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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 
net works. 
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 successful 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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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 st ruc-
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 projectiadiant 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 noise 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 N•arious 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 
inelucles much original material. The appendixes contain reference data 
of general use to the antenna engineer. 
The nomenelature used for bands of frequeneies is based primarily on 

their propagation elianieteristies. These terms are also approximately in 
accord with the nomenclature adopted by the International Telecom-
munications l•nion ut its Atlantir C'ity ronferenre in 1947. The use of 
these broad terms has a brevity and eonvenienee that is very desirable in 
writing and talking about freimeneies, provided that one thinks about 
them as having indistinet boundaries. 
One must recognize rather large overlaps in the bands of frequencies 

propagated as listed. and the bands sInnvn are indieative only. They 
I lend gradually from one into the other, the amount and the extreme 
ranges varying wit h t he state of t he ionosphere a uni 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 
Abbrevia-

Approximate band Most useful propagation 
Lion 

Low frequency ( 1.,/, or If 

(long wave) 
Medium frequency MF or mf 
(medium wave) 

High frequency 11F or hf 
(short wave) 

Up to 500 kilocycles 

200-5,000 kilocycle); 

3-40 megacycles 

I . 

Crisind wavers 

• Both ground and sky waves 

1Sky waves propagated by way 
of the ionoephere 

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-
Mg 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'°°2 is a useful one for those desirous 

uf becoming familiar with the theoretical principles of antennas. It is a 
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 Hensley, 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 S. 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 F. 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; 
.1. 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. Ouiment 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: Inst it ute of Radio Engineers; Institution of Elee-
t rival Engineers; Amalgamated Wireless (.‘ ustralasia) Ltd.; His Majesty's 
Stationery Offiee, London; Nlet ; raw-llill Publishing Company, Inc.; Mar-
eoni's Wireless Telegraph Company, Ltd.; Instit ution of Radio Engineers 

(Australia). 
EDMUND A. LAPORT 

(;LEN ltswa;, N. J. 

Jan uary, 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 eneru 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 c, where c is 
3 X 10 meters per second.* In other mediums, the velocity of propaga-
tion of plane electromagnetic Nvavesl°°' is 

v = c (77 2w- 1- 1)] meters per second 
2 1i en2e 

In this equation, which is in the meter-kilogram-second (mks) system of 
units, n is the ordinary permeability, which is unity for free space and 
for all except ferromagnetic materials. so is the permittivity of. free 
space, with a value of 8.85 X 10-'2 farad per meter. e is the ordinary 
inductivity, or dielectric constant, for the medium. For free space, this 
is unity, for all practical purposes. a is the conductivity of the material 
in mhos per meter. ta is 2r X f, the frequency. 
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 er, µ, and in 
the material. 
A transmitting antenna emits one wave for each period of the exciting 

potential, or a total number per second equal to the transmitted frequency 
f. The wavelength X of the emitted waves is therefore 

X = 

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. 
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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 concerning 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 hears a 
fixed relationship to the wavelength. ln 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 short antenna, it means 
one that has a length very small with respect to the wavelength emitted. 
ln 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 he achieved is much less than this, and sometimes as 
low as 0.05. 

Antennas are in general open-circuit systems of electrical conductors 
projecting iiito 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,'"' Skilling,'°°' and Kraus.'°°' 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 1 in which a sinusoidal alternating current of frequency f ie flowing. 
The current is assumed to be uniform throughout the length of this 
doublet. The instantaneous value of the current i as a function of time 
t can be expressed as 

= /0 sin cot 

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 10 
axis of the coordinate system. The angle 8 is measured from this axis 
and may be called a " colatitude angle." The longitude angle qs 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 0, 0, and r, 

37711 sin  O 
Ea =  2rX (- - 4.4) volts per meter X 

This equation expresses the absolute magnitude and relative phase of 

the field at all values of e and r; but, owing to axial symmetry, the field 
Is independent of 0. 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 
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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 concerning us in this hook 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 he 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 short antenna, 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 usef ul loss. 
and that component of antenna resistance which is associated with the 
radiation of etiere; 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 he achieved conveniently, while for the longer waveleagths 
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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aotenna 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 parte 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 Skilling,'°°4 and Kraus.'°°2 For the present practical purposes 
it will suffice to utilize the proven results of the theory, extracting useful 
formulas out of context as Che 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 1 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. i as a function of time 
t can be expressed as 

••-= /0 sin col 

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 El 
axis of the coordinate system. The angle 8 is measured from this axis 
and may be called a " colatitude angle." The longitude angle 4) 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 8, it), and r, 

37711 sin O 12,rr 
2rX X 

This equation expresses the absolute magnitude and relative phase of 
'he field at all values of 8 and r; but, owing to axial symmetry, the field 
is independent of e. 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 

volts per meter 
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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 concerning 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 short antenna, 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 he 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 arid 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,'°°' Skilling,'°" and Kraus.'°°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 i as a function of time 
can be expressed as 

i = lo sin col 

(7onsider further that the middle of this doublet in the center of a 
system of polar coordinates with the axis of the conductor along the 11 
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 8, 0, arid r, 

37711 sin 2vr 
E. ( (—X — (.0/) 2rX volts per meter 

This equation expresses the absolute magnitude and relative phase of 
the field at all values of 8 and r; but. owing to axial symmetry, the field 
is independent of e. 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 
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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 concerning 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 hook 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 short antenna, 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 
sires. 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 apace 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 closcd-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 he 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 he 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 Skilling,'°°4 and Kraus.'"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 lin 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 i as a function of time 
t can be expressed as 

= I,, sin cat 

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 8 
axis of the coordinate system. The angle 8 is measured from this axis 
and may be called a " colatitude angle." The longitude angle sz, 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 8, 4), and r, 

37711 sin 8 (2Tr 
Ef —  22». - f.d) volts per meter 

X 

This equation expresses the absolute magnitude and relative phase of 
the field at all values of e and r; but, owing to axial symmetry. the field 
is independent of 0. 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 
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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 concerning us in this hook 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 short antenna, 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 waveleagths 
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,'°°' Skilling,'°°' and Kraus.'"' For the present practical purposes 
it will suffice to utilize the proven resulta 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 i as a function of time 
can be expressed as 

i = /0 ain got 

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 O 
axis of the coordinate system. The angle 8 is measured from this axis 
and may be called a " colatitude angle." The longitude angle e is meas-
ured from some arbitrary reference direction in the equatorial plane. 
The distance from the origin of coordinates will he 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 8, 4,, and r, 

37711 sin 2irr 
Es —  2rX cos (— — cal) volts per meter 

X 

This equation expresses the absolute magnitude and relative phase of 
the field at all values of 8 and r; but, owing to axial symmetry, the field 
is independent of 4). 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 
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length of the doublet; that it is proportional to the sine of 8 and is there-
fore zero in the direction of the doublet axis and maximum in the equa-
torial plane where O = 90 degrees; and that it is inversely proportional 
to the distance and to the wavelength when r. 1. and X 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, 1 is 1 electrical 
degree, X 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 10-4 
volt per meter, for 8 = 90 degrees. Therefore a doublet with a moment 
of I 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 r2, respectively, and which therefore 
quickly full to negligible values as the distance increases. The induction 
field has decreased to I per cent of the value of the radiation field at a 

ifd alt.'.' of 16 wavelengths. 

The values of E plotted in all directions, but at constant distance from 
t lu. center of th' 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 
ilist ribut ions of currents. Each element of length of a wire in an antenna 
system yontributes as a doublet to the over-all field for the antenna 
Ti.vmt ein made up of the contributions from all the current-carrying ele-
ments. The pattern for an antenna is understood to be determined at a 
Il si nitre MI) large with respect to the largest dimension of the antenna 
1 hat the rays from each doublet portion are essentially parallel and the 
effeet of the different values of r from each doublet portion to the distant 
point am essent ially equal. This is the so-called " Fraunhofer region," 
where I he shape t he pattern is itidependent of r. The radiation pattern 
then im the integration of all the elements of radiation contributed by all 
the eurrents t t lie system, taking into amount their relative magnitudes, 
mit itil phase differences, and the phase differences introduced by their 
propagat ion over different path lengths. 

