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Preface

Antenna engineering has developed into a highly specialized field of radio
engineering which in turn is subdivided into many special branches. This
treatise will deal with antennas made of wires, masts, and towers for fre-
quencies up to about 30 megacycles. Antennas for higher frequencies are
nowadays factory-designed and factory-built, and the operating and plant
engineers are relieved of the design problems.

There is a very extensive experience with antennas within our range of
interest, but unfortunately there is only a relatively small amount of pub-
lished material on techniques. In contrast, there is a vast literature on
antenna and radiation theory. It is the purpose of this book to attempt
to compile a sufficient amount of useful engineering information to enable
nonspecialists to handle many of the ordinary antenna problems that
arise in point-to-point, ground-to-air, and military communications, and
in broadcasting. Some of the more advanced antenna designs suggested
by very-high-frequency and ultrahigh-frequency techniques are included
because the day is approaching when these principles will have to be
applied at the lower frequencies as the spectrum conditions become more
difficult.

Transmission lines are inseparably related to antennas, so a chapter on
this subject is included, together with a chapter on impedance-matching
networks.

An author of a book on techniques is confronted with many difficult
situations because he must try to convey a sense of judgment in significant
values and wise compromise in the presence of the many empirical condi-
tions that surround each individual problem. The suecessful solution of
an engineering problem involves many arbitrary decisions and is largely
a matter of personal ingenuity and resourcefulness in applying sound elec-
trical and mechanical principles. For that reason some of our statements
made in the discussion of the various topics should not be interpreted too
rigorously. Our intention has been to provide a certain amount of guid-
ing counsel for those who need it even though it was necessary to over-
simplify to some extent.

There are three basic aspects of antenna engineering. The first per-
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vi PREFACE

tains to radiation characteristics and includes all matters of the distribu-
tion of radiant energy in space around an antenna system, as well as the
current distributions that produce the radiation pattern. The second
pertains to antenna circuitry and involves such matters as self- and
mutual impedances, currents, potentials, insulation, and feeder systems
that will yield the desired current distributions. Third there is the struc-
tural engineering which has to do with all the mechanical details of sup-
ports, rigging, materials, strengths, weights, hardware, assembly, adjusta-
bility, stability, and maintenance. While each aspect must be separately
developed, the final design must be an integration of the three, with a
minimum of compromise and within reasonable economic limits.

The purpose of a transmitting antenna is to project radiant energy over
a given wave path in the most effective and economical manner. The
purpose of a receiving antenna is to absorb a maximum power from a
passing wave field, with the maximum exclusion of néise and interfering
signals. The transit of a wave field between the two depends upon the
physics of wave propagation. The antenna engineer must be familiar
with wave propagation to be able to design antenna systems of maximum
effectiveness. Wave propagation is a vast and complicated statistical
subject, and for that reason the space that can be devoted to the subject
in this book is limited to the barest essentials. Sources of detailed infor-
mation are indicated for reference and study. It may be expected that
future developments in our knowledge of propagation will have their
influence on future antenna design. ’

The design formulas for the various types of antennas are presented
without proof and may be regarded as recipes. Their theory and deriva-
tion may be found in the literature, together with more complete informa-
tion of a related nature. Also, many data curves and tables are taken
from recognized sources, although these are sometimes rearranged for
greater utility. Some of the information is from unpublished sources and
includes much original material. The appendixes contain reference data
of general use to the antenna engineer.

The nomenclature used for bands of frequencies is based primarily on
their propagation characteristics. These terms are also approximately in
accord with the nomenclature adopted by the International Telecom-
munications Union at its Atlantic City conference in 1947. The use of
these broad terms has a brevity and convenience that is very desirable in
writing and talking about frequencies, provided that one thinks about
them as having indistinct boundaries.

One must recognize rather large overlaps in the bands of frequencies
propagated as listed, and the bands shown are indicative only. They
blend gradually from one into the other, the amount and the extreme
ranges varying with the state of the ionosphere and ground characteristics.
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The three frequency groupings also roughly define three different classes
of design technique for antennas, and we have taken them up in this order.
To a certain extent, high-frequency design techniques may be applied to
antennas used for optical propagation, but antennas for the frequencies
propagated optically become still another class of techniques based on
rigid prefabricated structures.

Term Ab:;)ii)e:lna- Approximate band Most useful propagation

Low frequency LF or If Up to 500 kilocyeles | Ground waves
(long wave)

Medium frequency | MF or mf | 200-5,000 kilocycles | Both ground and sky waves
(medium wave)

High frequency HF or hf | 3-40 megacycles Sky waves propagated by way
(short wave) of the ionosphere

Wherever possible we have used the meter-kilogram-second system of
units in the formulas. However, in a practical work of this nature it is
necessary to adhere to prevalent engineering usage of heterogeneous sys-
tems of units. For example, in the United States it is standard engineer-
ing practice in broadcasting to base the performance of an antenna on
millivolts per meter at 1 mile and to use conductivities in the centimeter-
gram-second electromagnetic system of units. The general use of the
English system of measurements leads also to the frequent use of such
units in formulas. To avoid confusion, the particular units used are
explicitly given where necessary, even though this requires a certain
amount of repetition. This is done so that one can select and use an iso-
lated formula conveniently.

Nomenclature with respect to wave polarization follows the standard-
ized usage where the orientation of the electric vector of the wave field
with respect to the earth defines the polarization. Vertical polarization
is understood when the electric vector of the wave is normal to the earth’s
surface, and horizontal polarization when the electric vector is parallel to
the earth. Intermediate polarizations also exist.

Comprehensive bibliographies are given at the end of each chapter, and
a more general bibliography is given in Appendix I. The papers listed
are those which have a definite reference value to the antenna engineer
when he is searching for fundamental information, experimental data,
and history of the art, as reported in original researches. Collectively
they comprise many thousands of pages of information that cannot pos-
sibly be condensed into any single volume. As one advances further and
further in the antenna-engineering art, the need for reference to these
original sources becomes more pressing and the value of an extensive
bibliography becomes evident.
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Superscript numbers are used in the text to indicate relevant sources of
information. Numbers under 1000 relate to those references listed at the
end of the particular chapter in which they are cited. References in the
1000 series are to be found in Appendix I.

The book Antennas by J. D. Kraus!®® is a useful one for those desirous
of becoming familiar with the theoretical principles of antennas. It isa
synthesis of the latest theories of radiation from antennas and the meth-
ods for computing radiation patterns and impedances, and reduces the
need to refer to the large number of original research papers distributed
through the literature of many years.

I acknowledge with thanks the encouragement of Keith Henney, Edi-
tor-in-Chief of Radio Engineering Handbook, who suggested that this book
be written, at the time he received the manuscript for the chapter on
Antennas which appears in the Fourth Edition of the Handbook.

I am deeply indebted to many coworkers and associates, present and
past, for information and instruction on antenna technology and wave
propagation over many years. There is a special debt of gratitude to
acknowledge to Dr. George H. Brown, Phillip 8. Carter, Clarence W.
Hansell, and Henry E. Hallborg of the RCA Laboratories Division for the
use of information from their published and unpublished researches. I
express my gratitude to Robert ¥. Holtz for carefully reviewing the early
manuscript and making many valuable suggestions. The final manu-
script was again painstakingly reviewed by J. D. Fahnestock, whose pro-
fessional editorial effort has greatly improved the style and arrangement.

The following men kindly contributed some of the photographs showing
construction details: R. F. Guy of the National Broadcasting Company;
J. L. Finch of RCA Communications, Inc.; H. B. Seabrook and J. B.
Knox of the RCA Victor Company, Ltd.; A. O. Austin, Barberton, Ohio;
Lt. D. V. Carroll of the Royal Canadian Navy; J. A. Ouimet and J, E.
Hayes of the Canadian Broadcasting Corporation; Harold Bishop of the
British Broadcasting Corporation; E. J. Wilkinson of the Australian Post-
master-General’s Department; W. M. Witty, Dallas, Texas. E. W.
Davis of the Mutual Broadcasting System contributed the map repro-
duced in Appendix VIII.

I acknowledge with sincere thanks the kindness of the following organi-
zations which have granted the right of reproduction of certain figures
under their copyrights: Institute of Radio Engineers; Institution of Elec-
trical Engineers; Amalgamated Wireless (Australasia) Ltd.; His Majesty’s
Stationery Office, London ; MceGraw-Hill Publishing Company, Inc.; Mar-
coni’s Wireless Telegraph Company, Ltd.; Institution of Radio Engineers
(Australia).

