employed, as the unbalance
will not be sufficient at these frequencies to
cause trouble.

The chief disadvantage of the figure 9-10
arrangements is their poor sensitivity as
compared to the v.t.v.m. method of figure
9-9, thus requiring a much more power-
ful generator.

At frequencies up to several hundred
megacycles, ordinary metalized resistors in
the ¥ watt size may be used as terminations
(either in figure 9-9 or in figure 9-10), as
they present little reactance, and the r-f
resistance is substantially the same as the
d-c resistance at such frequencies.

When a coaxial line is employed, the
problem of line unbalance and antenna
effect is not encountered, and a much simp-
ler v.tv.m. measuring setup can be em-
ployed. The probe is simply connected
across a single terminating resistor if the
reactance presented by the probe is not
appreciable at the frequency involved. If
the reactance is appreciable, it can be tuned

out by connecting an inductance and vari-
able capacitance in parallel directly across
the resistor, and resonating the comiination
with the feed line disconnected as pre-
viously described.

If a thermocouple type meter is used in
series with the load resistor as an indicator,
it should be placed at the ground end of
the resistor.

Advantages of the “Reciprocity Method”

When using a field strength meter to
“tune up” an antenna (to optimize radiator
length, stub position or length, etc.), the
antenna adjustments will have a consider-
able effect upon the transmitter loading. It
is therefore necessary to check and correct
the loading each time an antenna adjust-
ment is made, so as to keep the power fed
to the antenna system constant. Obviously
this can be a rather tedious procedure when
a large number of adjustments are to be
made.

The use of the reciprocity method ob-
viates the necessity for frequent checking
and altering of the loading while antenna
or feed line adjustments are being made,
as adjustment of the main antenna will have
negligible effect upon the amplitude of the
power radiated from the exciter antenna.

If especial care is taken to avoid spurious
coupling the regular transmitter can be used
as the rf field generator, the transmitter
being connected to the exciter antenna via
a transmission line. The best type of line
for such use when a dipole is employed
as the exciter antenna is a shielded pair,
though regular “coax” or even low imped-
ance twisted or molded pair may be used
if particular care is taken to avoid antenna
effect on the line. It also is necessary that
direct radiation from the transmitter proper
be kept to a sufficiently low value that the
direct radiation picked up by the regular
antenna system (including the feed line,
and the measuring equipment at the ter-
mination) is negligible.

The possiblity of spurious couplings can
be avoided by using instead of the regular
transmitter a shielded, portable oscillator
with self-contained power pack to feed the
exciter antenna, with the oscillator located
right at the exciter antenna. The 115-volt
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a-c supply wires should be bypassed to the
oscillator cabinet and so oriented or spaced
with respect to the main antenna and feed
line that no spurious excitation of the main
antenna occurs as a result of supply line
radiation.

OPTIMIZING ANTENNA ADJUST-
MENTS WITH THE AID OF FIELD
STRENGTH MEASURMENTS

When using a field strength meter, cer-
tain considerations must be kept in mind in
order to avoid misleading indications or
erroneous interpretations. Some of the more
pertinent considerations are the following:

The first thing to keep in mind is the
fact that surrounding objects, particularly
telephone and power wires, can cause en-
ergy to be transferred to the field strength
meter in such a manner that an accurate
check on the horizontal directivity pattern of
an array by means of nearby field strength
measurements is impossible.

An important precaution to be observed
is to locate the field strength meter (or at
least the pickup portion of it if it is the
remote indicating type) a sufficient number
of wavelengths from the main antenna that
there is negligible mutual impedance. In
the case of a dipole, the separation need be
only 1 or 2 wavelengths, but in the case
of a highly directional array it may be nec-

essary to employ a separation of 10 or more
wavelengths in order to reduce the mutual
impedance to a negli ible value. This is
especially important wEen the field strength
meter uses a resonant dipole for an antenna.

The pickup antenna on the field strength
meter always should be oriented so as to
give the same polarization as that of the
antenna under test.

If the antenna under test is a rotatable
array, it usually is preferable when checkin
the “horizontal pattern to locate the fiel
strength meter in a fixed position and ro-
tate the main antenna, rather than use a
fixed orientation of the main antenna and
take field strength readings on a circle of
fixed radius. T%xis is especially true when
surrounding objects are likely to distort the
horizontal pattern at ground level and the
antenna is to be used for sky-wave com-
munication.