The bask. relat ii ni for the radiation field from an elementary doublet is 

E cc 1 sin 

This irk es it s' 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 I 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 mierovolls 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-
°Wally 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 

E. — 
60/0  sin wi cos  (90 cos 0) ,a.../x 

sin e 

A B(' 

volts per meter 

where lo is the instantaneous peak value of the current at. the center of 
the dipole. 
This equation has the factors indicated as .4, B, and C which have the 

following physical meanings: 
.4. 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 lo 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./2r. 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 function of O. 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/X 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 

/ ('OS (90 cos 6) 

where I is the rms current at the center of the dipole and the electric 
force Fe is now in arbitrary relative units. If instead of using the colati-
tude angle 8 we wish to measure 0, as a latitude angle from the equatorial 
plane of the system, as we do frequently, we take th as the complement of 
and by substitution, to obtain 

1 cos (90 sin SO  
Fe = 

cos e, 

A half-wave dipole has a moment uf 114.3 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 I 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 
38 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. 
'rue 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 a for the elevation angle from the horizon and 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 

E 
H = --- amperes per meter 

377 

in air. In this relation H is in amperes per meter, E is in volts per meter, 
and 377 is a constant known as the " intrinsic impedance" ej of free space 
in ohms. It is obtained from the relation 

E \Frio 4ir X 10-  
H — = - = 85 X 10-'2 - 377 ohms to 8.  

where ego is the permeability of free space, which is 4ir X 10-e henry per 
meter. 
Whereas the intrinsic impedance of free space for a plane electro-

magnetic wave is the ratio of E and H, the vector product of E and ii 
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, platte-wave relations become analogous to Ohm's 
and Joule's laws for circuits. Therefore we can go on to other obvious 
relations such as 

Et 
P = 377H2 

377 

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 
situare 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 



RADIO ANTENNA ENGINEERING 

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 antenna:3 that are regarded as omnidirectional 
are so only in a certain sense—usually in the sense that the antenna is 
tiondireetive 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, etc. (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 
chases 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 gasas, 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 he 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 

les 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 at spirant ion of a plane elect ro-
magnetic wave'"' is 

a = hmene 2 (- 2ue' 1)1' 
.%11 units are in the meter-kilogram-serond ( m1;. 

nepers per meter 
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When al/e0'elo.+2>> 1, conduction currents predominate over displace-
ment currents and the equation for attenuation reduces to 

a = 1.987 X 10—' N/7"kT/r nepers per meter 

Appendix II gives the so-called " skin depth" of ground currents (depth 
at which the wave attenuation is I neper or 8.6£18 . . . (lecibels) for this 
case. [For conversion from meter-kilogram-second (mks) to electro-
magnetic centimeter-gram-second (cgs) units, a..k. = 
When 172/ee'elw2 < 1, displacement currents predominate over conduc-

tion currents and the equation for attenuation reduces to 

a = 188.34ir.\17-! 
e 

For geologic materials g is I. 

nepers per meter 

SYMBOLS FREQUENTLY USED IN TEXT 

yrnbol Meaning 
A Area included in current-distribution plot, degree-amperes, also 

a symbol for special quantities 
• Capacitance 

Free-apace wave velocity (3 X 10' meters per second) 
D Distance 
d Diameter; distance 
E Electric intensity, volts per meter 
• Field strength; a functional notation 

Frequency; a functional notation 
Jo Fundamental frequency 
• Length of a conductor, electrical degrees 
Gi Length of a horizontal conductor, electrical degrees 
G, Length of a vertical conductor, electrical degrees 
Go Length of a vertical conductor, radians 

Height above ground 
Current, amperes 
Operator as = a 90-degree rotation counterelorkwise 
Inductance 

1 Length 

Dissipation factor X/R; a standing-wave ratio 1..11... 
• Resistance, ohms 

Radial distance 
Potential, volts 
Velocity of propagation, meters per second 
Power, watts 
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Symbol .11 caning 
X Reactance, ohms 

Impedanee, ohms 
Zo Characteristic impedance 
Z,. Mutual impedance 
• Angle above the horizontal; also the attenuation faetor in the 

propagation constant 
a Azimuth angle from some reference direction 

Inductivity or ordinary dielectric constant 
O A colatitude angle in polar coordinates; also orea.sionally used 

as general designation for an angle 
X Free-space wavelength in meters 
X0 Fundamental wavelength in meters 
• Radius 
a Conductivity 
• Phase difference; a longitude angle in polar coordinates 

Phase difference; a latitude angle 
• Angular frequency 2arf 



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. lf 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 paisible 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 



14 RADIO ANTENNA ENGINEERING 

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 II.) 

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 mechanics 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 beat soils to be found un 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 
los 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 

f(a) cc cos a 

where a 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- I, antenna is directive in its horizontal 
pattern. The amount of such directivity is too small to consider. 
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c:ectrical size of practicable antennas. This factor is equivalent to loas 
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 

TARIE 1.1. GROUND-WAVE PROPAGATION—SMOOTH RIGIERICAL EARTH 

Distance, 
miles 

1 
10 
20 
50 
100 
200 
500 
1000 

- - - 

1 0 

10 20 
20 26 
50 34 
100 40 

200 47 
500 55 
1000 63 

1 
10 
20 
SO 
100 
200 
500 
1000 

Wave-path attenuation, decibels 

50 kiloycles I 100 kilocycles 200 kilocycle. I 400 kilocycle* 

Sea water (e 4 X 10-" electromagnetic init; e 80) 

20 20 
26 26 
34 I 34 
40 40 
47 49 
56 59 
62 I 66 

o 
20 
26 
34 
41 
50 
64 
86 

--
Good soil le ee 2 X 10-13 electromagnetic unit; t - 30) 

— - 

o 
20 
26 
34 
41 

48 
58 
68 

--

Poor soil (a 10-I' electromagnetic unit; e .• 

o 
20 
26 
35 
42 

52 
66 

89 

o 
21 
28 
37 
44 
51 
62 
70 

- --
1 

21 22 
28 29 
311 42 
48 54 
58 69 
72 99 
85 135 

o 
20 
26 
34 
42 
51 
70 
98 

0 
21 

28 

45 
:37 

55 
77 

111 

o 
26 
37 

56 
70 
86 
121 
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 
practical 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 
Jorninatit 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 
experiented ut 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 
‘vith respect. to the fundamental frequency of the antenna system. This 
is because realizable structures are small in proportion to the radiated 
travelength. One of the design objectives is to have an antenna of a 
given mechanical size appear electrically as long as possible within the 
cwonomic limitations of good investment. 
The means one may adopt to achieve this end depend very much upon 

the sperifientions for the communication system, of which the antenna 
is DIIf' If communication over long distances in the presence 
Ilf high elect rival 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 potential 
that. result. The bandwidth required, depending on the type of emission 
usecl, may also be a determining factor in the design of un antenna. In 
another rose, the range of transmission may be simply that which is 
possible within a specified capital cost. 
Of mimic., 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 
wecial 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 kilocycles 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 radiation 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. o 
1.13.3). In general, however, low- a. 

o'e 
frci luency-antenna engineering is to 

ziaz 
principally a problem in circuits and -----A SINUSOIDAL 

CURRENT 
how to obtain maximum efficiency DISTRIBUTION 

e_i CURVE from an electrically short antenna. ta « 30   
(t o 

1.3.1. Vertical-antenna Current occso 
Distribution. The principles of the -3> 
electrically short antenna are better uz 50 

E 0  
understood from Fig. 1.1. in which UL) 

La 1,60 
the natural sinusoidal current dis-
tribution along a straight uniform- Z 70 — 

o 
<-ction quarter-wavelength vertical zr ect 
antenna is used for reference. A «KM 

straight uniform vertical antenna 0°90 
RELATIVE CURRENT AMPLITUDE 

with a height of 20 degrees would 0 025 0.50 0.75 1.0 

have the relative current distribu- Fm. 1.1. Relative current distribu-
tions on electrically short vertical lion shown for the sine curve above 
radiatore. 

the 20-degree level A. In the same 
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 
it ith top loading sufficient to give it a total electrical length of 30 degrees, 
nould 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 coat 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 
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 hid on physical length G for a cylindrical vertical 
radiator for the eondition of zero reactance with no artificial end loading. 

TARI E 1.2 

h 

lo 81 5 
20 81.8 

10 82.5 
100 111 2 
200 sr. 

400 Mh 7 

1.000 86 4 

2.000 87.1 

4.000 87.4 
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From this table, the fundamental frequency of a vertical radiator can 
be determined from its geometry. For example, a cylindrical conductor 
with hid = 200 has a physical height of 85 degrees. Its fundamental 
wavelength is Xo = 360h/85.0, and its fundamental frequency is 

fo = 3 X 108/X0 

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

X0 = 4h,, = 1.22h,—, 

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-
roil 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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eonditions other than cost): or a fixed amount of money available. The 
desispi eonsiderations 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 nux4t important choice with 
relpert to maximum realizable radiation efficiency. since radiation resist-
anee 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: 
Radiat.  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, 
—   

Ground resistance often is larger than the radiation resistance even 
when large investments are made in the ground system. The tuning-

resiatance may be relatively large, even after careful engineering 
design, becatime of the large reactance usually necessary and because of 
print ;cal limitations in minimizing the dissipation factor Q. The charac-
teristically high operating potentials on the antenna, owing to its small 

resistance and high reactance, cause insulator-loas 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 ean be made because of the great 
range of values eneountered within the scope of low-frequency design. 
From a knowledge of the current distribution in the antenna, the con-
duetor resistance referred to the feed point can he computed by making 

a summation of PR 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 he 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 leas 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 Is 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 h. 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 

= 10G01 

where Go 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 le 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. = 0.01215.1 7 

The utility of this relation in 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 

A 
G ' j2 Gib  

where G. is in degrees of vertical height and J, and is, 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 physical 

height G. in electrical degrees and the ratio /(//o 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 o and field strength as expressed by 

F = 

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

First Example. An example of the application of these relations is 
the solution uf 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 resistanee of the antenna system therefore should he 0.53 
>hm. fly 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. 