Epmunp A. LAPORT

Gren Ripcg, N. J.
January, 1952
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Introduction

Radio communication is accomplished by the transmission and reception
of electromagnetic waves that are propagated between two geographical
locations by the phenomenon of electromagnetic radiation. A radio-
frequency generator, called a radio transmitter, delivers its output power
to a transmitting antenna. The transmitting antenna transforms the
radio-frequency energy in the antenna circuit to the wave field that is
radiated into surrounding space. The waves originating as a disturbance
at the transmitting antenna are propagated as detached electromagnetic
fields which travel through air with the velocity of light ¢, where c is
3 X 10® meters per second.* . In other mediums, the velocity of propaga-
tion of plane electromagnetic waves!o0 ig

- i .
v=c¢ [”;' <\/1 + it + 1)] meters per second%0!

This equation is in the rationalized meter-kilogram-second (mks) sys-
tem of units. Here, p, is the magnetic permeability relative to free
space, and e, is the dielectric constant, or inductivity, of the medium
relative to free space. e, is the permittivity of free space, which has the
value of 8.85 X 107!? farad per meter. o is the conductivity of the
medium in mhos per meter.  is 27 X f, the frequency in cycles per
second.

When electromagnetic waves are propagated into the earth (soil),
water, metals or any other materials, the velocity may become very low
with respect to air owing to the sometimes large values for ¢, u, and € in
the material.

A transmitting antenna emits one wave for each period of the exciting
botential, or a total number per second equal to the transmitted frequency
f. The wavelength \ of the emitted waves is therefore

=Y
»=3

The wavelength is in the same units as used for the velocity.

* This is the value used for ordinary engineering purposes. The latest measure-
ments give the velocity as 299,792 kilometers per second.
1 .



2 RADIO ANTENNA ENGINEERING

The size of an antenna is related to the wavelength of emission in some
manner; it may have a length of a half wavelength, a quarter wavelength,
one-twelfth wavelength, or in some cases one or more wavelengths. The
range of wavelengths primarily conecerning us in this book is from about
10 meters to perhaps 20,000 meters. One can realize immediately that
an antenna one wavelength high at 10 meters is a simple matter, whereas
one 20,000 meters high, as a fixed structure, is impractical. For this
reason, the use of the longer wavelengths imposes mechanical restrictions
on the designer, which in turn introduce difficult electrical conditions.

One wavelength being generated per period of the exciting frequency,
we can speak of one wavelength as being 360 electrical degrees and use
the electrical degree as a unit of physical length which always bears a
fixed relationship to the wavelength. In this book antenna dimensions
will usually be given in electrical degrees, which is a convenience in
engineering because of its direct relation to trigonometric angles used in
computations. When we speak of an electrically shortlantenna, it means
one that has a length very small with respect to the wavelength emitted.
In accordance with the principle of similitude, the performance of an
antenna in free space, infinitely removed from earth, is the same for all
antennas of the same electrical size, without regard to their mechanical
sizes. Use is made of this principle in making large-scale or small-scale
antenna models as a means for obtaining physical data on projected
systems.

The transmitting antenna comprises the “load” circuit for the radio
transmitter, and the power delivered to the antenna is dissipated in
heating the conductors, the insulators, and the ground and surrounding
parasitic objects and in radiation. The transmitting-antenna resistance
therefore is composed of several components which account for these
various power losses. The energy ‘“lost” from the antenna circuit
because of the radiation of waves into space is of course the useful loss,
and that component of antenna resistance which is associated with the
radiation of energy is called the ‘“radiation resistance.” The efficiency
of the antenna system is the ratio of its radiation resistance to its total
resistance. In antenna engineering one of the objectives is to make this
ratio as large as possible. At the shorter wavelengths efficiencies very
near to 1.0 can be achieved conveniently, while for the longer wavelengths
the best that can be achieved is much less than this, and sometimes as
low as 0.05.

Antennas are in general open-circuit systems of electrical conductors
projecting into the space in which the radio waves are propagated. These
conductors are connected to the transmitting and receiving apparatus,
which are closed-circuit devices. The charges moving in the transmitting
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antenna cause disturbances in the surrounding space which generate the
waves propagated outward into space, with attenuation and variations
which increase with the distance from the transmitting antenna. The
passing wave field induces the movement of charges in the conductors
of the receiving antenna, which causes currents and potentials to be built
up in various parts of the system and combined at the point where the
radio receiver is connected to the antenna system. The receiver input
power is amplified, detected, and delivered to an electromechanical trans-
ducer of a type which will be actuated by the signal received and will
disclose the intelligence which it contains.

In a book of this nature we shall take for granted the dynamic relation-
ships established in the electromagnetic theory between electric charge,
electric flux, electric field strength, electric current, magnetic flux, and
magnetic field strength and shall apply these relations in the manner of
the engineer. The reader who wishes to have a full understanding of the
theoretical foundations of electromagnetic theory and electromagnetic
radiation may consult many excellent modern treatises, such as Strat-
ton,1%0! Skilling,1°* and Kraus.1°?2 For the present practical purposes
it will suffice to utilize the proven results of the theory, extracting useful
formulas out of context as the need arises. One that must be extracted
and examined, because it will be used frequently, concerns the field around
a very short doublet in free space composed of a straight conductor of
length I in which a sinusoidal alternating current of frequency f is flowing.
The current is assumed to be uniform throughout the length of this
doublet. The instantaneous value of the current ¢ as a function of time
¢t can be expressed as

i = Iysin wt

Consider further that the middle of this doublet is the center of a
system of polar coordinates with the axis of the conductor along the 6
axis of the coordinate system. The angle 8 is measured from this axis
and may be called a “colatitude angle.”” The longitude angle ¢ is meas-
ured from some arbitrary reference direction in the equatorial plane.
The distance from the origin of coordinates will be designated by r.
When the electric field is measured at a point in space several wave-
lengths from the doublet and this point has the coordinates 4, ¢, and r,

37711 sin 6 2mr
g, s\~ wt volts per meter

A
This equation expresses the absolute magnitude and relative phase of
the field at all values of 6 and r; but, owing to axial symmetry, the field
is independent of ¢. If we consider only the factor giving the magnitude
of the field, it is seen to be directly proportional to the current and to the

Eqy =
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length of the doublet; that it is proportional to the sine of § and is there-
fore zero in the direction of the doublet axis and maximum in the equa-
torial plane where 6 = 90 degrees; and that it is inversely proportional
to the distance and to the wavelength when r, [, and A\ are measured in
meters. If instead we change both the length of the doublet and the
wavelength to electrical degrees, we shall obtain the same result. As a
valuable example, let us assume that the current is unity, [ is 1 electrical
degree, \ is 360 degrees, and r is 1,610 meters (1 mile). When these
values are substituted in this equation, we compute a value of 325 X 10~
volt per meter, for 8 = 90 degrees. Therefore a doublet with a moment
of 1 degree-ampere corresponding to the above conditions will produce a
free-space field strength of 325 microvolts per meter at 1 mile from the
doublet. This is an important fact to remember in practice—that each
degree-ampere will contribute this amount to the total free-space field
normal to the doublet axis.

This field equation is for the radiation field only. Near the doublet,
there are two additional terms for the total field (which are omitted from
our equation) that are described as the static field and the induction
field, which vary inversely as r* and r? respectively, and which therefore
quickly fall to negligible values as the distance increases. The induction
field has decreased to 1 per cent of the value of the radiation field at a
distance of 16 wavelengths.

The values of E plotted in all directions, but at constant distance from
the center of the system, describe the space characteristic, or radiation
pattern. The pattern for a free-space doublet is the fundamental unit
used to derive the radiation pattern for antennas having various spatial
distributions of currents. Each element of length of a wire in an antenna
system contributes as a doublet to the over-all field for the antenna
system made up of the contributions from all the current-carrying ele-
ments. The pattern for an antenna is understood to be determined at a
distance so large with respect to the largest dimension of the antenna
that the rays from each doublet portion are essentially parallel and the
effect of the different values of r from each doublet portion to the distant
point are essentially equal. This is the so-called “Fraunhofer region,”
where the shape of the pattern is independent of . The radiation pattern
then is the integration of all the elements of radiation contributed by all
the currents of the system, taking into account their relative magnitudes,
initial phase differences, and the phase differences introduced by their
propagation over different path lengths.

The basic relation for the radiation field from an elementary doublet is

E = [sin g

This gives its fundamental pattern shape and relative magnitude. The
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pattern for any antenna system is the integration of the contributions of
all its elementary doublets.

These basic facts can be brought down to a very useful summary if
we consider a doublet that has an electrical length of 1 degree, with a
uniform current of 1 ampere flowing throughout its length. The field
strength produced by a moment of 1 degree-ampere in free space has
already been shown to be 325 microvolts per meter at 1 mile from the
doublet in the direction normal to the doublet axis. So long as all the
currents in a system of coaxial doublets are cophased, each degree-ampere
contributes 325 microvolts per meter in this direction. When reversed
currents are present, the antenna field will be the algebraic sum of the
fields produced by the positive and negative degree-amperes.