When vertical polarization is employed
and both the main antenna and feld
strength meter antenna are located less than
one or two wavelengths above ground and
are separated by only a few wavelengths,
much if not most of the energy is propagated
to the field strength meter via the surface
wave even at frequencies well into the u-h-f
range. It should be kept in mind that the
strength of the surface wave is quite sensi-
tive to both antenna height and the charac-
ter of the soil.




CHAPTER TEN

Antennas for Navigational Aids

A few navigational aids employing elec-
tromagnetic radiation and reception such as
“Loran,” the British “Gee” system, etc. do
not depend upon antenna directivity for
their operation. Instead they give a “fix”
by virtue of the time differential between
pulses arriving from coordinated pulse trans-
mitters spacef a considerable distance apart.
However, the great majority of “radio” aids
to navigation (meaning those utilizing elec-
tromagnetic waves as contrasted to ultrasonic
and certain other means of propagating in-
telligence) all take advantage of the direc-
tional characteristics of an antenna system
to give bearing (and sometimes angular
elevation), even though a pulse system may
be incorporated to give distance or range in-
dication.

Because of the large number of different
radio aids to navigation and the complexity
of all but the most elementary types, a de-
tailed discussion of all of the specific sys-
tems is beyond the scope of this book. How-
ever, a general idea of how the directional
characteristics of an antenna are exploited
in these applications does not entail exten-
sive treatment, and hence such a discussion
will be included so as to familiarize the
reader with the use of directional antennas
in navigational aid applications and to en-
able him to appreciate some of the more
important considerations involved.

PROPAGATION AND SITING
CONSIDERATIONS

“Locating” devices such as radar, radio
beacons, GCA, radio direction finders, etc.
take advantage of the fact that within line-
of sight a radio wave follows substantially a

straight line, and beyond line-of-sight tends
to follow a great circle route. The error
introduced by assuming that the radio wave
follows exactly a rectilinear or a great circle
path ordinarily is quite small except in the
case of h-f sky-wave propagation over very
long distances, or in the case of m-f or I-f
ground-wave propagation over medium or
long distances when the effective conduct-
ivity of the earth is not fairly constant for
considerable distance to either side of the
great circle path, or in the case of v-h-f or
u-h-f ground-wave propagation over con-
siderable distance when the intervening ter-
rain is hilly or mountainous.

By measuring the direction of arrival
of a radio wave, it is evident that, to the
extent of the foregoing exceptions and qual-
ifications, the direction of the antenna which
radiated the wave can be determined with
respect to the receiving antenna.. The
simplest equipment capable of determining
the direction of wave arrival comprises a ro-
tatable directional antenna in conjunction
with a receiver which indicates relative field
strength, and the combination constitutes
an elementary “direction finder.”

Not only can there be a significant or
even a considerable error due to the trans-
mission path deviating from a straight line
or from a great circle path under certain
conditions, but there also are numerous
factors tending to introduce an error when
measuring the direction of arrival of the
wave. The most serious are due (1) to
distortion of the field at the receiving point
due to the presence of nearby objects, and
(2) to a false indication obtained with
certain directional antennas when the arriv-

292
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ing wave is eliptically polarized. The for-
mer (1) are called “site errors,” and the
latter (2) are called “polarization errors.”

Site Errors

It was shown previously that the ground
and other objects in the vicinity of an an-
tenna must be considered as being effective-
ly part of the antenna system in so far as
its directional characteristics are concerned.
If the earth is flat for considerable distance
in every direction and there are no trees,
buildings, etc. to distort the pattern, the
horizontal pattern will be the same as in
free space. But otherwise the horizontal
pattern will be distorted.

When the antenna is in a fixed location
with regard to objects which affect the di-
rectivity pattern, it is possible to measure
the deviation or error for all compass direc-
tions, and thus “calibrate” the direction
finder so as to permit correction of the error.
In the case of a direction finder used over
a wide range of frequencies, the error char-
acteristic must be determined at numer-
ous frequencies over the band, because the
error characteristic is frequency sensitive.