TAMA: 1.3 

Eleetrien1 ( verties1) height. degrees Actual height, feet it//‘ 

13 11.30 0 

12 164 0.1 
II 150 0.2 
10 137 0.3 
0 1 I2M 04 
87 I 18 0.5 
82 III 0.6 
77 104 0.7 



LOW- FREQUENCY ANTENNAS 
R
A
D
I
A
T
I
O
N
 
R
E
S
I
S
T
A
N
C
E
 
-
 
°
N
u
t
 

o 
o 
o 

o 
o 

4 

0 ! 

o 

25 

5 910 100 
ELECTRICAL MEIIIRT WO- ore E S 

Flo. 1.2. Radiation resistance for electrically short antennas versus height of vertical 
portion (degrees) and ratio of currents at top anal hase of vertical portion. 



26 RADIO ANTENNA ENGINEERING 

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 coat 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 /g/h, = 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 

= 99•¡5 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- I) X 8.47 
= 55..5 degree-amperes 

2 

The unattenuated field strength at 1 mile is 

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 sirength of ata 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 101 
= h 1.22f 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 

sin 17.5 0.300 
— 0.70 

/6 sin 25.5 0.430 

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

0.56 
0.20 

' 2.8 

With 100 kilowatts input, the antenna current would be 190 amperes. 
The degree-ampere area Ao 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 concept 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 

\II; z. - 
C ve 

where u 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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coneept of the characteristic impedance uf 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 lbws. To use the characteristic impedance quantitatively. 

however. we must be content with approximate values. The error. in 
most ral-es. is fortunately within that of the many other empirical factors 
wit h which one must deal ill engineering. 

The characteristic impedanre of a vertical antenna of any cross section 
can be calculated with suitable accuracy by considering a sample l-meter 
unit of length at a height h above ground and the corresponding portion 

of its image. The characteristic impedance can then be obtained from 
electrostatics, using the theory of logarithmic potentials. À 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 Z0 for the entire 
vertieal part can be caleulated at the mid-height. - The capacitance per 
meter r f. ir t ems:: seet ion used is computed trim logarithmic-potent ial 
theory and the characteristic impedanee calculated directly from the 
equatiim 

ohms 

vertieal antenna with capacitive end loading in the form of a flat-top 
of any ronfiguration can then he 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 

tqectrical degre(s). 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-frequency antennas. 
The eharamerist lc impedance of a horizontal wire or system of parallel 

wires can also be computed from logarithmic-potential theory within 
sat isfail ory limits of accuracy in certain simple cases. For example, the 
eliaraeterist lc 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 woulil use for transmission lines. The method is 

limited to single wires or to systems of parallel wires %veil removed from 
the fields of other parts of the antenna system. In the following section 
the alqilicat ion of such methods will he demonstrated. 

For suitable eharacteristic impedance formulas..consult ('ases I, 
and I II, Chap. J. as examples. 
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LB. 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 avoid 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 Zo and electrical length G is 

X = —jZo cot G 

With capacitive top loading of a vertical radiator of electrical height 
G, and characteristic impedance Zo with a flat-top of reactance X1 at a 
frequency h, the reactance at the feed point would be 

X1 cos G. ± jZo  sin G. 
X. = Zo 

Zo cos G,- -V jX1 sin G. 

Both X1 and G. 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-frequeney applications. G. 
PM always than 90 degree er that X. i alway   The value 
of G. is determined by the hize of the antenna ai hrs.4 a dominant influ-
ence on its cord. The value of Z.. and mut therefore be minimized 
once the limits of G. are determined economically and structurally. 

SOLDER 

Fin. 1.3. Strong lightweight inexpensive rage spreader (four to eight spokes). 

Iterognizing that Zo = 1/vC, we must seek means for increasing (7 per 
unit length. This is done by increasing the cross section of the antenna. 
Inemiusing the diameter of the conductors increases the weight faster 
than it. reduces Zo (assuming solid conductors), and so one resorts to 
several minim:tors in parallel. To get the maximum benefit from the 
eiinilitetiirm, they should he arranged to carry equal currents. This 

requires that they be arranged in a conical or a cylindrical cage. In a 
flat ciiiiliguration, the currents concentrate in the outer wires and depre-

I' t hi. ribut ions of the inner wires to the desired result unless they 
have l'f•ly large electrical spacing. A useful design for a cage spreader 
is shinvii in Fig. 1.3. 
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A single wire of the same radius at the same height has a capacitance of 
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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 antennae 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 

C4 — 
16h4 

1 

1  
CI = 

2h 
138v log 10 — 

P 

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

2h 
4 log io 

16h' 
togio — 

pa' Vi 

Figure 1.4A 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, 

2 logro —2h 
Cs 

CI , 4h2 
log ro —  

Pa 

For a six-wire cage, the capacitance ratio is 

2h 
6 logio 

C1 — 10.67h6 
log ro 

Pai 

lf 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 k, the ratio. of charges 
on the two inner wires to those on the two outer wires: 

CIV 
CI = 

2(1 k) log,, —2h 

4h1 „ 2h' 
logis 

3ap a 

2a 
log io à; 

k = log,. 7 

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. 

A 
41‘t 
b—taj 220 220 
pica> 
%ow 200   200 
te< 
zu 190 180 
WO 
I 1     160 tab-ext, 

or 
ztl 140 f  40 

Zr 
=III 120   120 

wic 
re loo 'co 

0 20 40 60 80 100 0 2 4 6 8 10 
WIRE SPAC NG--INCHES NUMBER OF WIRES IN CAGE 

Fin. 1.4. Capacitance ratio per unit length of cylindrical cages versus •ungle wire 
when it 200 feet and p 0.125 inch. 

WI 
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RES 200'ABOVE GROUND 

cj 
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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 ((h) 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. '1'he eapacit mice per meter of the flat-top is then calculated. 
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600' 
500. 

250' 

4- WIRE CAGES OF O 238-01A,1 
WIRE IN FORM OF SQUARE 
4' PER SIDE 

G 
e 

GROUND SYSTEM ' 120-500' BURIED RADIALS AND 1-4's4' COPPER 
PLATE 8uR1ED ON EDGE UNDER CENTER OF RADIAL SYSTEM. 
MEASUREMENTS OF 3 IDENTICAL ANTENNAS AT DIFFERENT LOCATIONS 

STATION •1 STATION •2 STATION*3 
1-184 X R X R X u R 

1 50 -11315n - 
60 1130 I - I 
70 975 I - I 
80 84e g - I 
90 745 I - . 

- 173i1 -«.- - --655 1- -27571 -- ---14625 . 3. 5 I 2.0 n 25 

150 375 I 3.1 2 200 222 : 5.0 267 1 4.1 
250 130 i 7.4 14 8 I 5.8 
300 65 10.5 67 I 8 3 

-I- - 4- -- 
350 25 1 14.0 II 1 11.6 
400 +115 I 18.3 4j45 ' 16.0 
450 70 : 23.8 108 I 21.4 
SOO 120 . 32.5 165 I 27.6 
- - 

.390ke 

Flo. 1.5. Cage T antenna eharaeterietire. 

-16 40n i 1 3ct 
400 3.0 
250 5.3 
I 58 1 8.0 
83 1 11.3 
16 113 

41 4 0 I 20.1 
95 I 25.5 
152 1 31.3 

••• 

0 I 360 ke g 363kc 

r A   farads per meter 
1U(3,24e 

34.5 X 3 X 10° X logiu 
0.19 7( 483 X-1.-4-1-4 

1 
Zo= = 343 ohms = characteristic impedance of fint,top cage 

cC 
GA = 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 

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

is approximately 

Xà 
- = -j1,025 ohms 
2 

The characteristic impedance of the vertical cage, which we shall take 
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following equations, which include the solution for k, the ratio, of chargea 
on the two inner wires to those on the two outer wires: 

2(1 ogu — k) log 10 -2h . 2a iog io 
Civ =   k —   
CI 4h1 „ 2h2 a 

log 10 -I- loge, 7 log 10  

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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180 180 u. 
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FM. 1.4. Capacitance ratio per unit length of cylindrical cages versus single wire 

when It 200 feet and p 0.125 inch. 
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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 fiat-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 (CA) 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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Fla. 1.5. Cage T antenna characteristics. 

farads per meter 
I 6(3 ,Z4 0) 2 

34.5 X 3 X 108 Y 
— 0.129 X 483 x 1.-114 

z. = —I = 343 ohms = characteristic impedance of tliartop rage 
VC 

Gh = 9.5° (electrical length of one arm). cot 9.5° = 5.976 
XA = reactance of one horizontal arm of T at junction 

-j(343 X 5.976) = -j2,050 ohms 

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

is approximately 

XA 
— = -j1,025 2 ohms 

The characteristic impedance of the vertiral rage, which we shall take 
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at the mid-point (h = 1,500 inches) is of the order of 

16 X 1,500'  
zo 34-51°g" 0.129 X 1.414 X 11 X 104 — 297 ohms 

The input reactance at 100 kilocycles is computed to he, using Eq. ( 8). 
Chap. 4, 

( —jl ' 025) cos 9 j297 sin 9 
X. = 297   = —j635 ohms 

297 cos 9 + j( — j1,025) sin 9 

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 be 
handled with great care to avoid accidental breakage. 
The strength of tubular insulators is often limited by the strength of 
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the cemented end fittings, which may be of malleable iron, bronze, or 
aluminum. Thermal stress on the porcelain may at times be the cause 
of failure in service due to unequal expansion of the porcelain and the 
metal. Sometimes the casting will split or the porcelain be crushed. 
The kind of cement used for attaching the end fitting to the insulator can 
also be a cause of failure due to weathering and expansion of the cement. 
There is appreciable leakage loss on plain tubes, and when they are 

used in multiple, this loas is increased. Losses are often further increased 
by cross discharge between the insulators when moisture and drip-water 

Flo. 1.6. Oil-filled safety-core ntratn inaulator, rated at 150 kalovolta. Phoiograph 

(mutely of Royal Canadian Navy.) 

distribution is irregular. For this reason it is best to use a minimum 
number of units, preferably only one, provided that the unit can sustain 
the requisite mechanical duty. Leakage loss can be reduced by using 
grading rings or rain shields, but these reduce the pluming potential, 
which is then limited by the shields. In the presence of drip water, a 
uniformly distributed roughness in the form of a wire mesh or expanded 
metal is more effective than a smooth metallic shield in preventing 
pluming. 
The oil-filled safety-core insulator of modern design is available with 

very high electrical and mechanical ratings and high reliability. Figure 
1.6 is a photograph of one form of strain insulator of this type, rated at 
150 kilovolts working potential when wet and a working load of 60,000 
pounds. Other safety-core insulators appear in Figs. 1.38, 1.41, and 
1.43. 