When a doublet is located over a perfectly conducting infinite flat
plane and oriented either horizontally or vertically, the maximum field
strength produced by the combined direct and reflected wave fields is
twice that from the doublet in free space. Therefore, over perfectly
conducting flat earth, each degree-ampere contributes 650 microvolts per
meter at 1 mile to the total field in the maximum direction. When the
doublet is horizontal, the maximum field will be at some angle to ground
determined by its electrical height; and if the height be large electrically,
there will be several such maximums. Again, the field maximums occur
normal to the doublet.

A straight half-wavelength dipole in free space having sinusoidal cur-
rent that is in time phase throughout its length but distributed sinus-
oidally in magnitude as a function of the distance in electrical degrees
from either end of the dipole has an integrated radiation field which is
completely expressed by the relation

_ 60, sin wt cos (90 cos 6) £i3607/2

Eq r sin ¢

volts per meter

e

A B C

where I, is the instantaneous peak value of the current at the center of
the dipole.

This equation has the factors indicated as A, B, and C which have the
following physical meanings:

A. This is the amplitude factor which shows that the field strength is
proportional to the current varying sinusoidally in time, with a peak
instantaneous value of I, at the center of the dipole, and that the field
strength is inversely proportional to the distance r from the dipole. The
constant 60 sets the absolute value in volts per meter at unit distance, and
is 377/2x, very nearly, where 377 (ohms) is the intrinsic impedance of
free space to a plane wave.
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B. This factor results from integrating the distant fields from the
distribution of doublets with their relative currents along the dipole
(sinusoidal current distribution) and is the radiation pattern for an ideal-
ized half-wave dipole as a funetion of §. This factor is often used alone
in engineering studies where only the shape of the radiation pattern is of
interest.

C.. This factor states that the phase of the electric field is leading that
of the field at the source at any instant by 360 degrees per wavelength,
measured along the propagation path. This is because of the finite
propagation for a wavefront to arrive at the distance r, during which time
the phase of the source has fallen behind this wavefront by 360r/\ elec-
trical degrees.

In using half-wavelength (or half-wave) dipoles as elements in more
extensive antenna systems, the radiation patterns may be computed on
a relative rms basis using the relation

_ I cos (90 cos 6)

sin 6

Fy

where I is the rms current at the center of the dipole and the electric
force F; is now in arbitrary relative units. If instead of using the colati-
tude angle 8 we wish to measure 6, as a latitude angle from the equatorial
plane of the system, as we do frequently, we take 6; as the complement of
6 and by substitution, to obtain -

_ I cos (90 sin 6,)

F
o cos 6,

A half-wave dipole has a moment of 114.5 degree-amperes per ampere
at its center. This produces a field strength of 37.3 millivolts per meter
at 1 mile from the antenna for each ampere of antenna current. Over
perfectly conducting ground, the image radiation (waves reflected from
the ground) contribute an equal amount to the resultant field, producing
a field strength of 74.6 millivolts per meter at 1 mile per ampere at those
angles where the direct and reflected waves add in phase.

From now on, with this information, we can use the half-wave dipole
as the fundamental element in an antenna array composed of half-wave
dipoles, integrate the contributions of each such dipole to the total field
of the array, and thereby compute the radiation pattern for the array.

At this point one can summarize the basic physical facts of doublets
and dipoles in easily remembered form as follows:

The free-space radiation pattern for a very short doublet is the solid
of revolution generated by a circle tangent to the doublet.

The free-space radiation pattern for a half-wave dipole is the solid of
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revolution generated by an oval tangent to the dipole with its major axis
normal to the dipole. The minor axis of the tangent oval is 90 per cent
of the major axis.

These facts will be used extensively throughout the book in dealing
with radiation patterns. However, because practical antennas must
usually be built close to the earth, the symbols for the reference angles
will be changed to « for the elevation angle from the horizon and 8 for
the azimuth angle from the normal to a dipole, or clockwise from true
north, or some other reference in systems using vertical radiators.

The magnetic force H of a plane electromagnetic wave can be derived
from the electric force, or electric field strength E, through the relation

H = 377 ampere-turns per meter

in air. In this relation E is in volts per meter, and 377 is a constant
known as the ‘“intrinsic impedance” % of free space in ohms. It is
obtained from the relation

E e [ X107
"THT Z_\/8.85X10—12_3770hms

-

where p, is the permeability of free space, which is 4 X 10-7 henry per
meter.

Whereas the intrinsic impedance of free space for a plane electro-
magnetic wave is the ratio of £ and H, the vector product of £ and H
gives the Poynting vector P, or the power flow in watts per square meter
in the direction of propagation or in the plane of the equiphase surface
of the wave. Both E and H are vector quantities in that they both have
direction and magnitude at any point in space. They are perpendicular
to each other and to the direction of propagation. Through these simple
equations, which are consequences of using the meter-kilogram-second
(mks) system of units, plane-wave relations become analogous to Ohm’s
and Joule’s laws for circuits. Therefore we can go on to other obvious
relations such as

E’2

P =3m

= 377H?

Most field-strength meters are calibrated in terms of volts per meter,
millivolts per meter, or microvolts per meter. From a measurement of
field strength one can determine directly the power flow in watts per
square meter. If the effective pickup area (or the effective aperture) of a
receiving antenna is known, the total power delivered at the receiver
input from the passing wave field becomes known. It is assumed in
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this statement that the wave field is arriving from the direction of maxi-
mum response of the receiving antenna.

The classical original method of computing the radiation resistance of
an antenna was to compute its radiation pattern at great distance in
terms of field strength and square the field strengths at all points on an
enclosing hemisphere (in the case of an antenna located near the ground).
The radiation pattern then is in terms of power flowing outward through
the hemisphere, and the integration of power flow over the surface of the
enclosing hemisphere gives the total radiated power from the antenna.
The radiation resistance then is the ratio of the radiated power and the
square of the antenna current. Since the antenna current is usually a
function of position in the antenna, the value of radiation resistance will
depend upon what point in the system it is referred to—usually the point
where the antenna is fed by the transmitter or at a point of maximum
current.

Radio transmission sometimes is to specific targets, as in point-to-point
communication, and sometimes to a multiplicity of targets of general
geographic distribution, as in broadcasting. The radiation of electro-
magnetic waves to specific fixed targets permits the use of antennas that
are directive and concentrate the radiant energy like a searchlight beam
in the desired direction. Directive antennas make use of the principles
of wave interference to combine the fields from a multiplicity of radiators
synchronously excited so that they add their effects in the desired direc-
tion and cancel partly or wholly in other directions. . The suppression of
radiation in unwanted directions causes reinforcement of the energy in
the wanted direction, and this increase in the intensity of the wave field
is equivalent to increasing the effective radiated power in this direction.
The increase in field due to directivity as compared with a nondirective
antenna gives rise to the antenna characteristic known as ‘““gain.”

In reality there is no known type of antenna that is not directive in
some way, although the ‘‘isotropic’’ antenna having equal radiated field
strength in all directions (spherical radiation, like the radiation of light
from an isolated point source of illumination) is taken as a theoretical
standard of reference. Every kind of practical radio antenna is direc-
tional to some extent because of the doublet field distribution for a
straight conductor and also because of interference between radiations
from each infinitesimal element of its geometric configuration and inter-
ference between the waves radiated directly into space with those reflected
from the earth and other objects against which the waves inevitably
impinge. Therefore even antennas that are regarded as omnidirectional
are so only in a certain sense—usually in the sense that the antenna is
nondirective geographically in the earth plane.
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The receiving antenna has the function of extracting the maximum
power from a passing wave field and at the same time intercepting a
minimum of other radiations inevitably present owing to unwanted
signals from other stations that cause interference and to natural or man-
made electrical noise. The most important factor at the radio receiver
is the signal-to-noise ratio, in this case considering interfering signals
from unwanted stations as a component of the total noise present. Radio
communication is impractical when signal-to-noise ratios fall below cer-
tain values, the values depending upon the kind of communication,
whether telegraph, telephone, facsimile, television, ete. (see Appendix
VII). The minimum value of signal-to-noise ratio below which the
transmission is impaired to the point of interrupting communication
may be due to weak incoming signals or to high noise pickup. When
the ambient noise pickup is very small, the limiting noise may be that
due to thermal agitation in the antenna conductors and in the receiver
input circuits.

The propagation of radio waves over a given path between transmitting
antenna and receiving antenna is beyond human control; in this respect,
radio communication differs from other forms of electrical communication
where the propagation medium is specifically designed and built for the
purpose. In each chapter of the book dealing with the three different
classes of antenna design, a résumé is given of the characteristics of
propagation, leading up to the antenna-design techniques best adapted
to the special propagation conditions existing in the relevant portions
of the radio spectrum.