When the receiving antenna is not in a
fixed location with respect to all objects
having a significant eﬂgact upon the azi-
muthal directivity pattern, as is the case
of an aircraft flying over mountainous ter-
rain, compensation is not practicable and the
bearing is unreliable. When an airborne
direction finder exhibits this type of site
error, it is called mountain effect. For-
tunately it is quite obvious when mountain
effect is present and the bearing cannot be
relied upon. It is manifested by erratic
fluctuations in the bearing indication. The
erroneous bearing is the result of an inter-
ference pattern %eing set up between the
direct and mountain-reflected waves. In
the case of highly irregular terrain the
amplitude of the mountain-reflected waves
can be quite strong—comparable to the in-
tensity of the direct wave—and they can
combine in a complex manner which is
highly sensitive to both frequency and posi-

tion,
Polarization Errors

When antenna systems for navigational

aids are taken up in following sections it
should be noted that some of the commonl
used types (for example the simple loo
have one directivity pattern for horizontaﬁy
polarized waves and a quite different direct-
ivity pattern for vertically polarized waves.
If the working frequency and distance are
such that there is appreciable sky-wave com-
ponent in the received signal, the received
signal ordinarily will have both horizontally
polarized and vertically polarized compon-
ents, because of the usual random or elip-
tical polarization of down-coming sky waves
regardless of their polarization upon leaving
the radiator.

With such a combination of antenna and
propagation conditions, either it will be im-
ﬁzssible to obtain a bearing, or else the

aring will be in error. In the latter event
the bearing will slowly shift, rather than
fluctuate as in the case of “mountain effect,”
provided mountain effect is not present also.
In fact, if there is sufficient time, a fairly
accurate bearing can be obtained in spite of
this condition by averaging the bearings
obtained at uniform intervals over a period
of time.

This type of error, called polarization
error, is negligible when the ground wave
dominates the sky wave. Therefore it be-
comes objectionable only beyond a certain
distance, determined by the frequency and
time of day. At the frequencies at which
polarization error ordinarily is encountered
(primarily within the m-f range), the sky
wave, and therefore the bearing error, is
much worse at night. It is for this reason
that polarization error of this type also is
known as night effect.

THE LOOP ANTENNA

One simple type of antenna widely used
in conjunction with navigational devices em-
ploying radio waves is the loop antenna.
Essentially the loop antenna is a coil of one
or more turns having dimensions small com-
pared to a wavelength, and close wound so
that all turns of the coil occupy as nearly
the same position in space as possible. The
loop may be wound in the shape of a circle,
square, triangle, or most any “open” con-
figuration without significantly affecting its
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operation. The amount of voltage pickup
at a given frequency is determined primarily
by the area enclosed by the loop and the
number of turns in the loop, provided that
the number of turns is small enough to
result in substantially uniform current in
all turns,

The free space directivity pattern of a
loop which is operating under balanced
conditions resembles that of an infinitesimal
dipole placed at the center of the loop and
normal to the plane of the loop. However,
the dipole will, under these conditions of
orientation, have a polarization mutually
perpendicular with that of the loop.

When the loop encloses an area which
is small in terms of wavelength, which is
the usual case when a loop is employed
at frequencies below approximately 2000
ke., the radiation resistance is very low com-
pared to the loss resistance. This results
in poor efficiency when the loop is employed
as a transmitting antenna, but with a highly
sensitive receiver may permit reception of
any signal above the atmospheric noise
level at these frequencies. As explained in
previous chapters, an antenna need not pro-
vide much energy pickup at the lower fre-
quencies in order to make atmospheric
noise the predominant noise present in the
receiver output. It is for this reason that
the loop antenna is widely used not only for
navigational aids, but also for AM broad-
cast receivers in order to make an external
antenna unnecessary.

A loop ordinarily is oriented so that the
plane of the loop is vertical. The horizontal
directivity pattern of such a loop, provided
that it is operating under balanced condi-
tions, is, for vertically polarized waves, as
shown at figure 10-1A. It will be noted that
while the maxima are broad, the two nulls
are quite sharp, and the directivity character-
istics therefore are suitable for application to
certain navigational aids.

However, a loop oriented in this manner
is responsive also to horizontally polarized
waves having a wave angle greater than
zero, the response increasing with the wave
angle until it is maximum for a wave coming
straight down. Unfortunately the horizon-
tal directivity pattern for horizontally polar-
ized waves is displaced go degrees in azi-
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Figure.10-1.

DIRECTIONAL PATTERNS OF A
“LOOP* AND OF LOOP PLUS SENSE
ANTENNA.