1.8.4. Scale-model Measurements. The search for the simplest and 
most economical antenna configuration that will give a desired value of 
radiation resistance with top loading is complicated by many factors. 



34 RADIO ANTENNA ENGINEERING 

Computations are practical only for rather simple systems, such as for 
inverted-L, T, and X configurations. For large, complicated capacitance 
areas made up of many wires of different lengths and orientations it is 
easier to make and measure small-scale models than to attempt to com-
pute the values. 
Antenna scale models make use of the fact that there is a fixed rela-

tionship in systems of identical electrical dimensions. An accurate scale 
model one-fiftieth the size of the original will have the same electrical 
dimensions when operated at fifty times the frequency. Scales as small 
as one one-thousandth have been successfully used for low-frequency 
design engineering. 

The technique is to lay out a large- metallic surface, very large with 
respect to the area of the proposed model, to serve as a ground plane. 
Towers, guys, antenna rigging, and placement of insulators are modeled 
carefully, including the relative cross section of the wires, sags, etc. 
Usually the only measurements necessary from a model are the funda-

mental frequency and the reactances in the region of the scaled operating 
frequency. The fundamental frequency can be measured by using 
shielded coupled buzzer excitation with a calibrated receiver as a fre-
quency meter. The reactances can be measured with a Q meter, taking 
necessary precautions with body effect of the operator in some cases. 
With small expense and very little expenditure of time, a good model 
will yield the desired information and permit studies of such things as 
insulated versus grounded towers, placement of guy insulators, and 
alternative wire configurations. All the data needed to compute the 
performance of a full-scale system can be obtained except those factors 
associated with the ground system. The characteristics of ground sys-
tems and flow of ground currents in imperfect dielectrics do not follow 
the same principle of similitude as do fundamental frequency, reactance, 
and radiation resistance. 
The value of scale-model measurements in low-frequency-antenna 

design cannot he overemphasized, both for economy of engineering time 
and for precise forecasting of performance. By this technique it. is 
possible to obtain a great deal of empirical information that. cannot be 
reliably calculated. System costs can he minimised by experimentally 
developing the most conservative structure for a given performance. 

1.9. Transmission Bandwidth of a Low-frequency Antenna 

Antenna selectivity is usually the limiting selectivity factor in a low-
frequenvy transmission system. Transmitter, receiver, and other selec-
tive circuits associated with the system should be examined, however, in 
all applications where special attention to bandwidth is required. Selec-
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tivity limits transmission speed and contributes to telegraph distortion 
because, by filtering the side frequencies inherent in the modulated signal 
and shifting their relative phases, the signal loses definition. In the 
case of telegraphic on-off keying (an example of 100 per cent amplitude 
modulation with a square wave) a long series of symmetrical side fre-
quencies, all in correct phase and amplitude relationships, is necessary 
for dietortionless transmission. As the dot length is decreased and the 
dot frequency increased, the spectrum of the symmetrical side frequencies 
must be greater. If the spectrum width exceeds the bandwidth of the 
system, the higher side frequencies are lost or so modified in phase and 
amplitude that the carrier envelope is seriously distorted. Beyond a 
certain point, it may be impossible to regenerate the signal envelope at 
the recei ver. 

In the case of teleprinter operation, there are strict limits on telegraph 
distortion for correct printing. In speech transmission, inadequate 
bandwidth capability will seriously restrict the frequency range that 
can be transmitted. In pulse transmission, antenna selectivity may 
produce serious pulse distortion, making it difficult or impossible to 
match two separate pulses at the receiver because of lack of definition 
at the leading edges where two separate pulses are compared. Therefore. 
in all but the most elementary applications, special attention to the band-
width capabilities of the antenna (both transmitting and receiving) must 
be examined critically during design. 
A corollary condition of high selectivity is accuracy of tuning. Any 

rnistuning causes asymmetry of side-frequency transmission with result-
ant distortion. Unless the bandwidth of the system is considerably 
greater than required, there is little or no tolerance in the tuning. 
An electrically short antenna has a reactance very large with respect 

to its total resistance, which permits us to use the ratio X/Ii as the Q of 
the antenna. Such an antenna, when tuned for operation by means of 
series inductance, forme a series-resonant circuit. The bandwidth of 
the antenna can therefore be defined in the usual way as 

BB = —I 

where f is the frequency of resonance and B11' is the total bandwidth, in 
cycles, between the upper and lower points of 3-decibel attenuation 
(45-degree phase angle.) 

It is seen that the bandwidth is inversely proportional to antenna (or 
total circuit) Q. To decrease Q, the same design considerations are 
required as for the reduction of antenna potential. Therefore the same 
measures may be required in the design of a low-power system for large 
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bandwidths as for a high-power system for narrow bandwidths, with the 
exception of the insulation. 

To transmit the fundamental and third-harmonic sidefrequencies of 
a square pule, of dot frequency F. the bandwidth required is 7.4F. 
Therefore, the maximum permissible Q of the antenna is 

.4F 

If it is desired to operate a standard five-unit start-stop teleprinter 
(CO-word speed of 23 dot cycles per second with equal mark and space 
intervals) at 40 kilocycles, the Q of the antenna must not exceed 235. 
Furthermore, at this value, the tuning must be exact at all times, or 
excessive telegraph distortion would result and impair the accuracy of 
operation. To be more precise, the entire selectivity in the transmitter 
and receiver systems together should not exceed an equivalent total Q 
of this value. The transmitting antenna should therefore have a Q less 
t han this value in considering system performance and allowing for tuning 
tolerance to accommodate inevitable variations in antenna capacitance 
with weather. 
One method of increasing bandwidth is to use an antenna of very large 

cross section. A cage or a tower is more effective in this respect than a 

single thin wire. A number of towers or vertical conductors with large 
separation and operated in parallel, either by individual feed or by multi-
ple tuning, is a further step in this direction and one which is quite prac-
tical. In addition to the advantages of improving ground-current dis-
tribution and transforming the feed-point impedance to more convenient 
value's, multiple tuning is a desirable method for increasing the band-
width of the system. The disposition and the number of vertical leads 
in the system can simulate flat or circular current sheets having intrinsi-
cally much larger bandwidth characteristics than conventional single-
t uned antennae. 

1.10. Multiple Tuning 

The most extreme conditions of low radiation resistance and high 
reactance are eneountered at the lowest frequencies, and some extreme 
measures are necessary to obtain acceptable radiation efficiencies. The 
antenna represents a very great. investment in structures and rigging, 
tumidly many times the cost of the associated transmit ting equipment. 
The most surcessful method of improving the radiation efficiency is 

that of multiple tuning. The antenna consists of a large elevated capaci-
t atter! area with two or more down leads that are tuned individually as 
indirated in Fig. 1.7.. The total antenna current is thus divided equally 
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among the down leads, each of which has its own ground system. The 
down-lead currents are in phase, and because of their electrically small 
separation there is no observable effect on the radiation pattern, which 
is always nearly circular. Power is fed into the system through one of 
the down leads. 
When arranged for multiple tuning, an antenna behaves as a number 

of smaller antennas in parallel, voltage being fed through the flat-top 
system. Thus, a system with triple tuning is essentially three antennas 
in parallel, one of which is fed directly by coupling to the transmitter 
and the other two at high potential (voltage feed) through their common 

FLAT- TOP 

DOWNLEADS 

Fla. 1.7. Principle of multiple tuning. 

flat-top. From a radiation standpoint, the same effect would be realized 
if the different portions of the antenna were not physically connected 
through their common flat-top but instead were separately fed from a 
common transmitter and feeder system in the manner of a directive 
antenna. Practically it is simpler to take advantage of the fact that 
almost all antennas for the lowest radio frequencies must of necessity 
employ flat-tops for capacitive loading and merely to add the extra down 
leads for multiple tuning. In this way, there is only one feed point, and 
the problems of power division, phasing, and impedance matching are 
automatically minimized. 
A simplified explanation of the manner in which multiple tuning 

increases the radiation resistance as seen from the power feed point is 
the following: Assume a certain antenna system which, on the basis of 
ordinary single tuning, has a radiation resistance of 0.04 ohm but has a 
total resistance of 0.90 ohm as measured at the feed point. For a power 
input of 100 kilowatts, the antenna current with single tuning would 
therefore be 333 amperes. If now this same system is multiple-tuned, 
using three down leads with idential ground systems for each down lead, 
the current of 333 amperes is divided approximately equally among them, 
giving 111 amperes per down lead. At the one fed by the transmitter, 
100 kilowatts input now produces a current in that down lead of 111 
amperes. From this it is reckoned that the total antenna resistance at 
that point is about nine times its original value, or some 8.1 ohms. If 
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the radiation efficiency were not changed, the radiation resistance at 
this point would be transformed to 0.36 ohm. However, the radiation 
efficiency is improved over that of single tuning by virtue of the decreased 
total ground resistance resulting from reductions in the density of ground 
currents of each collecting point. Thus the ratio of radiation resistance 
to total resistance is effectively increased by multiple tuning. 