In free space devoid of all substance, including air or gases, an electro-
magnetic wave is propagated without any dissipation of its energy. The
inverse relationship between field strength and distance is due to the
expansion of the wave in three dimensions and the distribution of radiant
energy over a larger and larger volume of space, so that the power flow
follows the inverse-squares law with respect to distance.

In a macroscopic sense, therefore, radio waves are spherical waves.
However, in view of the relatively small portion of this spherical wave
utilizable at a typical distant radio receiving position, the equiphase
wavefront in this small region may be considered in a microscopic sense
as a plane wave. The laws of reflection and refraction for plane waves
are easily formulated and applied practically. A plane wave impinging
upon the plane interface between empty space and some other medium
of different permeability and permittivity splits the wave into two com-
ponents, one reflected from the interface and the other refracted into the
second medium, where it is propagated at different velocity and in a
different direction. The exact nature of this phenomenon depends upon
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the orientation of the electric vector of the wave with respect to the
interface—whether parallel to it, normal to it, or oblique, with both
parallel and normal components. It also depends upon the intrinsic
impedance of the second medium, whether it is a perfect conductor, a
perfect dielectric, or a complex (imperfect) dielectric having both induc-
tivity and conductivity. The surface of the earth, which we often call
simply “ground,” is always a complex dielectric.

This fact complicates the quantitative details of wave reflection from
the ground to such an extent that in ordinary engineering usage little
attempt is made to deal with the effect quantitatively. For one reason,
the empirical constants of the ground over the areas and the depths that
are involved in any particular problem can be ascertained only approxi-
mately by the best available techniques. The most exact values, of
course, are for water, where the measurement of a small sample can be
made in the laboratory. Soil is not so homogeneous, and furthermore
its constants can vary greatly with moisture gradients and with weather
and also with frequency owing to the different depths of penetration of
earth currents.

It is general practice to postulate antenna performance on an idealized
basis, considering the antenna itself to be lossless and the ground to be
perfectly conducting. With this as a standard, the compromises due to
surrounding empirical effects which cause losses and modify the radiation
pattern can be taken into account separately to the extent that the
problem warrants. The empirical factors are omitted entirely in many
ordinary engineering problems, with satisfactory practical results.

The empirical characteristics of the ground have an important effect
on the technique of designing ground systems to collect ground currents
in the most efficient way. One technique consists virtually in ‘“metal
plating” the ground so that the ground currents associated with the
antenna flow almost wholly in buried wires, with very small current
densities in the ground itself. The other basic technique is to use ground
collector electrodes or capacitance areas in such a way that the current
densities in the ground are as uniformly diffused as possible throughout
the volume of ground in which there are appreciable currents associated
with the antenna circuit.

In homogeneous imperfect dielectrics the attenuation of a plane electro-
magnetic wave!®®! is

I 1
[T g’
a = w[ é ! <\/1 + et T 1)] nepers per meter!00!
v T

All units are in the meter-kilogram-second (mks) system.
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When o2/¢,%,%? 3> 1, conduction currents predominate over displace-
ment currents and the equation for attenuation reduces to

a = 1.987 X 10~% \/u.fo nepers per meter!!

Appendix II gives the so-called ““skin depth’’ of ground currents (depth
at which the wave attenuation is 1 neper or 8.686 . . . decibels) for this
case. [For conversion from meter-kilogram-second (mks) to electro-
magnetic centimeter-gram-second (cgs) units, omes = 10M04,.]

When ¢2/¢,%,%? < 1, displacement currents predominate over condue-
tion currents and the equation for attenuation reduces to

= 188.3¢ \/%' nepers per meter!%!

T

For geologic materials y, is 1, usually.

SYMBOLS FREQUENTLY USED IN TEXT

Symbols Meaning
A Area included in current-distribution plot, degree-amperes; also
a symbol for special quantities

C Capacitance in farads é

c Free-space wave velocity (3 X 108 meters per second)
D Distance

d Diameter; distance

E Electric field strength, volts per meter

F Field strength; a functional notation

f Frequency; a functional notation

fo Fundamental frequency

G Length of a conductor, electrical degrees

G Length of a horizontal conductor, electrical degrees
G, Length of a vertical conductor, electrical degrees

Gy Length of a vertical conductor, radians

h Height above ground

I Current, amperes

J Operator = v/ —1 = a 90-degree rotation counterclockwise
L Inductance in henrys

l Length (physical)

Q Dissipation factor X/R; a standing-wave ratio [ma/lmin
R Resistance, ohms

r Radial distance

1% Potential, volts

v Velocity of propagation, meters per second

W Power, watts
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Symbol
Z

Zm

>
>

£ &89
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Meaning

Reactance, ohms

Impedance, ohms

Characteristic impedance, ohms

Mutual impedance, chms

Angle above the horizontal; also the attenuation factor in the
propagation constant

Azimuth angle from some reference direction

Inductivity or dielectric constant

A colatitude angle in polar coordinates; also occasionally used
as general designation for an angle

Free-space wavelength in meters

Fundamental wavelength in meters

Radius

Conductivity

Phase difference; a longitude angle in polar coordinates

Phase difference; a latitude angle

Angular frequency 2xf



CHAPTER 1

Low-frequency Antennas

1.1. Introduction

Practical radio communication began with the use of the low frequencies
and for several years the trend was toward lower and lower frequencies.
It was believed at that time, early in the twentieth century, that the
range of a station was a matter of a certain number of wavelengths, so
that the longer the wavelength the greater the range. This continued
until the middle 1920’s, when the possibilities of high-frequency com-
munication became evident. For a time, high-frequency transmission
captured the imagination of the radio-communication world, with the
consequence that for many years low frequencies were believed to be
discarded. For this reason low-frequency techniques almost became a
lost art, even though the applications for low frequencies have been con-
stantly growing throughout the world. If it were not for the relatively
congested condition of the low-frequency spectrum, there would be more
extensive uses for this band from 15 to 500 kilocycles.

An important factor in the ever-increasing importance of the lower
radio frequencies is that of their comparative propagation stability. The
variations that occur are small with respect to those usually encountered
on high-frequency circuits. There are circumstances where this charac-
teristic outweighs all the disadvantages of the lower frequencies, such as
when reliability is the dominant objective. Reliability in this case
includes not only propagation stability but also relative immunity to
jamming. Another characteristic value is the deep penetration of ground
currents (which are really waves propagated in the ground or in water),
which makes it possible to communicate at considerable depths under the
sea or under ground.

It is well known that the strength of atmospheric static increases as the
frequency becomes lower. This kind of interference is a controlling
factor in the effectiveness of low-frequency communication. While the
strength of the transmitted wave remains relatively steady, the rise and
fall of the noise levels during a typical day may cover a range of 20
decibels. Thunderstorms in the general area of the receiving station may
increase this range to 80 or 100 decibels on occasion. The variations

13
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for frequencies down to 100 kilocycles for the different noise zones for
different hours of the day can be deduced from the curves reproduced as
Appendix VII. These curves explain why the range of a low-frequency
station is determined by ambient noise rather than by actual fading of
the radio wave. These curves also indicate the very large differences in
noise conditions between the various noise zones from grade 1 to grade 5.
It is a fortunate fact that the world’s auroral zones are regions of lowest
atmospheric noise for low-frequency propagation, because these are also
the regions of greatest instability for high-frequency propagation. This
permits low frequencies to be easily substituted for high frequencies, and
communication can take place with very moderate powers and with
relatively inefficient antennas. This is one reason why the lower fre-
quencies have exceptional importance in the high latitudes.

For many years the backbone of the North American airways naviga-
tion system was the four-course radio-range system using frequencies
between 200 and 400 kilocycles. This basic system is being replaced by
newer systems using the very high frequencies, but the older low-fre-
quency system will remain for many years. In Europe this band has
long been reserved for broadcasting. Marine communication makes
extensive use of the low radio frequencies.

In presenting a chapter on low-frequency-antenna design it must not
be thought by the general reader that this is a historical subject only.
Low-frequency-antenna engineering is an active modern subject, and
one where the sources of information are few and the problems difficult.
The author has been impressed by this lack of specific information on
low-frequency antennas even after so many years of engineering effort
devoted to them, as well as enormous sums of money. The reason evi-
dently is that the compromises that have to be made in design are so
extreme that the designer has no particular pride in the result and says
as little as possible about it in his technical reports to the profession.
Almost all papers in technical journals about low-frequency antennas are
strictly descriptive and lack the detailed discussions of how the designs
were conceived and developed that one misses so much when searching
for engineering guidance. This chapter will provide some useful informa-
tion and explain something about the nature of the compromises that
one must make in practice. Large low-frequency antenna systems
involve large capital outlays, and one may pay dearly for ignorance of
the practical importance of the several controlling design factors and the
compromises the designer finally accepts.