The patterns apply only to vertical polarization,
and only when the sense antenna is coupled so
as to provide a voltage which is either in
phase or 180 degrees out of phase with the
resultant loop voltage. The pattern at C also
is typical of a loop (alone) which is imperfectly
balanced and exhibits “‘antenna effect”” which
is in phase with the resultant loop voltage.
When the antenna effect is 90 degrees out of
phase with the resultant foop voltage, the pat-
tern resembles that at A except that the minima
are “blurred” and do not go to zero. Thus it
Is seen that “antenna effect”” can produce sub-
stantially the same result as the incorporation
of a “‘sense’” antenna, the latter simply being
a short, vertical antenna placed near the ioop.

muth with respect to the horizontal pattern
for vertically polarized waves, causing the
nulls for horizontal polarization to coincide
with the maxima for vertical polarization,
and the maxima for horizontal polarization
to coincide with the nulls for vertical polar-
ization. This results in a polarization error
when an appreciable proportion of the sig-
nal arrives via sky-wave propagation, as
previously discussed under polarization error.
While this effect greatly reduces the useful-
ness of a loop antenna for navigational aid
applications, the loop nevertheless is widely
employed for such purposes because of its
simplicity and compactness. However, its
limitations with respect to polarization error
always are taken into consideration.

The polarization error exhibited by loop
antennas can be reduced considerably and
under certain critical conditions of propa-
gation eliminated altogether by incorporat-
ing a compensating winding. Or, by using
two spaced loops one ahead of the other
and connecting them in phase opposition,
downcoming horizontally polarized waves
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will cancel when the loop combination is
in the null position for vertically polarized
waves. This position is the same as for a
single loop. The use of two loops in oppo-
sition greatly reduces the energy pick up as
compared to a single loop, especially when
the spacing is small.

Distortion of Loop Pattern by Antenna
Effect

Unless a loop antenna is electrostatically
balanced to ground, “antenna effect” will be
present and the pattern will be distorted.
The manner in which it is distorted depends
upon the relative amplitude and phase of
the antenna effect, and resembles the dis-
tortion obtained with a “sense” antenna,
which will be described in a later paragraph.
Typical patterns obtained with a loop ex-
hibiting antenna effect, or with a loop used
in conjunction with a “sense” antenna, are
illustrated in figure ro-1.

It is desirable, for reasons which will
become apparent, to eliminate all antenna
effect and to achieve pattern control by the
use of a separate sense antenna. Antenna
effect is minimized by using a symmetrical
arrangement, and by electrostatic shielding
of the loop; any residual antenna effect then
is eliminated by a “compensator” or “bal-
ancer.” The latter is adjusted until the two
nulls are exactly 180 degrees apart. A de-
tailed discussion of the numerous loop coup-
ling circuits commonly employed for tuning,
coupling, and balancing a loop is properly
a matter of radio direction finder design and
beyond the scope of this book*, but a typi-
cal circuit, minus the components used to
couple in a sense antenna, is shown in
figure 10-2.

The electrostatic shield is provided with
a gap in the form of an insulated bushing,
so as to prevent it from acting as a shorted
turn. When fabricated of nonmagnetic
metal and arranged in this manner, the
shield has no significant effect upon the
performance of the loop except to minimize

*For an excellent and comprehensive treatment
of loop antenna coupling circuits, as well as di-
rection finders in general, see D. S. Bond,
Radio Direction Finders, McGraw Hill Book
Co., Inc., 1944,

R.F. AMPLIFIER

D

Figure 10-2.

SIMPLE, DIRECTLY-TUNED  LOOP
USING ELECTROSTATIC SHIELD.

Ordinarily the loop will consist of more than
one turn, with a center tap. A single turn is
shown in order to simplify the illustration. The
loop is tuned to the operating frequency by
means of C,. C, is a special “balancing’’ con-
denser of the differential type (with opposed
stators), and is used to eliminate any residual
antenna effect. The metalic shield must be pro-
vided with a gap as shown in order to prevent
it from acting as a shorted turn.

C1
Ca

capacity unbalance (and thereby minimize
antenna effect) and to reduce the effects
of precipitation static, the latter being an
important consideration in aircraft appli-
cations.

Use of a “Sense” Antenna to Resolve 180
Degree Ambiguity

It is apparent from figure 10-1A that a
loop antenna operating without antenna
effect exhibits a 180 degree ambiguity, be-
cause of the two nulls and the symmetry
of the directional pattern.