If N represents the number of multiple-tuning down leads carrying 
equal currents, the new radiation resistance R„ is related to that for 
single tuning Rr by the equation 

R„ = RrN2 

The total antenna resistance with multiple tuning Rte is, in general, 
less than RIN2, and from this R„/Iii, > RJR'. 

In addition to improving the radiation efficiency, multiple tuning also 
provides a more convenient input impedance at the feed point and 
increases bandwidth. 
The full explanation of multiple tuning is much more complex than 

indicated here, where only the basic principle is explained. Some of the 
modifying factors are as follows: The effective capacitance of the flat-top 
is divided among the down leads so that each requires a larger tuning 
inductance than in the case of single tuning. The resistances of these 
tuning inductances are in series with the radiation resistance of each 
down lead, as are the conductor and insulation resistance components of 
loss, and these are also transferred to the feed point through the factor 
N2. For the same coil Q, the larger inductance required for multiple 
tuning introduces a proportionately larger resistance per coil. However, 
the total loss in the inductances with multiple tuning is also less than in 
the case of single tuning, assuming equal Vs for all the inductances. 

Multiple tuning is best adapted to operation on a single frequency. 
Where it is necessary to tune the antenna to several operating frequencies 
from time to time, single tuning is the most. convenient. 

1.10.1. Umbrella Antenna. Figure 1.8 illustrates an antenna of the 
umbrella type made up of three diamond antennas supported by seven 
towers and mechanically arranged so that each section can be raised and 
lowered separately. In turn, each diamond can he divided at the center 
for sleet melting if required, and therefore the down lead from each 
diamond has two conductors as shown at 1-2, 34, and 5-6, each pair 
connected in parallel near ground. The cross triatic of each diamond has 
a low-tension insulator (represented by a (lot.) at the middle to divide the 
antenna for sleet-melting purposes. 

Let us assume that power is ti) be intrialuved at the down lead 3-4. 
The coupling apparatus will he luvated under this point. Only the 
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multiple-tuning inductors are located under the other two points. This 
requires that the flat-tops of the three sections be electrically connected 
at some point, such as at the center. This could be done by base insulat-
ing the central tower for the whole antenna potential and placing the 
cable winches on the tower above these insulators. Keeping in mind the 
sleet-melting circuit (if used), three-phase Y connections could he made 
with the neutral connected to this central tower and the three phases 
connected to points 1, 3, and 5. 

Irt MAST 

ATOR 

nr 
FIG. 1.8. An arrangement of three diamond sections to form a flat-top for a very 
low frequency antenna. 

There is another arrangement that should not be overlooked. The 
towers 1, III, and V could be adequately base-insulated and employed 
as the down-lead conductors and the tuning points located near their 
bases. This would eliminate the insulators from the end points of the 
diamonds, which would be thus connected directly to the three insulated 
towers. The aerials would be insulated from the other four towers. The 
desired mechanical flexibility of three separate flat-top sections could be 
realized very well, but the sleet-melting circuits would be somewhat 
different. Balanced three-phase power could be applied directly at the 
base of the three insulated towers. This would be an excellent arrange-
ment for the sleet-melting circuits since, with the wire configuration 
shown, there would be an optimum equalization of the sleet-melting 
currents in the wires of the flat-tops. 
The procedure of multiple tuning a circularly symmetrical antenna 
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system, after computing the approximate values, is to adjust all tuning 
inductances to identical values until there is a condition of zero reactance 
between ground and the inductance in the power lead. The system will 
then be adjusted for equality of currents in all down leads. 

1.10.2. Multiple Tuning for Impedance Transformation. One of the 
characteristics of multiple tuning has been shown to be the transforma-
tion of impedance at the feed point when power is fed into only one of 
several down leads. Advantage of this principle can be taken in some 
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Fto. 1.9. Flat-top antenna with con- Fin. 1.10. Multiple tuning applied to the 
leal cage down lead. system of Fig. 1.9 for impedance matching. 

cases to obtain a mure favorable input impedance, principally an increase 
in the input resistance, for coupling and matching purposes. The 
technique can be applied in the following manner: 

In Fig. 1.9 we have shown the schematic representation of a multiple-
wire down lead for a single-tuned low-frequency antenna. There are 
6 down leads in this cage, and the antenna current is divided equally 
among them. Let. us say that this system has a measured resistance of 
3 ohms and a reactance of —j320 ohms at the operating frequency. It 
will take an inductance with a reactance of 320 ohms to tune this system 
to series resonance by conventional means. This impedance is a very 
unfavorable value to use as a termination for a long feeder. The imped-
ance transformation that must lw ,used with practical feeders must be 
very large. The network that provides the desired ratio will store a 
large amount uf energy, thus adding to the over-all selectivity of the 
system. 

By the multiple-tuning technique. we cuti produce a practical trans-
formation ratio in the antenna itself and therefore simplify the coupling 
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problem. The antenna can be fed through any one of the six wires. 
This will multiply the input resistance by 62 = 36. At this stage it 
must be remembered that the quantity multiplied will be the total 
antenna resistance, which includes the resistance of the load coil as well 
as that of the antenna itself. The resistance of the antenna, excluding 
the load coil, has been given as 3 ohms. The load coil Q must now be 
estimated. Let it be arbitrarily assumed, for the frequency and antici-
pated design, to be 500.* The load-coil resistance will be 320/500, or 
0.64, ohm. The total resistance will then be 3.64 ohms. Now, if power 
is fed into one of the six wires, the input resistance will be 3.64 X 36 = 131 
ohms. This is now a value of resistance that can be a direct termination 
for certain types of unbalanced open-wire transmission line after tuning 
out the input reactance with a series inductance. 
The total tuning reactance required is 320 ohms. This can be lumped 

all in one coil; or each of the six wires could be kept separated and a 
series reactance of 6 X 320 = 1,920 ohms used in each wire. If the coil 
Q were the same as for one lumped inductance, the mime result would be 
obtained. In the example, where we feed into one of the six wires, we 
can use a load coil with a reactance of 1,920 ohms. Since the other five 
wires are connected together, a single load coil of reactance 1,920/5 = 384 
ohms can be used. The circuit is now as shown in Fig. 1.10. The over-
all performance of the system is identical with single series tuning except 
that the input impedance has been transformed from 3.64 — j320 ohms 
to 131 — j1,920 ohms. The reactance is tuned out with the second coil 
of 1,920 ohms, so that the actual feed-point impedance is 131 ohms 
resistive. This may be used as a direct termination for a transmission 
line having a characteristic impedance of approximately 130 ohms. A 
coupling network is thus eliminated in an efficient and inexpensive way. 
The transformation ratio can be varied by using different numbers of 

down-lead wires in parallel and by changing the ratio of currents in the 
wires. The foregoing example assumed a circular disposition of the 
wires in which the antenna current was uniformly divided among them. 
Other system cross sections can be used which will provide unequal 
division of currents to modify the transformation ratio, more or less at 
will. The system efficiency, the total antenna current, the potentials 
and bandwidth of the entire radiating system are the same as if simple 
single tuning had been used. 

1.10.3. Increasing Bandwidth of Vertical Radiators Used for Broad-
casting. The multiple-down-lead technique offers excellent, possibilities 
for low-frequency broadcast antennas where bandwidth is a special 

Antenna tuning inductors have been built with a Q of as high as 10.000 at lb 
kilocyrlem 
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problem. The requirement of a very large diameter vertical radiator 
as a means of increasing the bandwidth can be met by using a central 
steel mast with an outrigger at the top to support a cage of vertical wires 
having a substantial diameter without excessive weight or cost. Let 
U8 take, for example, a wide-band vertical radiator for broadcast pur-
posea for a carrier frequency of 218 kilocycles. A steel mast 200 meter› 
high (52.3 degrees at 218 kilocycles) must have a cylindrical height-
to-diameter ratio of 20 in order to have a response within 2.5 decibels 
for the upper and lower 10-kilocycle side frequencies. This information 
can be computed from the impedance data of Figs. 2.15 and 2.16, taking 
into account that the electrical height of the antenna will vary from 49.9 
degrees at 208 kilocycles to 54.7 at 228 kilocycles. To obtain a ratio of 
height to diameter of 20, the requisite diameter of 10 meters can be 
obtained by using an outrigger at the top of the mast to support at least. 
eight vertical wires in the form of a cage enclosing the mast. A larger 
number of wires would more nearly approximate a complete cylinder. 
The self-impedance of a radiator of these dimensions at 218 kilocycles 

is of the order of 11 ohms resistance and 80 ohms reactance. Ground 
resistance and other loss resistances must be added to this. The antenna 
current will be equally divided, by symmetry, among the eight vertical 
wires, and a residual portion of the total current will flow in the steel 
central supporting mast. The exact proportion of the total antenna 
eurrent flowing in the mast itself can be computed by means of logarith-
mic-potential theory, but we shall assume for the present that it is the 
same as that in one of the vertical wires. The system therefore is 
equivalent to a nine-wire antenna with equal current division. We may 
choose to use a double tuning system, by including anywhere from one to 
eight. wires in the fed portion, the remainder being tuned directly to 
ground. There is therefore a range of input impedances available for 
feed purposes, as shown in Table 1.4. 