1.2. Low-frequency-wave Propagation

Low-frequency radio waves are propagated by means of radiating
structures which are, in terms of wavelength, electrically very close to
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earth. Thus all propagation which can be utilized is in this region close
to the interface between earth and air, where the ground plays a very
important role in the propagation physics.

The field in the space above the earth is accompanied by a wave
of ground currents in the earth or water (hereafter referred to as
“ground”). " The lower the frequency, the more negligible the displace-
ment component of the ground currents with respect to the conduction
component. Both conductivity and inductivity of the ground determine
the depth of penetration of ground currents. The density of such ground
currents decreases exponentially with depth below the surface when the
soil is homogeneous. (See Appendix I1.)

Losses in the ground cause attenuation of the wave field in space
immediately above the surface of the earth, since energy from this field
is dissipated continuously in the ground as the wave passes over it. This
loss causes the electric vector to be tilted forward in the direction of
propagation, producing a component of electric intensity parallel to the
direction of propagation and another normal to it and to the surface.

The wave mechanies at the interface between air and ground are very
complicated even under the simplest physical circumstances. The solu-
tion of Maxwell’s equations in this region has long been in dispute, and
serious work on the subject continues.

Nothing can be done about the electrical characteristics of the ground
or the topography along the path between transmitting and receiving
antennas. By choice, it is possible to locate the antennas in areas of the
best available soil conductivity, thus to increase the terminal efficiency
to some extent, and to increase this efficiency still further by proper design
of the grounding system.

Optimum ground-wave propagation is obtained over salt water because
of its conductivity (many times that of the best soils to be found on the
land) and its uniform topography. Undulations in the topography of
land cause losses in propagation greater than the loss produced by con-
ductivity alone because the impingement of a wave against a tilted
surface creates wave reflections that produce scattering of the energy in
directions other than the original direction of propagation. The energy
loss due to scattering is dependent upon the electrical height and the
slope of the surface undulations. The greater the electrical heights of
hills and mountains, the greater the loss due to scattering and the greater
the wave attenuation. Behind mountains greater than approximately
one-half wavelength high, there may appear genuine shadows, but unless
other obstructions occur, this shadow will gradually be filled in as dis-
tance is increased, owing to diffraction.

In choosing a site for a station operating on a low frequency, therefore,
these general facts must be taken into consideration by using the best
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available land in terms of flatness, soil depth, and soil conductivity and
by choosing the flattest available profile in the direction of dominant
interest. Whenever possible, sites are located near the sea for overseas
transmission or reception.

1.2.1. Ground-wave Propagation of Low Frequencies. Ground-
wave transmissions in general require vertical polarization of the wave
field; that is, the electric vector lies in the vertical plane through the
direction of propagation.

Low-frequency antennas therefore are designed for vertical polariza-
tion, the useful radiations being derived from currents in the vertical
portions of the antennas. Radiations from horizontal portions of
antennas at low frequency are lost by cancellation of their image radia-
tions. Currents in the conductors of a flat-top should be balanced with
respect to the center where the down lead is taken off. For this reason, T
antennas are preferable to inverted-L types* except for the case where
multiple tuning is used.

The fact that, at low and very low frequencies, practical vertical heights
are usually a very small portion of a wavelength is the cause for two impor-
tant basic facts in low-frequency-antenna design: (1) the vertical-radia-
tion pattern is always that due to a very short vertical radiator and
follows the equation

fla) = cos «

where « is the angle above the horizon, and (2) the radiation resistance is
always very low, often very much lower than any other resistances in the
system. For that reason, the radiation efficiency, defined as the ratio of
power radiated to total power input to the antenna system, is generally
low.

The attenuation of a ground wave passing over a given path increases
with frequency, as one may observe from the data of Table 1.1. This
table lists the attenuation for a ground wave propagated over a smooth,
spherical earth for sea water, soil of good conductivity, and soil of poor
conductivity. Most soils encountered in practice will come between
these “good” soil and “poor” soil limits. The specifications for these
soils are given in the table.

Relatively low attenuation constitutes one of the advantages to the
use of a low frequency from the propagation standpoint. But there are
two opposing factors which penalize the low frequencies from a com-
munication standpoint. One is the reduction in radiation efficiency
which attends the use of lower and lower frequencies, due to the limited

* Many old textbooks tell us that an inverted-L antenna is directive in its horizontal
pattern. The amount of such directivity is too small to consider.



LOW-FREQUENCY ANTENNAS 17

electrical size of practicable antennas. This factor is equivalent to loss
of as much as 10 to 12 decibels at the source for the lowest radio fre-
quencies or for other frequencies where the radiation efficiency may be
of the order of 6 per cent. The other factor is that relatively high noise

TaBLE 1.1. GROUND-WAVE PROPAGATION—SMOOTH SPHERICAL EARTH

. Wave-path attenuation, decibels
Distance,

miles

I
| 50 kiloycles | 100 kilocycles i 200 kilocycles 1 400 kilocycles

Sea water (¢ = 4 X 1071 electromagnetic unit; ¢ = 80)

- 0 0 | 0 0

10 | 20 20 20 20
20 26 26 26 26
50 34 34 34 34
100 10 40 41 42
200 a7 49 50 51
500 56 - 59 64 70
1000 62 66 86 © 98

Good soil (6 = 2 X 1071 electromagnetic unit; e = 30)

1 0 0 0 0

10 20 20 20 21
20 26 26 26 28
50 34 34 35 37
100 40 41 42 45
200 47 48 52 55
500 55 58 66 77
1000 63 68 89 111

Poor soil (¢ = 10714 electromagnetic unit; e = 4)

1 0 0 0 0

10 21 21 22 26
20 28 28 29 37
50 37 39 42 56
100 44 48 54 70
200 51 58 69 86
500 62 72 99 121
1000 70 85 135 160

levels generally prevail at these frequencies. While these noise levels
vary considerably with time and geography, they seriously limit the
range of transmission by requiring relatively high field strengths for
bractical working signal-to-noise ratios. The only way of overcoming
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this range limitation is by employing high-power transmitters. Further-
more, it is not feasible to obtain appreciable power gains by using direc-
tive antennas as is so easily done at much higher frequencies. Some
advantage of directivity can be realized at the receiving location by
employing loop or, preferably, wave antennas.

1.2.2. Sky-wave Propagation at the Low Frequencies. If low-fre-
quency-wave propagation was entirely by means of the ground wave,
there would be negligible variations in received signal strengths. Actu-
ally there is some propagation by atmospheric paths above the earth with
reflection or refraction of these sky waves back to earth. During the
daylight hours, the lower radio frequencies seem to experience reflection
from the D layer, an ionized stratum of atmosphere below the E layer.
Like the latter, the D layer disappears during the hours of darkness, but
this does not eliminate all signal-strength variations that are attributed
to sky-wave propagation. Any such sky waves interfere with the
dominant ground wave and produce the variations observed on long
circuits, even at the lowest radio frequencies in use. However, the
magnitude of these variations is relatively small with respect to those
experienced at the higher frequencies.

1.3. Low-frequency Antennas

Low-frequency antennas are characterized generally as being elec-
trically short. This means that they operate at frequencies that are low
with respect to the fundamental frequency of the antenna system. This
is because realizable structures are small in proportion to the radiated
wavelength. One of the design objectives is to have an antenna of a
given mechanical size appear electrically as long as possible within the
economic limitations of good investment.

The means one may adopt to achieve this end depend very much upon
the specifications for the communication system, of which the antenna
is one element. If communication over long distances in the presence
of high electrical noise is the objective, very high power may be necessary.
The need for high power brings with it the need for special design tech-
niques for the naturally large antenna currents and antenna potentials
that result. The bandwidth required, depending on the type of emission
used, may also be a determining factor in the design of an antenna. In
another case, the range of transmission may be simply that which is
possible within a specified capital cost.

Of course, the operating frequency itself is a dominant factor. The
band embracing the so-called “low’” and “very low” frequencies is from
300 kilocycles down to the lowest that have been used, something of the
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order of 12 kilocycles. For the purposes of the present book, we shall
regard low frequencies as those below about 500 kilocycles, for the reason
that the same basic techniques are usually employed for antennas within
this range. Cognizance is taken of certain opportunities to apply the
special techniques which have been developed for the medium-frequency
broadcast band for frequencies below 500 kilocycles, where steel masts
and towers are used as radiators instead of systems of wires. However,
aerial wire systems constitute the majority of antennas for the low
frequencies.

The design of antennas for frequencies below about 30 kiloeycles is a
very specialized field of engineering, and problems within this range arise
very infrequently in general practice. Except for casual mention of
certain details as they arise in connection with our general subject, we
are omitting reference to this very low range.