By coupling in some input from a short
vertical antenna located near the loop, the
composite directivity pattern can be made
to resemble figure 10-1B, C, D, or most any-
thing in between, depending upon the
relative amplitude and phase of the result-
ant voltage contributed by the sense antenna
with respect to that contributed by the loop.
By providing a switch to permit switching
the sense antenna in or out, it is possible
to use the loop alone for accurate bearing
indication, and to switch in the sense an-
tenna to give a pattern which makes it pos-
sible to resolve the 180 degree ambiguity.
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BASIC ADCOCK ARRAY (A) AND COU-
PLED ADCOCK ARRAY (B)

The basic Adcock exhibits no polarization error
when sufficiently removed from earth, but In
practical installations the elements are suf-
ficiently close to the ground to unbalance the
system and make it responsive to horizontally
polarized waves due to imperfect concellation of
currents induced in the horizontal members. The
coupled arrangement, when properly constructed,
Is not subject to this shortcoming. In certain
navigational aid systems, Adcock arrays also
are employed as transmitting antennas.

THE ADCOCK ANTENNA

The inherent polarization error of a
loop antenna can be avoided by using two
vertical (linear) elements in anti-phase, in
conjunction with a transmission line system
which is operating under balanced condi-
tions and is free of antenna effect. The
horizontal directivity pattern resembles a
“cosine” figure 8 if the spacing is a small
fraction of a wavelength, and therefore re-
sembles the horizontal directivity pattern of
a loop for vertically polarized waves.

Because a vertical wire can transmit and
is responsive to vertically polarized waves
only, it is apparent that two such wires
used in combination (such as figure 10-3A)
still will be responsive only to vertically po-
larized waves. However, care must be taken
to avoid signal pickup by the horizontal
phasing sections as a result of imperfect can-
cellation in the horizontal members, because
this will make the overall system respon-
sive to horizontally polarized waves.

Imperfect cancellation of currents flowing
in the horizontal members can be considered
a form of “antenna effect,” and can occur
as a result of the lower half of each vertical

element having greater capacity to ground
than the top %1:5; of each element. The
polarization error introduced thereby is
much less than that exhibited by an ordi-
nary loop, but nevertheless is objectionable
unless the antenna elements are well re-
moved from the earth.

There are various methods of reducing
the response of the horizontal phasing-feed-
ing sections, one very effective method
being the “coupled Adcock” shown at figure
10-3B.

The pickup of an Adcock array is com-
parable to that of a single turn loop having
corresponding dimensions. Therefore, be-
cause many turns can be employed in a
loop and because the voltage developed by
a loop is proportional to the number of
turns (within the limits previously dis-
cussed), a much larger structure is required
for an Adcock array than for a loop having
comparable pickup. At the lower frequen-
cies the required structure is too large to
permit convenient mechanical rotation.
However, this difficulty can be resolved
by using a pair of “crossed” Adcock arrays
and rotating the figure eight pattern in
azimuth electrically %‘; means of a gonio-
meter, the basic principles of which are
covered in the following paragraph.

Al A2

e« FIXED COILS

ROTATABLE
coie

OUTPUT
Figure 10-4.

SCHEMATIC REPRESENTATION OF
GONIOMETER

The terminals A, connect to the feed line from
one panel of a pair of crossed loops or Adcock
arrays, and the terminals A, connect to the
feed line from the other panel. This permits
the figure eight space pattern to be rotated
through 360 degrees. An electrostatic shield
{not shown) ordinarily is used between the ro-
tating coil and the fixed coils.
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Figure 10-5.

ILLUSTRATING PRINCIPLE OF LOBE SWITCHING, USED TO GIVE EFFECT OF
TWO SEPARATE ANTENNAS AND INCREASED POSITION ACCURACY

The skeleton schematic of the basic system shows only the inner conductor of a coaxial feed
system, the omitted outer conductor of all sections of line being connected together and to
chassis ground. It should be noted that in either position of the lobe switch the entire antenna
is operative. The nuse of either Icbe alone Is comparatively broad, and not capable of regis-
tering direction with a high degree of accuracy. However, by rapid commutation of the iobe
back and forth between positions 1 and 2, direction can be ascertained with a high degree of
accuracy by orientating the antenna for equal response from the two lobes, as explained In
the accompanying text.