TABLE 1.4 

1Vire. in fad portion Input it, ohms 

2 

3 

4 

5 

6 

7 

8 

9 (self-impedance) 

Input X, ohma 

890 720 

275 :I00 
tItI 240 

55 180 

35 144 

25 120 

18 103 

14 110 

11 RO 
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In the resistances given in the table the ground and other 1088 com-
ponents have been omitted for simplicity. It is seen immediately that 
a wide range of input resistances is available according to the number of 
wires (with the supporting mast counted as a wire) included in the fed 
portion of the system, and with the remaining wires multiple-tuned in 
such a way as to maintain equal currents in all wires. It is interesting 
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Flo. 1.11. Multiple-tuned low-frequency broadcast antenna. 

2-WIRE FEED 

TO OPEN-WIRE 
INSULATORS FEEDER 

that, with two wires in the fed portion, the resistance is of a value that 
would permit direct matching uf convenient, types of open-wire feeders. 
With four fed wires, the value is suitable for direct matching with coaxial 
Feeders. The antenna-tuning gear consists of two inductors only, and 
the full bandwidth capabilities of the radiator are utilized by avoiding 

the use of more complicated networks having additional energy storage. 
Figure 1.11 illustrates this arrangement when two-wire feed is used to 

match an open-wire feeder. 

1•11. Antenna Potential 

The power input to a low-frequency antenna is limited by potential. 
Any electrically short antenna having low resistance and high reactance 
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will require a relatively high exciting potential for any given power input. 
The formation of corona and standing arcs, or plumea, causes high loes. 
and a plume can be very destructive. The maximum safe potentials 
can be found from the data in See. 4.9 (see ref. 59, Chap. 4). 
Low-frequency antennas are commonly fed in series between the down 

lead and ground. At this point the antenna resistance R. includes those 
components of resistance due to radiation, insulation losses, corona losses. 
conductor heating, and ground loss. If the antenna tuning inductance 
is included as part of the antenna instead of part of the transmitter, its 
resistance is also included in the system resistance. Then, for a power 
input to the system of W. (watts), the antenna current at the feed point 
will he 

The feed- point potential at the bottom of the down lead will be 

V. = — jX.) 

where X. is the antenna reactance at the working frequency. 
In general, X. is very large with respect to R. su that the antenna 

potential becomes simply 

/„X. 

For typical top-loaded antennas having an electrical length of lees 
than 20 degrees at the working frequency, the antenna potential is 
identical within 3 to 5 per cent over the entire antenna. For any prac-
tical design purposes, one may arbitrarily assume that the maximum 
potential existing on any ordinary low-frequency-antenna design due to 
potential build-up from its standing-wave potential-distribution pattern 
will not exceed 

For practical purposes it is quite sufficient simply to add a few per 
cent to the value of the product The potential need be known only 
approximately in ordinary eases in order to estimate the Insulation 
requirements of the system and the potential gradients at critical points. 
The gradients must. be below those which produce corona and pluming 
(standing ares) at the all it tide of the site. The eonductors of the antenna 
must be of sufficient diameter and tleeir physical arrangement planned 
so as to keep all potential gradients below critieal values. For high-
power systems, this becomes a major engineering problem, necessitating 
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the use of large and heavy conductors with their attendant mechanical 
and economic problems. 
The critical corona-producing gradients vary with the atmospheric 

pressure, the turbulence of the air, and the frequency. Another impor-
tant factor is the energy of the system, which may be more than sufficient 
to sustain large and destructive plumes as well us self-propagating arcs 
that produce actual flashovers to ground. Therefore high-potential 
engineering on high-power antenna systems has two distinct phases -- that 
of not overstressing the air dielectric around the conductors and metallic 
parts, and that of the selection of solid insulation for isolating the antenna 
conductors from ground and supporting structures. 

It is evident from the direct proportionality between antenna potential 
and antenna reactance, all other factors remaining constant, that all the 
techniques mentioned in Sec. 1.8 for reducing reactance will minimize the 
antenna potential for any given power input. Such techniques therefore 
raise the maximum power-handling capability of the system. They also 
tend to increase the bandwidth of the system as explained in Sec. 1.9. 
The potential gradients to be expected in various parts of a multiwire 

antenna are at times impossible to compute accurately. Satisfactory 
approximations for engineering purposes can usually be made by simple 
methods. The computation starts with the value of potential existing at 
the surface of the conductor. This is determined from a measurement 
of the antenna impedance and the antenna current for the power input 
to the antenna and from the estimated build-up of potential above the 
feed point, which depends upon the configuration and the potential 
distribution. 

Several wires in parallel or in close proximity at the same potential 
reduce the potential gradients as compared with a single isolated wire 
at the same potential. A single wire that is separated from ground, 
supporting towers, and other wires of the system by a distance of a few 
hundred wire diameters can be assumed to have a strictly radial electrical 
field at the wire surface. The equipotential surfaces close to it. will be 
concentric with the axis. To solve for the potential gradient near such 
a wire, we may assume its image charge to be uniformly distributed over 
an imaginary cylindrical surface at a considerable distance like the outer 
conductor of a concentric transmission line. We can apply the principles 
of a concentric transmission line and consider that the isolated wire is 
the central conductor of a concentric transmission line having a charac-
teristic impedance of large value. say 300 ohms or more. This requires 
that the outer concentric conductor have a very large diameter. In this 
analogy, the potential gradients in the vicinity of the antenna wire will 
approximate, with acceptable accuracy. those which would exist for the 
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same size wire at the same potential used as the central conductor of this 
equivalent concentric line. 
The maximum safe operating potential for an antenna conductor can 

be computed from the information given in Sec. 4.9. 
When there are other wires at the same potential in the vicinity of a 

wire, as when there are several wires in parallel, the maximum safe 
operating potential for the same wire size is increased somewhat.. When 
the wire is in the vicinity of grounded structures or wires of opposite 
potential, the maximum safe operating potential is reduced. High 
localized potential gradients, which are incipient sources of weakness. 
can sometimes be reduced by applying corona shields or insulated con-
trols. Corona shields reduce local potentials by distributing the electric 
charge over a larger area and thus reduce the electric-flux density below 
critical values that produce ionization. The insulated control is used 
for the same purpose, but it functions in a different manner. It reduces 
localized gradients by placing dielectric material in the high-intensity 
electrical field and smooths the discontinuity between metallic surfaces 
with a dielectric constant of infinity and air which has a dielectric constant 
of about 1.0. The layer of dielectric material acts as a corona shield. 
Many localized weak pointe in a low-frequency antenna system can be 

corrected by the use of insulated controls. For example, the corona limit 
for a wire system is raised if the wires are coated with certain insulating 
varnishes with a high dielectric constant. The varnish also reduces the 
rate of corrosion of the conductors. A projection that causes corona can 
often be neutralized by attaching a mass of insulating material in the 
high-strength field, but in such a way that small dead-air spaces are 
completely absent; otherwise there may be ionization in the dead-air 
regions. Plastic it.s well as solid dielectrics are useful in many borderline 
brushing problems. Plasties are usually more convenient, than corona 
shields made of metal. An insulated control is usually more effective 
with drip water than a metallic shield where the drip water may be the 
source of brushing or pluming from the metal surfaces. 
When it is desired to increase transmitter power at an existing low-

frequency station, it may be found that some modifications are needed 
to make the antenna safely withstand the increased potential. In most 
cases these problems will be localized. Special measures applied to the 
weak points, as just mentioned, will often remove the limitations at 
relatively small expense. The indication of an optimum antenna design 
is when the potentials are limited by corona or pluming on the linear 
conductors throughout the system and there are no local weak spots. It 
is necessary then only to ensure that the limiting potentials are well above 
the operating values. 



LOW- FREQUENCY ANTENNAS 49 

.12. Low-frequency Ground Systems 

The principles of grounding low-frequency antennas differ from those 
used at higher frequencies for two main reasons: it is usually impractical 
to employ electrically long buried-wire systems ( 1) because of the rela-
tively greater wavelengths and (2) because the low frequencies penetrate 
the soil to a relatively greater depth. This is in contrast. with the situa-
tion at medium broadcast frequencies where radial ground systems of the 
order of one-half wavelength long are practical and economical. In such 
systems, most of the electrical flux that causes return ground conduction 
currents to enter the base of the antenna as antenna current is collected 
over the top of the ground system so that the current density in the soil 
Ikneath is very small. In the case of low frequencies, with electrically 

short ground wires, a considerable portion of the field is completed to 
ground beyond the limits of the ground system. and currents flow back 
to the antenna at considerable depth under the ground system. It then 
is important to collect ground currents in such a way as to minimize 

current densities in the soil to reduce ground loss. 
There are essentially three methods for the design of low-frequency 

ground systems: radial buried ground systems ( Fig. 1.12); star grounds 
(Fig. 1.13); counterpoises (Fig. 1.14). 