Radiation engineering, in the sense of controlling the radlatlon pattern
of the system in special ways for special purposes, is virtually absent
from low-frequency-antenna engineering. To a limited degree, radiation
control is applied to low-frequency navigational aids such as the four-
course radio-range systems (see Sec. 0, ’

1.13.3). In general, however, low-

frequency-antenna engineering is 10

L S L SINUSOIDAL
principally a .problen‘l in 01rcu1t§ and 20— — N —p  Shmoina
how to obtain maximum efficiency DIS'E%IRBVUETION

from an electrically short antenna. o ————— —8
1.3.1. Vertical-antenna Current
Distribution. The principles of the
electrically short antenna are better
understood from Fig. 1.1, in which
the natural sinusoidal current dis-
tribution along a straight uniform-
section quarter-wavelength vertical
antenna is used for reference. A
straight uniform vertical antenna RELATIVE CURRENT AMPLITUDE
with a height of 20 degrees would 0 025 050 075 10
have the relative current distribu- Fie. 1.1, Relative current distribu-
tion shown for the sine curve above tion_s on electrically short vertical
the 20-degree level A. In the same radiators.
way, one with a height of 30 degrees would have the relative distribution
above the level B. An antenna with a vertical height of 10 degrees, but
with top loading sufficient to give it a total electrical length of 30 degrees,
would have the current distribution shown between A and B, and the top
loading would be equivalent to an additional 20 degrees of vertical
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antenna so far as the shaping of the current distribution on the vertical
portion is concerned.

A vertical 5-degree antenna, with a relative current distribution like
that shown above the level C, is a comparatively ineffective radiator
because of its very small exposure to space and consequent small resist-
ance due to radiation.

In low-frequency-antenna design there is no optimum design. One
can ‘“squeeze’’ here and there to get a little more performance. The
designer must decide where to stop. This decision may be the most
important of all, since the performance-cost relations run into the law of
diminishing returns. No one can specify in a general way how far one
should go in this direction. The tendency is to go too far into diminishing
returns as a part of the squeezing process. .

It is helpful at this point to think of the results in decibels, since any
improvement having appreciable cost should yield not less than 1 decibel
of increase in radiation. If one can afford to be exhaustive in his pre-
liminary engineering, which means that engineering cost is not a factor,
detailed cost estimates can be obtained for a succession of design varia-
tions in the approach to an optimum investment.

1.4. Fundamental Frequency of a Straight, Uniform Vertical Radiator

The fundamental frequency fo of a vertical radiator is the lowest
frequency for which the reactance is zero at the feed point between the
lower end of the radiator and ground. At this frequency, the electrical
length of the antenna is 90 degrees, or one-quarter wavelength.

In practice, an antenna that is a quarter wavelength electrically is
somewhat shorter than a quarter wave long physically. The difference
is due to end effect, which results from the finite ratio of antenna length
to antenna diameter. Table 1.2 shows the effect of height (length)-
to-diameter ratio h/d on physical length G for a cylindrical vertical
radiator for the condition of zero reactance with no artificial end loading.

TABLE 1.2

h/d G
10 81.5
20 81.5
40 82.5
100 84.2
200 85.0
400 85.7
1,000 86.4
2,000 87.1

4,000 87.4



LOW-FREQUENCY ANTENNAS 2]

From this table, the fundamental frequency of a vertical radiator can
be determined from its geometry. For example, a cylindrical conductor
with h/d = 200 has a physical height of 85 degrees. Its fundamental
wavelength is A = 3602/85.0, and its fundamental frequency is

f() = 3 X 108/>\o

For an idealized uniform vertical antenna without end effect, the funda-
mental wavelength in meters is

x0 = 4hmeteru = 1-22hl’eet

These relations are useful in deriving a simple equivalent vertical
antenna that has the same fundamental frequency as an antenna of any
arbitrary configuration. The current distribution along the vertical
portion can thus be determined and from that the radiation resistance,
and eventually the field strength per ampere at a unit distance can be
calculated.

1.5. Radiation Efficiency

Low-frequency antennas characteristically have low radiation resist-
ance and relatively high capacitive reactance. The most practical form
of power feed employs series resonance in the antenna circuit, using an
inductance to neutralize the antenna reactance. The design of this
tuning inductance is an important part of the design of an antenna system.
Because of the high currents that flow through the inductance, its resist-
ance becomes a prominent, if not dominant, component of the resistance
of the system. Therefore, the tuning inductance becomes a limiting
factor in ultimate efficiency of the transmitting plant.

In the absence of more precise information, one may assume that a
well-designed low-frequency antenna and ground system will have a
radiation efficiency of roughly 75 per cent of the equivalent electrical
length in degrees of the antenna system at the working frequency. In
other words, an antenna system having a vertical height of 11 degrees,
with top loading that makes it equivalent to 25 electrical degrees, should
have a radiation efficiency of the order of 18 per cent, excluding tuning-
coil losses. While this estimate is necessarily a rough one, it will serve
as a reasonable starting point for computations.

The best guide for initial assumptions is information on systems that
have already been built and measured. Such direct information can
then be applied to a new problem by similitude. Some reference informa-
tion of this nature is included later. ‘

The antenna-design problem will always assume one of three basic
forms: the limitations on the ultimate design to be those of a reasonable
investment; or a maximum height (where physical height is limited by
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conditions other than cost); or a fixed amount of money available. The
design considerations are weighed differently for each of these three
forms. Height is the most costly dimension for an antenna system, and
so the determination of height is one of the most important considera-
tions in any given problem. It is also the most important choice with
respect to maximum realizable radiation efficiency, since radiation resist-
ance is in general proportional to the square of the height.

Since the radiation pattern is not under control in low-frequency-
antenna design, the radiation efficiency is purely a circuit problem. The
object is to obtain the highest ratio of radiation resistance to total
antenna-circuit resistance.

The total antenna resistance is the sum of five separate components:

Radiation resistance R,

Ground-terminal resistance R,

Resistance of tuning inductance R,

Resistance equivalent of insulation loss R;

Resistance equivalent of conductor loss R,,

The radiation efficiency of an antenna is therefore

R,
"SR+ R, + R.+ R: + Ru

Ground resistance often is larger than the radiation resistance even
when large investments are made in the ground system. The tuning-
coil resistance may be relatively large, even after careful engineering
design, because of the large reactance usually necessary and because of
practical limitations in minimizing the dissipation factor . The charac-
teristically high operating potentials on the antenna, owing to its small
resistance and high reactance, cause insulator-loss equivalent resistance
to become appreciable and sometimes of great importance in relation
to the radiation resistance. The conductor resistance can also become
appreciable in systems where mechanical considerations dictate the use
of high-strength alloy materials having effective resistivities two to three
times greater than copper. Also, the great lengths of wire required for
low-frequency antennas add to conductor-loss equivalent resistance.

The absolute values of ground, insulation, and conductor resistance
are unattainable by direct measurement and must in any event be esti-
mated from final system-resistance measurements. In the design stage,
unfortunately, no significant estimates can be made because of the great
range of values encountered within the scope of low-frequency design.
From a knowledge of the current distribution in the antenna, the con-
ductor resistance referred to the feed point can be computed by making
a summation of /°R losses over the complete system.
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1.6. Radiation Resistance

The radiation resistance is essentially due to the distribution of current
on the vertical portions of the antenna. Typically the current in all
vertical parts is in phase but varies in amplitude with distance along the
vertical, with the maximum value at the base, near ground. If the
vertical part has a uniform cross section throughout its length, the current
distribution will be some portion of a sine wave. If the antenna consists
solely of a vertical part, with no top loading, the current at the top will
be zero and the distribution will be sinusoidal as measured from the top.
Since a sine wave is practically linear from zero to 30 degrees, a uniform
vertical radiator of height 30 degrees or less will have a linear current
distribution. Thus current distribution plotted against electrical height
forms a right triangle as shown in Fig. 1.1.

When there is capacitive top loading attached to such a vertical
antenna, its electrical length is effectively increased. The current I, at
the top of the vertical is no longer zero but has a value that is proportional
to the capacitance of the top loading. In almost every practical case
it is less than the base current 7,, With top loading, the plot of relative
current against position along the vertical now becomes a right-angled
trapezoid, which as a practical limit may ultimately approach a rectangle.
This is realizable only with an electrically short vertical section having a
very large amount of top loading.

The radiation resistance of an antenna less than an electrical quarter
wavelength long is increased by top loading and by increasing height. A
straight vertical radiator of height 30 degrees or less has a radiation
resistance R, following the equation

Rr = 10G02

where G, is the electrical height in radians. (One radian is 57.3 degrees.)

Referring again to the geometric form of current distribution with
height (Fig. 1.1), this relation holds for the triangular distribution. If
the base current I, is always taken as 1.0 for comparative purposes, we
can say that radiation resistance varies as the square of the area of the
degree-ampere plot. We can transform this relation into a very useful
form that shows the radiation resistance as a function of the degree-
ampere area A of the plot of current distribution. This is

R, = 0.012154?