THE GONIOMETER
When because of size or other physical

limitations it is impracticable to provide
mechanical rotation of a loop or an Adcock
array, electrical rotation of the figure eight
pattern can be accomplished by locating
two loops or Adcock arrays on a common
axis, crossing them at 9o degrees, and com-
bining the outputs with the aid of a device
called a goniometer. Essentially the gonio-
meter consists of an electrostatically s%lield-
ed, rotatable coil which is symmetrically
disposed with respect to two, crossed coils
(or pairs of coils), each of which is con-
nected via a transmission line to one “panel”
of the crossed loops or Adcock arrays. Ro-
tation of the movable coil produces effective-
ly the same result as physical rotation of a
single loop or Adcock array in space.

LOBE SWITCHING
The “nose” of the lobe of even a highly

directional antenna array is not especially
sharp, and therefore is not very sensitive
to change in direction. So, to provide a
high degree of accuracy, electromagnetic
navigational aids (as well as radar fire con-
trol devices) often employ lobe switching,

instead of simply maximizing the response
of a single lobe having a fixed position with
respect to the array. The lobe is switched
back and forth rapidly by an amount which
puts the direction of equal amplitude suffi-
ciently down on the side of the lobes (usu-
ally about 85% of maximum) that a very
slight variation in direction represents an
appreciable change in response.

Referring to figure 10-5, the associated
indicating mechanism is synchronized in
such a manner that the response to the an-
tenna with the lobe in position “1” is dis-
played separately from the response of the
antenna with the lobe in position “2,” or
else the two responses are differentiated.
The ability of the system to distinguish very
small differences in direction can be ex-
plained as follows.

For a given orientation of the antenna,
the response or field strength will have a
constant amplitude in a direction along the
line A-B during commutation of the lobe,
but slightly off this direction the response
or field strength provided by one lobe will
increase while that of the other will de-
crease. It is also apparent that it is an easy
matter to correlate the synchronized indicator
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or display apparatus to give “sense.” That
is, if the lobe is shifted back and forth in
azimuth, it is possible not only to téll when
the antenna orientation is “dead on,” but
also to tell whether it is to right or left
when it is off. Or, if the lobe is shifted
in angular elevation, it is possible to tell
whether the antenna orientation is dead on,
high, or low.

The lobe usually is deflected back and
forth (or up and down) an equal amount
from a line normal to the array in a manner
similar to or related to that employed in the
“Electrotator” array described in Chapter 5.
For instance, if the fixed contacts of a
synchronized d.p.d.t. switch were connected
to “straddle” the dead center position on the
phase shifting section of the Electrotator
array, and the movable contacts connected
to the pigtail, the lobe could be deflected
equal amounts to either side of dead center
by means of the switch.

Essentially the same thing is done in the
arrangement illustrated in the skeleton
schematic of figure 10-5, which represents
a simple form of array consisting of two
colinear half-wave dipoles fed with coaxial
line. However, the schematic also applies
to a large curtain or “mattress” divided into
two identical sections, regardless of the num-
ber of dipoles employed.

The amount the geam is deflected from
the normal depends upon the electrical
length of the delay section. For instance,
if both the schematic and polar diagrams
of figure 10-5 are taken as top views, then
with the lobe switch in position 1 the en-
ergy picked up by the right dipole does not
have to travel as far to reach the receiver
as does the energy picked up by the left
dipole. However, the energy from the left
and right dipoles will arrive at the receiver
at the same time and thus provide maximum
reenforcement if the wave front strikes the
left dipole sufficiently ahead of the right di-
pole, as could occur in the case of a wave
front arriving from a particular direction
(determined by the length of the delay sec-
tion) to the left of a line normal to the
dipoles.

It is assumed, of course, that the electri-
cal length of the delay section is small in
terms of wavelength, because as the electri-

cal length of the delay section is increased
indefinitely the lobe rotates through 360
degrees in a counterclockwise direction,
causing it to be deflected toward the nor-
mal over part of each cycle.

In actual practice the beam never is de-
flected more than about half the width of
the lobe at the half power points; so aspect
directivity of the dipoles, which was ignored
in the preceding discussion of the effect of
the delay scction on lobe travel, need not
be considered.

While the contacting type lobe switch
shown in figure 10-5 can be used in a
practical system, the contacts eventually
tend to become noisy and also may give
trouble when the same antenna is used
for both transmission and reception of pulse
signals, as in radar, if the peak power of
the transmitter is high. This is avoided
by the use of a capacity type lobe switch
using a grounded rotating plate and two
stationary electrodes. In this case the trans-
mission line is connected directly to the
mid-point of the line joining the two halves
of the array, and the stationary plates of the
capacity switch are connected via a half
wavelength section of line to the points
where the stationary switch contacts are con-
nected in figure 10-5. This produces the
effect of throwing lumped reactance first
across one branch and then the other, thus
altering the electrical length of the line first
to one half of the array and then the other
half.