1.12.1. Radial-buried-wire Ground System. The radial-buried-wire 
system is similar to that used at broadcast frequencies (see Sec. 2.5) 
where from 15 to 150 radial wires, centered at the antenna base, are 
buried in the soil. Because of the relatively great conductivity of the 
wires with respect to the soil, there is a tendency for the current in the 
soil to be diffracted into the lower resistance paths formed by the wires. 

The earth currents are at their maximum density at the surface of the 
ground where the wires are buried su that u substantial portion of the 
ground current is conducted by the radial wires if they are sufficiently 
long and sufficiently numerous. But since it is seldom convenient to 
use electrically long radial wires, a considerable lose may occur in the 
ground beyond the limits of the buried wires. A considerable lotes can 
also occur because of the deep currents flowing beneath the buried wires, 
especially at points of concentrated collection such as the base of the 
antenna. 

There are several ways in which n ground system can be designed to 
minimize current densities at low frequencies. 

I. Ground rods can be attached at the ends of the radials to intercept 
as much current as possible vertically at the periphery of the system. 
Ideally, the ground rods should reach down to the depth corresponding 
to the skin thickness for the soil conductivity and the operating fre-
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fluency. This is not usually practical, but it is desirable to use the 
longest available ground rods. 

2. The ground wires may be brought out of and above the surface of 
the soil at some distance from the antenna base. This requires the deep 
currents to rise to the surface uniformly at a distance sufficient to prevent 
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forming ground scrPen. 

excessive concentration at the circle of rollerting taints. It is also 

beneficial t o employ ground nuts at tlw pint where the radials emerge 
frim the ground. The grtiond rill Is shOtild lw driven at an angle of 45 
degrees toward the renter of the system. The Miter ground rods, driven 
in :it this angle. reduce still further the concentration of ground currents 
eoming up from below. 

3. The radials that emerge and come to the hase of the antenna above 
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ground also form an electrostatic ground screen to shield the ground from 
he intense electric field near the base of the antenna. At this point the 
antenna potential is high, and the ground screen prevents large dielectric 
tom in the soil. The exposed portions of the radials are insulated from 
ground at all points after they emerge from the ground. The exposed 
portion of the radials should be of the order of 1 electrical degree at least. 

1 

/ 

OVERGROW() BUSSES 

/ 

/ 

ANTENNA BASE 

.....--- 
.., I \ ....."" , 

/ 1 
..'' 1 I / \ , 

I • \ , / 1 
I % \ \ // / % 

• / 

// .\\ ''..."---BUMED STAR • 
• 

Flo. 1.13. A single circle of star grounds. 

4. The length of the buried radials should be made as great as land 
and budget will permit. The number of radials used should also be as 
large as budget will permit., up to a maximum of ISO or 180. 

5. There should be no closed conductive loops in the ground system 
in which eddy currents can circulate to increase copper loss. 

G. The size of the wire used will depend upon the amount of current 
collected by each wire for the power und antenna used, taking the precau-
tion to avoid excessive copper loss. This is a factor of great importance 
where large antenna currents are involved. 

1.12.2. Multiple-star Ground System. The star ground system 
utilizes the principle that if a number of short buried-wire radial systems, 
eimulating large ground plates, are placed at uniform distance around 
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the antenna base and their centers connected together at the base of the 
antenna with orPrground bus wires, the current densities in the soil can 
be made relatively small. A system of such star radials can reduce the 
current densities at the collecting areas to almost any degree desired 
depending on the number used. When two or more concentric circles 
of stars are used, inductors are placed in series with the busses for the 
inner stars to equalize the currents—otherwise the inner ones would 
(-oiled the most current. The inductors may be simply a few turns in 
the bus wire wrapped around the supporting poles for the over-ground 
return circuit. The size and number of radial wires in each star and the 
number of stars used per circle have to be determined by tests. The 
greater the amount of current to be collected, the greater should be 
the number of stars and the number of circles of stars. This will in turn 
depend upon the antenna resistance and the power input. A star of 
eight 50-foot radials may be mentioned as a suggestion for 100-kilocycle 
use. At higher frequencies the radials can be decreased eventually to 
25 feet in length. It is better' to use more stars of short radial length 
than to use fewer stars with long radials. The need for ground rods at 
the ends of each radial must he determined by experimental tests. 

1.12.3. Counterpoise. The counterpoise is an insulated net of radial 
wires assembled above ground to form a large capacitance with the 
ground. From the earliest days of radio the merits of the counterpoise 
as a low-loss ground system have been recognized because of the way in 
which the current densities in the ground are more or less uniformly 
distributed over the area of the counterpoise. Any tendency toward 
nontaniformity of current distribution in the ground will increase the 
portion of ground current toward the edge of the counterpoise. It is 
inconvenient structurally to use very extensive counterpoise systems, and 
this is the principal reason that. has limited their application. The size 
of the counterpoise depends upon the frequency. It should have suffi-
dent caparitance to have a relatively low reactance at the working 
frequency so as to minimize counterpoise potentials with respect to 
ground. The potential existing on a counterpoise may be a physical 
hazard which may also be objeetionable. 

All three of these ground systems require exposed over-ground wires 
near I he antenna base. The buried radial ground system with the wires 
brought above ground near the antenna is possibly the best choice at 
stations where there is ample land for an extensive buried-wire system. 
In this system, the over-ground wires are not dangerous since they are at 
ground potential. The buried radial system accomplishes current- den-
sit y redunt ion and decreases grouml 1()sscslatt to the distance of the buried 
radials. The over-ground portion forms an excellent ground screen as 
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well. In restricted areas, the star system seems to offer the best possi-
bility of obtaining low ground resistance without the inconvenience and 

exposed potentials of the counterpoise. However, if the disadvantages 
of the counterpoise can be tolerated, it may be superior to the star system 

for low ground resistance. Figures 1.15 and 1.16 show useful details of 
counterpoise construction.• 

SUPPORT POST 

..—INSULATOR 

COUNTERPOISE 
(INSULATED) 

Fin. 1.14. Counterpoise (rapncitanret ground. 

These comparisons are not to be regarded as absolute, for they have 
not been proved quantitatively over a sufficient range of conditions to be 
considered as fact. They are the author's opinion from the information 
at his disposal. The soil conductivity and the frequency for any particu-

lar case may modify the controlling factors sufficiently to affect the final 
choice. For frequencies from 15 kilocycles to 500 kilocycles and soil 
conductivities from 10-'4 to 5,000 X 10-'4 electromagnetic unit (mea 
water) the conditions vary a great deal. 

• Figures 1.15 and 1.16 are photographs of an electrostatic ground screen and not a 

counterpoise. However, the mechanical construction of a counterpoise ran be 

exsetly as illustrated in these figures except that the inner ring of Fig. 1.15 should be 
fully indulated from ground. There should not he any ronnect ion to set ind ground in 

trie antenna circuit when a counterpoise is used. 
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The depth of penetration of ground currents at the low frequencies 
(see Appendix 11) makes it important to consider the nature of the sub-
soil to the depth known as the " skin thickness." The search for a 
station site should include an examination of the subsoil characteristics 

Fut. i.is. Ground screen construction—center detail. (Photograph courtesy of 

W. M. WiUy, consulting engineer.) 

1.16. Ground screen for a vertical radiator. (Photograph from Radio Station 
/CBS, courtesy of W. AI. Witty.) 

with the purpose of obtaining soil of best available conductivity to a 
sufficient depth. A thin covering of good-conductivity topsoil overlying 
a base of poor conductivity is usually a poor location for a low-frequency 
station. 

1.13. Low-frequency Directive Antennes 

1.13.1. Loop Antennas. Directive antennas for use on the low fre-
quencies are limited to those which function with electrically close spao-
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ing. For receiving, the loop antenna giving a figure-of-eight pattern, and 
the loop, in conjunction with a vertical sense antenna, giving the cardioid 
pattern, has long been used for direction finders particularly. The 
cardioid pattern from a loop and a vertical antenna is obtained by phasing 
the current in the latter at 90 degrees with respect to that in one side of 
the loop and by carefully balancing their relative current amplitudes to 
obtain the full null of the cardioid. This principle is amply described in 
all radio textbooks, particularly those dealing with direction finding. 
Ships and aircraft continue to be the principal users of direction finders 
88 navigational aids. In recent years, the automatic direction finder has 
been developed to indicate continuously the bearing of the station used 
as the beacon. However, the use of loops for fixed point-to-point services 
has been marginal and of small importance. 

1.13.2. Wave Antenna. The wave, or Beverage, antenna has for 
many years been the principal low-frequency directive antenna for the 
fixed services, especially for frequencies below 100 kilocycles. It was 
apparently the first antenna to be developed using the traveling-wave 
principle. Since 1920, this principle has been applied to many other 
forms of antennas for frequencies over the entire present-day range of 
radio frequencies. 
The wave antenna, as used for low-frequency reception, consists of a 

horizontal wire one wavelength or more long and oriented in the direction 
of a desired arriving signal. It is usually suspended 15 to 30 feet above 
ground on ordinary telephone poles. 
The simplest form consists of a single wire terminated in its character-

istic impedance to ground at the end nearest to the sending station. The 
other end terminates in the receiver. This type of antenna is responsive 
to vertically polarized waves by virtue of the fact that the electric vectors 
of a wavefront, when passing over the imperfectly conducting earth, are 
tilted forward in the direction of propagation. This produces a com-
ponent of electric force that is parallel to the wire and induces a current 
in it. This current flows in the direction of wave travel, which is toward 
the receiver end of the wave antenna. All portions of the antenna collect 
additional energy from the impinging wavefront in space, and the energy 
extracted from the passing wave field is cumulative so long as the phase 
of the wave in the antenna does not become greatly different from that 
of the exciting field. 