The utility of this relation is that it holds for any shape of inphase
current distribution. It permits direct computation of the radiation
resistance from a known current distribution for an electrically short
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antenna. A top-loaded antenna having a trapezoidal current distribu-
tion has a degree-ampere area

G, (1,
4 —7(7,,“)

where @, is in degrees of vertical height and 7, and 7, the currents at the
top and at the base of the vertical, respectively.

These relations can be used for any arbitrary system where the current
distribution in degree-amperes is known, the value of A can be computed,
and the base current is taken as unity.

A chart of the values of radiation resistance as a function of physieal
height G, in electrical degrees and the ratio I,/I is shown in Fig. 1.2 over
the domain where the vertical current distributions are linear.

1.6.1. Relation between Degree-amperes and Field Strength.  When
the actual value of degree-amperes on the vertical part of the antenna
with a given power input to the system and the base current is all known,
the unattenuated field strength at a unit distance can be computed
directly. There is a linear relationship between actual degree-amperes
A, and field strength as expressed by

F =kA,

When F is the field strength in millivolts per meter at 1 mile, k& = 0.650,
and when F is given in volts per meter at 1 kilometer, £ = 0.00104.

First Ezample. An example of the application of these relations is
the solution of the following problem: A radiophare (or omnidirectional
beacon) antenna for operation with low power on 200 kilocycles is desired.
We can expect a total antenna resistance of the order of 3.5 ohms (judging
from experience), and we want a radiation efficiency of about 15 per cent.
The radiation resistance of the antenna system therefore should be 0.53
ohm. By examination of Fig. 1.2 it is found that this resistance can be
obtained by any of the realizable structures listed in Table 1.3.

TasLE 1.3
Electrical (vertical) height, degrees | Actual height, feet { I/l
13 180 0
12 164 0.1
11 150 0.2
10 137 0.3
9.4 128 0.4
8.7 118 0.5
8.2 111 0.6
7.7 104 0.7
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We therefore have to choose between one vertical radiator of 180 feet
or two or more towers higher than 100 feet to support some form of top-
loaded wire antenna. If the radiophare is near an airport, there may be
objections to the 180-foot radiator as an obstruction. The 104-foot
height takes a large amount of top loading to attain a ratio of 0.7 between
currents at the top and base of the antenna. This creates additional
mechanical loads, and more than two supports may be required.

Let us assume that we choose the 104-foot height in order to avoid
the cost and complications of remotely controlling the transmitter. It is
now desired to know what the fundamental frequency of the antenna
must be.

Graphically, this is quickly solved by a diagram of height plotted
against relative antenna current distribution. If we let 1.0 be the base
current and 0.7 the current at 104 feet, a straight line drawn through
these points and extended upward until it intersects with I,/I, = 0 will
give the height of the equivalent vertical radiator with the same funda-
mental frequency. This height is found to be about 347 feet (25 degrees
at 200 kilocycles). To get the required current taper on the 104-foot
antenna the flat-top must simulate the capacitance of the upper 243 feet
(17.3 degrees) of this equivalent vertical radiator.

A vertical radiator with a length of 25 degrees at 200 kilocycles would,
by direct proportion, be 90 degrees at a frequency

f =995 X 200 = 719 kilocycles

The antenna under study must therefore be built to have a fundamental
frequency of about 719 kilocycles for a vertical height of 104 feet.

If the power input to the system is to be 250 watts, the antenna current
will be 8.47 amperes if the system resistance is 3.5 ohms. The vertical
section of the antenna will then have a degree-ampere area of

_7.7(0.70 + 1) X 8.47
B 2

A, = 55.5 degree-amperes

The unattenuated field strength at 1 mile 1s
F = 0.650 X 55.5 = 36.8 millivolts per meter

Second Example. As another example, let us compute the radiation
resistance, radiation efficiency, and field strength of an antenna that has
been constructed and has the following measured values at an operating
frequency of 50 kilocycles:

Fundamental frequency 176 kilocycles

Physical height of vertical portion 450 feet
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Electrical height of vertical portion 8 degrees at 50 kilocycles

Electrical length of entire antenna 25.5 degrees at 50 kilocycles

Measured resistance at 50 kilocycles 2.8 ohms

The current distribution on the vertical portion is computed from the
fundamental frequency of 176 kilocycles. A straight vertical antenna
for this frequency would be approximately

_ 3 X 108

h = -—1—2§f— = 1,398 feet

and this equivalent system also has an electrical length of 25.5 degrees
at 50 kilocycles. Its current distribution would therefore correspond to
25.5 degrees of a sine wave as measured from the top end. The lower 8
degrees of this equivalent portion would correspond exactly to the ver-
tical portion of the actual antenna under study. The top loading of the
antenna is equivalent to the upper 945 feet (17.5 degrees) of the equiva-~
lent straight vertical antenna.
The ratio of top current to base current is

I, _sin17.5 _ 0.300
I,  sin 255 0.430

Now, referring to Fig. 1.2, we read (for a vertical height of 8 degrees and
an I,/I, ratio of 0.7) a radiation resistance of 0.56 ohm. The radiation
efficiency is therefore

= 0.70

0.56
With 100 kilowatts input, the antenna current would be 190 amperes.
The degree-ampere area A, is 1,290, which produces an unattenuated field
strength of 1.34 volts per meter at 1 kilometer.

1.7. Characteristic Impedance of a Vertical Antenna

The usual coneept of the characteristic impedance of a transmission
line is quite rigorously defined in terms of uniformly distributed funda-
mental constants of L, C, R, and G. At high frequencies, this becomes

L 1
Z°=\/g=w

where v is the propagation velocity.

A vertical antenna is not a transmission line in the purest sense because
its constants vary with distance from ground and the time of propagation
of the fields from real and image charges is not small with respect to one
period of the emitted wave. From a practical standpoint, however,
these deviations from theoretical ideals are of small consequence. The
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concept of the characteristic impedance of an electrically long wire,
vertical or otherwise, is of great practical convenience because it permits
us to refer circuit conditions in an antenna to those so well known for
transmission lines. To use the characteristic impedance quantitatively,
however, we must be content with approximate values. The error, in
most cases, is fortunately within that of the many other empirical factors
with which one must deal in engineering.

The characteristic impedance of a vertical antenna of any cross section
can be calculated with suitable accuracy by considering a sample 1-meter
unit of length at a height & above ground and the corresponding portion
of its image. The characteristic impedance can then be obtained from
electrostatics, using the theory of logarithmic potentials. A short discus-
sion of this useful theory is given in Chap. 6. For a vertical antenna (a
down lead or any vertical radiating portion of an antenna, whose diameter
is small with respect to its length) a compromise value of Z, for the entire
vertical part can be calculated at the mid-height. The capacitance per
meter C for the cross section used is computed from logarithmic-potential
theory and the characteristic impedance calculated directly from the
equation

1

Z°=3>< 108C

ohms

A vertical antenna with capacitive end loading in the form of a flat-top
of any configuration can then be treated as a capacitively terminated
transmission line of length G, degrees and characteristic impedance Z,
(where G, is the physical length of the vertical portion of the antenna in
electrical degrees). The flat-top in turn can be treated as a transmission
line or as several lines in parallel, and its approximate reactance can
be calculated at the point of connection with the vertical, using Eq. (8),
Chap. 4. These general facts can be used to calculate the fundamental
frequency and the reactance of low-frequeney antennas.

The characteristic impedance of a horizontal wire or system of parallel
wires can also be computed from logarithmic-potential theory within
satisfactory limits of accuracy in certain simple cases. For example, the
characteristic impedance of the horizontal portion of an inverted-L or a
T antenna can be found by using the principles of electrostatics and the
same equations one would use for transmission lines. The method is
limited to single wires or to systems of parallel wires well removed from
the fields of other parts of the antenna system. In the following section
the application of such methods will be demonstrated.

For suitable characteristic impedance formulas, consult Cases I, I
and III, Chap. 4, as examples.
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1.8. Antenna Reactance

The impedance of a low-frequency antenna at the operating frequency
must be known to determine the power input and the antenna potential.
The resistance portion of the impedance has been discussed separately.
Prior to actual construction and measurement (or lacking measurements
on other similar systems), the total resistance can only be estimated.
From this the order of the antenna current for a given power input can
be deduced. The antenna potential can then be found approximately if
the reactance is known. The size of the tuning inductance must also be
determined by the antenna reactance.

Low-frequency antennas encounter very high potentials normally.
The power input to an antenna is limited by potential due to corona,
pluming, and flashover from the conductors as well as the insulators.
The cost of insulation may be a large portion of total antenna cost, and
great care is required in the design of medium- and high-power-antenna
systems to reduce antenna potential and to design properly the insulation
and the conductors. Reducing antenna reactance also reduces tuning-
coil losses by decreasing the amount of reactance required for tuning.