Analysis of the principle upon which
lobe switching systems operate will show
that the lobe need not of itself be sharp in
order to obtain good accuracy (though the
obtainable accuracy does increase with the
sharpness of the lobe). In fact, if the lobes
are too sharp, difficulty will be obtained in
“getting on” the target, beacon, etc. Also,
because a moderate displacement of a lobe-
shifted array exhibiting very sharp lobes
will put the target, beacon, etc. completely
outside the effective coverage of both lobes,
the “tracking” of rapidly moving targets
will be made more difﬁcuf;.

The lobe switching system just described
can be used to give either azimuth (left-
right) or angular elevation (up-down). One
such installation can be used to give one and
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then the other by first determining the azi-
muth and then rotating the antenna system
through go degrees in order to determine
angular elevation. However, physical ro-
tation of the antenna through go degrees
presents somewhat of a problem when a
large array is used, and anyway it is desir-
able to be able to determine both azimuth
and angular elevation simultaneously when
information on both is desired.

It is possible to obtain both azimuth
and elevation information simultaneously
(or at lcast so it seems to the senses) by
resorting to a more complicated switching
arrangement. The array is divided into four
equal segments (two over two), instead of
just two, and the lobe is consecutively and
very rapidly deflected up, left, down, right,
and so on around, by means of a four seg-
ment lobe switch. 2i'he upper and lower
lobes are paired off and fed to one indicator
system, and the left and right lobes are
paired off and fed to another indicator sys-
tem.

CONICAL SCANNING

By going one step further, it is possible
to simplify the system in the following
manner. At frequencies above approximate-
ly 500 Mec. it is possible to rotate a dipole
radiator physically without encountering
mechanical difﬁcuf‘;ies. If the dipole is used
to illuminate a parabolic reflector and is
mounted slightly off center with respect to
the axis of the paraboloid (displacing the
dipole a short distance laterally with respect
to the focal point), then rotating the dipole
by means of a “scannin motor” which is
aligned on the axis of the paraboloid pro-
duces the same effect as rotating the entire
array. The lobe is deflected away from the
axis of the reflector by a fixed angle, and as
the dipole is rotated or “spun,” the axis of
the lobe describes a cone symmetrical with
respect to the axis of the reflector. The
scanning motor also drives a four segment
commutator or switch which is synchronized
with the indicating system in such a man-
ner as to give up-down and left-right sam-
pling in the same fashion as the four-sector
lobe switching arrangement.

SPARK GAP T/R SWITCHES—
DUPLEXING

Most pulse type radar apparatus employs
the same antenna system for both trans-
mitter and receiver. An ordinary mechani-
cal switch cannot be made to operate fast
enough, for obvious reasons, and therefore
is unsuitable for switching the antenna back
and forth between transmitter and receiver.
The switching problem is solved by utili-
zing one or more spark gap switches, which
simply are spark gaps so placed that when
the transmitter fires it triggers off the gaps
and causes a low impedance arc to appear
across each gap, instead of an air gap hav-
ing practically infinite impedance. While
the impedance of an arc is not as low as
that of an actual short circuit, it is suffi-
ciently low that by means of sections of
transmission line acting as linear transform-
ers the antenna is effectively disconnected
from the receiver and connected to the
transmitter when the application of trans-
mitter power causes the gap(s) to arc across.

This arrangement, called duplexing, pro-
vides almost instantaneous switching, and
effectively prevents the loss of transmitter
power and receiver sensitivity that would oc-
cur if switching were not employed, as well
as protecting the components of the receiver
input circuits from damage caused by ex-
cessive input voltage.

The basic principle of the spark gap T /R
(transmit-receive) system is illustrated in
figure 10-6. When the transmitter is in-
operative, the line sections included between
D and A constitute a % wavelength shorted
section, producing effectively a very low
impedance at point C, where the transmit-
ter is connected, and, because the trans-
mitter does not significantly load the line
when connected to the low impedance point
at C, presenting a very high impedance
at point D. Under these conditions prac-
tically all of the energy from the antenna,
upon reaching the T junction at D, is de-
livered to the receiver input circuit. In
effect, the receiver may be considered to
be fed by a 300-ohm flat line which is
shunted with a very lightly loaded anti-
resonant section of line. Because the anti-
resonant section presents an impedance of
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Figure 10-6.

ILLUSTRATING BASIC PRINCIPLE OF SPARK GAP T/R SYSTEM
(DUPLEXING)

The antenna system Is “self-switched” from “receive” to “transmit” by means of spark gap
switches when the transmitter is keyed. The anti T/R gap at B is required only under certain

conditions.

The spark gaps together with their associated resonant line sections are known

collectively as a DUPLEXER. The manner in which the spark gaps effectively switch the an-~
tenna from receiver to transmitter Is described in the accompanying text.

several thousand ohms at point D, it pro-
duces negligible reduction ‘in the strength
of the signal reaching the receiver.

When the transmitter is “keyed” with a
pulse, both spark gaps fire and produce very
low impedance arcs at points B and E. The
circuit then may be considered as consisting
of a flat 3oo-ogm line from transmitter to
antenna, shunted by two anti-resonant
quarter-wave stubs. The impedance pre-
sented by the stubs at points C and D is
not as high as would occur with actual
shorts at points B and E, but because the
impedance of the arcs at B and E is much
lower than the line impedance, the reflected
impedance at points C and D is much
higher than the 300-ohm impedance of the
line, and therefore very little power is
wasted.

If the transmitter is so designed that
when inoperative between pulses the only
loading it produces on the feed line is that
which is represented by the transmitter
tank circuit losses, then the anti-T /R spark
gap at B (and its associated stub A-C) may

be eliminated with no detrimental effects.
In such a case the length of line from
transmitter tank to point D is made an in-
tegral number of electrical half wavelengths,
The impedance which the transmitter tank
circuit reflects at point D then is the same
as the impedance across the line at the
transmitter, which under the aforementioned
conditions is quite high (several times the
line impedance of 300 ohms). As in the
previous case, most of the energy from the
antenna will be delivered to the receiver,
with only a very small percentage being
dissipated by the transmitter tani circuit
and tubes. When the transmitter is pulsed
the conditions are the same as before ex-
cept that there is only one anti-resonant
stub shunted across the line instead of two.

Types of T/R Spark Gap

Various types of spark gap are used for
T /R switching. The basic construction of
the simplest type resembles an ordinary
automobile spark plug. However, special
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features sometimes are incorporated to im-
prove the operation in certain applications.

An ordinary open type gap exhibits a
resistance during conduction of from about
25 to 50 ohms for typical values of current,
and requires from about ¢ to 12 micro-
seconds for complete deionization. This re-
sistance is low enough for switching a two-
wire open line, but is not satisfactory for use
with coaxial lines because of their low char-
acteristic impedance. Also, radar and beacon
equipment utilizing a very short pulse for
good range resolution and a short minimum

range requires a gap which will deionize
more quickly.

The striking voltage, arc impedance, and
the deionization time all can be reduced
considerably by placing the gap in a glass
envelope which contains a very small
amount of water vapor at a pressure of less
than 1 millimeter of mercury. A “keep
alive” or “ignitor” electrode sometimes is
added to the T/R tube to facilitate break-
down. It is connected to a constant source
of power and maintains a glow discharge
within the tube between pluses, but not
across the gap electrodes.
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ERRATA AND ADDENDA

The optical horizon referred to on pages 22-23 and 63-65 is
the geometrical horizon. It assumes rectilinear propagation of light
waves. In actual practice light waves may be bent slightly by an
atmosphere which is not homogenous, and there may be a slight
difference between the visual horizon and the geometrical horizon.

* & @

The first line of paragraph 3 in column two, page 73, should
read as follows: “Clouds do not produce substantial reflection of . ..”

*« e

Throughout the book reference is made to a very slight su-
periority of horizontal polarization (as compared to vertical polar-
ization) for v-h-f and u-h-f communication. The reader is warned
that as of the time this book goes to press the assertion is based upon
experimental data not accepted by all investigators as adequate or
conclusive, and that as more data become available for correlation
it may be necessary to revise or qualify the statement. There is
good reason to believe that the relative effectiveness may be deter-
mined by the receiving site and the nature of the intervening ter-
rain to such an extent that no general statement as to equality or
the superiority of one polarization over the other is justified.

A Artificial Antennas

277
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