Antenna potential is reduced by minimizing antenna reactance at the
working frequency. This in turn is accomplished by minimizing the
characteristic impedance of the antenna system and by top loading it
with as much capacitance as can be afforded. Once the antenna poten-
tial gradients are under the limiting values which produce corona and
pluming, the designer must carefully avold excess costs which arise from
a large and heavy aerial requiring several heavy-duty supporting struc-
tures. Once the potential gradients are reduced below a certain critical
value for the maximum anticipated power input, insulation is cheaper
than steel and copper.

Applying the transmission-line analogy, the reactance of an open-
circuited line of characteristic impedance Z, and electrical length G is

X = —jZycot @

With capacitive top loading of a vertical radiator of electrical height
G. and characteristic impedance Z, with a flat-top of reactance X, at a
frequency f1, the reactance at the feed point would be

X,cos G, + 7Z, sin G,

Xa =2 Zy cos G, + 37X, sin G,

Both X, and @, are functions of frequency, so that a computation of
X, can be made over a frequency band. At the fundamental frequency
of the antenna, X, = 0, under which condition the numerator in this
equation must be equal to zero.
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1.8.1. Practical Flat-top Design. In low-frequency applications, G,
is always less than 90 degrees so that X, is always capacitive. The value
of G, is determined by the size of the antenna and has a dominant influ-
ence on its cost. The value of Zy and X; must therefore be minimized
once the limits of G, are determined economically and structurally.
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Fra. 1.3.  Strong lightweight inexpensive cage spreader (four to eight spokes).

Recognizing that Z, = 1/vC, we must seek means for increasing C per
unit length. This is done by increasing the cross section of the antenna.
Increasing the diameter of the conductors increases the weight faster
than it reduces Z, (assuming solid conductors), and so one resorts to
several conductors in parallel. To get the maximum benefit from the
conductors, they should be arranged to carry equal currents. This
requires that they be arranged in a conical or a cylindrical cage. In a
flat configuration, the currents concentrate in the outer wires and depre-
ciate the contributions of the inner wires to the desired result unless they”
have very large electrical spacing. A useful design for a cage spreader
is shown in Fig. 1.3.
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A cage of four wires in a square cross section is a desirable one from
both mechanical and electrical standpoints for ordinary antennas. Its
construction is relatively simple, the mechanical stresses are easily
equalized among the wires, it has moderate wind resistance, and it gives
the maximum increase in capacitance per unit length for practical spac-
ings for the amount of copper required.

For a square cage of four wires located a height h above ground, with
wires of radius p spaced a distance a, the capacitance in farads per meter is

Cs = !

16h*
pa® /2
A single wire of the same radius at the same height has a capacitance of

v
138v log1o %

34.5v lOglo

C1=

The ratio of the capacitance of the cage to that of the single wire is there-
fore :

2h
Q _ 4 lOglo 7
C, 16h4

logig — =
g1 pad V2

Figure 1.44 is a curve of this ratio for a particular case for a given
height and wire size as a function of a. Figure 1.4B shows curves of the
capacitance ratios for a particular height and wire size for cylindrical
cages of various numbers of uniformly spaced wires and cage diameters.

For two wires in parallel, spaced a distance a,

2h

21 —
C_ "B,
07 g 2
glopa

For a siz-wire cage, the capacitance ratio is

2h

co_ Ol
Cy 1 10.67h¢
Og1o pa5

If one wishes to use four wires spaced a uniform distance a in a flat plane,
the ratio of capacitance to that of a single wire can be obtained with the
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following equations, which include the solution for &, the ratio of charges
on the two inner wires to those on the two outer wires:

2h 2a

% _ 2(1 + IC) lng 7 . IOglo §;;
C, 4h? 2h? o 2

! lOglo % + k lOgm ? lOgm {

To test the practical application of these principles, we can analyze an
antenna of known characteristics to see how closely the computed values
compare with the measured values.
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Frc. 1.4. Capacitance ratio per unit length of cylindrical cages versus single wire
when A = 200 feet and p = 0.125 inch.

Identical Antennas at Different Locations. Consider the antenna shown
in Fig. 1.5. Let us try to verify the reactance values at 100 kilocycles
as measured at the three different locations. At the outset we recognize
some important empirical factors not amenable to quantitative predic-
tion, for instance, the end effect as the cages of the flat-top converge to a
point, the capacitance of the insulators at the point of convergence, and
. the stray capacitance to the grounded supporting towers and to the
supporting cables. At 100 kilocycles the vertical height is 9 degrees,
and each arm of the flat-top will be 9 degrees plus an estimated additional
0.5 degree (5 per cent) to account for all spurious end effects. Thus we
consider each arm of the T (G3) as 9.5 degrees. The entire system is a
four-wire square cage of 0.129-inch-radius wires spaced 48 inches from ™
each other. The average height of the flat-top is about 270 feet, or
3,240 inches. The capacitance per meter of the flat-top is then calculated.
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MEASUREMENTS OF 3 IDENTICAL ANTENNAS AT DIFFERENT LOCATIONS

STATION #| STATION*2 STATION*3
f-ke X | R X | R X 1 R
50 [-j1315al — i |
60 130 | — ! I
70 975 | — ! [
80 gag | — ' !
~_90 0 _ms | — | ___ RS B S
100 655 | 25a |-i625 | 2.25n [-1640a| 13a
150 375 | 3.1 425 | 30 400 | 30
200 222 : 5.0 267 | 4. 250 | 53
250 130 | 74 148 ' 5.8 158 | 80
__300 } 65 105 | 67 ! 83 83 | 1.3 _
350 25 1 14.0 T iie | T 16 1 153
400 +15 | 183 +j45 1 16.0 +j40 | 20.1
450 | 238 108 1214 95 | 255
__500 §__ 20 1325 | 165|276 | 152 | 313
f 0 1390ke 0 1360ke 0 1363ke
Fic. 1.5. Cage T antenna characteristics.
C = ! 3 farads per meter
. 16(3,240)
34.5 X 3 X 10® X loge

0.129 X 48% X 1.414

% = 343 ohms = characteristic impedance of flat-top cage
vl

Gy = 9.5° (electrical length of one arm). cot 9.5° = 5.976

X, = reactance of one horizontal arm of T at junction

—j(343 X 5.976) = —j2,050 ohms

Zy

With the two arms in parallel, the total terminal reactance of the flat-top
is approximately

= —71,025 ohms

The characteristic impedance of the vertical cage, which we shall take
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at the mid-point (A = 1,500 inches) is of the order of

16 X 1,500¢

Zo = 34.5 10810 515917474 X 11 X 105

= 297 ohms

The input reactance at 100 kilocycles is computed to be, using Eq. (8),
Chap. 4,
(—J1,025) cos 9 + j297 sin 9

Xo =297 297 cos 9 + 5(—41,0253) sin 9

—7635 ohms

This compares with 625 ohms, 640 ohms, and 655 ohms measured
values at the three stations. Apparently the end effect was correctly
estimated. The reader may wish to compute the reactance of a single-
wire antenna of the same dimensions.

1.8.2. Reducing Potential Gradients. Potential gradients may be
reduced by increasing conductor diameter or by using several conductors
in parallel so that the charge per unit length on each conductor is reduced.
Sharp edges and points on metallic hardware are smoothed to reduce
localized gradients. The over-all capacitance loading is made as large
as economically feasible so that, for a given power input, the potential is
made as small as possible by decreasing the antenna reactance X,. In’
high-power low-frequency systems the amount of top loading and the final
design of the aerial system are determined by the potential considerations
rather than merely radiation resistance. Fortunately, the design factors
that minimize the potential on the antenna are also those which increase
the bandwidth capabilities and increase radiation efficiency.

1.8.3. Aerial Insulators. The aerial insulators should have high
electrical and mechanical strength. They are of two basic types
for strain duty—special cylindrical porcelain tubular insulators with
cemented end fittings, and the oil-filled safety-core type.

Porcelain tubular strain insulators have been made for radio applica-
tions in sizes up to 6 feet long and 6 inches outside diameter, with an
ultimate mechanical strength of 35,000 pounds and a steady working load
of about 12,000 pounds. Where greater working loads are encountered,
two, three, and four such tubular insulators have been used in parallel,
with yokes that equalize the load on the individual insulators. Safety-
core-type insulators, as made by A. O. Austin, have rated mechanical
loads as high as 1,000,000 pounds.

Tubular porcelain insulators have small impact resistance, and an
insulator capable of supporting a steady tension load of 6 tons may break
when accidentally struck with a wrench or other tool. They must bée
handled with great care to avoid accidental breakage.

The strength of tubular insulators is often limited by the strength of
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