The length of the wave antenna can be increased to advantage up to 
the point where destructive interference begins to take place between the 
wave field and the wire field. Where this cumulative effect reaches its 
optimum value depends upon the conductivity of the soil surrounding 
the antenna, the frequency of the incoming wave, and the orientation 

of the antenna with respect to the direction of wave travel in cases where 
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the antenna is not oriented in that direction. This latter condition is 
responsible for the wave antenna's pronounced directivity patteni. 
together with the condition of far-end termination, which dissipates all 
energy traveling in the opposite direction in the antenna. These effects 
are characteristic of all traveling-wave antennas. 
The best location for a wave antenna is where the soil conductivity 

in lowest to a considerable depth (preferably as deep as the skin thick-
ness). Unlike most other site requirements where the highest possible 
soil conductivity is desired, in the low-frequency wave antenna low con-
ductivity is desired to obtain maximum wave tilt and the maximum 
exposure of the wire to the tilted wave field. 

RECEIVER 
f WAVE ANTENNA (SIDE VIEW) 

)5/%7=5.WVVV9C ee«WWW'r 

FM. 1.17. Simplest form of wave antenna. 

The characteristic impedance of the wave antenna is that of an unbal-
anced transmission line. It can be computed from the cross-sectional 
geometry of the antenna. One or more wires may be used to obtain 
characteristic impedances between 300 and 500 ohms. 

Single-wire wave antennas will suffice for many applications. It is 
often desired to reverse the direction of maximum response in order to 
receive stations from two reciprocal directions at different times, or 
perhaps simultaneously. There are situations where it is more con-
venient to locate the receiving equipment near the blind end. 
These requirements are easily met by using a wave antenna consisting 

of two parallel wires as shown in Fig. 1.18.4. The wave field impinges 
upon these two wires simultaneously, and equal currents are caused to 
flow in both wires in the direction of wave travel. These currents con-
tinue to flow until they reach the far end of the antenna, where a reflection 
transformer is used to transform the collected current from unbalanced 
to balanced form. The energy thus transformed is then propagated 
backward along the antenna to the receiver. In this ease, the receiver 
is connected bet ween the two wires instead of from the wires to ground. 

The input impedance of the receiver is made equal to the impedance 
of the two wires functioning as a transmission line. To suppress pickup 
from the opposite direction, the neutral point of the balanced input 
circuit is connected to ground through a resistance equal to the charac-
teristic impedance of the two wires to ground. 

ELECTRIC VECTORS OF 
EOUIPHASE WAVE- FRONT-6+ S f 

e tC1 

, 
, 

.  
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The reflection transformer shown in Fig. 1.18A is an inductive trans-
former having a ratio of Zel unbalanced to ZO2 balanced, and connected 

as shown. Z,1 designates the characteristic impedance of the two wires 
unbalanced to ground, and Zo2 is the balanced characteristic impedance 

between wires. In this diagram, reception is intended from one direction 
only, using one receiver. 

In Fig. 1.18B, two receivers are used for simultaneous reception from 

two reciprocal directions. The input to one receiver is matched to Zo2 
balanced and the other to Z01 unbalanced and connected as shown. In 

DIRECTION 
OF TRAVEL 
OF DESIRED 
WAVE 

Fie. 1.18. Two-wire wave antenna with reflection transformer for separate reception 
from reciprocal directions and an alternative form of hidirect ive wave antenna without 
reflection transformer. 

this diagram, reflection from the far end is accomplished by grounding 
one wire and leaving the other open-circuited. This balances the current 

received from the right but has no effect on the unbalanced current 
received from the left. In order to obtain sufficiently correct balances 
in the transformers, an electrostatic shield is indicated. 
The characteristic impedance Zo, is in general a function of frequency, 

varying from the value computed from standard formulas which assume 
a perfectly conducting earth. It is desirable to measure the characteristic 

Impedance of a system at the working frequencies after erection. This 
involves special techniques in view of the uncertainties of the ground 
terminals. 

Directivity of Wave Antennae. The approximate polar pattern in the 

horizontal plane for a wave antenna having a length of one wavelength 
[360 degrees) is shown in Fig. 1.19. A pattern of this type is somewhat 
dependent upon the underlying soil at a given frequency because of its 

offert upon the propagation velocity within the antenna system. 
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Additional directivity can be obtained by combining two or more wave 
antennas in an array. The array can be lateral or longitudinal or a 
combination of both. Ordinary transmission lines are used to guide the 

received energy from the antennas 
to the receivers, and differences in 
the phases and amplitudes of 
the different signals, due to in-
equalities in the transmission-line 
lengths, are corrected by means 
of appropriate phasing networks 
and attenuators at the combining 

Fia. 1.19. Ideal horizontal response pat-
tern for a one-wavelength wave antenna. 

Fla. 1.20. Measured response pat-
terns for one element and for an array 
of four wave antennae used at the 
receiving station of the American 
Telephone dc Telegraph Co. at Houl-

ton, Maine. 

points. The combining technique may employ either active or passive 
means in such a way as to avoid interaction between the several antennas. 

Figure 1.21 shows the circuitry employed for the low-frequency trans-
atlantic-telephone wave-antenna system at Houlton, Maine. Four wave 
antennas, each 320 degrees long, are arranged in two pairs and are all 
parallel. Antennas .4 and R form the first pair, spaced laterally 25 
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degrees and longitudinally 78 degrees. A second identical pair, composed 
of antennas C and D, are spaced laterally 220 degrees. The array there-
fore utilizes both lateral and longitudinal effects to obtain improved 
directivity, and the over-all pattern for the array is shown in Fig. 1.20. 
The wave antenna has the property of substantial aperiodieity and 

therefore is especially desirable in wide-band systems. 
1.13.3. Adcock Antenna. Another principle for low-frequency direc-

tive transmission and reception is used in the Adcock antenna. This 

RA 4 

. 1.22. Adeork array for four !e-degree course. 

antenna basically consists of two spaced vertical radiators with t heir 
currents in (or very near) phase opposition. Such a pair of radiators has 
substantially the characteristics of a loop antenna, but with the addi-
(Until] property that the feeders between the two radiators are made 
nonradiating. (They are often in the form of buried coaxial feeders.) 
The system of two crossed Adcock antennas has been widely used for 

many years in the low-frequency four-course radio ranges for airways 
navigation in the North American continent and in other parts of the 
world. In its simplest form, four vertical radiators are located at the 
clirners of a 600-foot square. Diagonal pairs constitute two Adcock 
arrays. If each pair is energized with equal-amplitude antiphased 
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currents, and energized alternately in some interlocked keying sequence 
such as the commonly used A-N method, the crossed patterns produce 
symmetrical courses at 90-degree azimuths (see Fig. 1.22). If now the 
currents in one pair are decreased with respect to the other pair, as shown 
in Fig. 1.23, the two reciprocal pairs of courses are squeezed. If the 
phase of the currents of one Adcock pair is made different from 180 
degrees by a small amount, an asymmetrical figure-of-eight pattern is 
generated. When combined with the pattern of the opposite pair of 

Az 

Ai 

Fm. 1.23. Adcock array with squeezed courses. 

G • 0 
L, • L 
Le • L 
L3 • L 
L4 •L 

4/12.0 666 

radiators, the equisignal bearings can be bent in varying amount>, to 
set up four-course guidance at specified azimuths. 
The merit of this system of navigation is that an ordinary receiver is 

used in the aircraft. When equal signals are obtained from both the 
A and the N sides of the radio-range system, a steady signal is heard by 
the pilot and he is on one of the four courses. The apparent width of a 
course is of the order of 3 degrees. Outside of this zone, the difference in 
signal level is apparent, and the A or the N signal can be distinguished 
to indicate which side of the course the aircraft is on. This is indicated 
in Fig. 1.24, which shows the transition of the signal from a pure N to a 
Pure A and passing one equisignal (on-course) bearing. 
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Feeding A-N Arrays. The two Adcock pairs in this system are fed 
through a cross-coil goniometer having two primaries and two secondaries. 
The A signals are fed across one primary and the N signals across the 
other. One secondary excites the first pair of diagonal radiators and 
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1.24. Prini•iple of course and quadrant identifieut ion in the Civil Aeronautics 
Authority four-course Adcock radio range. 

the other the second pair. The goniometer is designed to be rotatable, so 
that when in other than the zero position the currents of the two pairs 
are actually distributed among the four radiators. The field pattern 
rotates with the goniometer rotation. The goniometer position is there-
fore a factor in the resulting pattern, when in other than the zero position, 
and plays a part in the bending of the courses to prescribed azimuths. 
The installation, adjustment, and calibration of a four-course radio 
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range of this type (by flight checks) may require that only two of the 
courses be aligned to specified azimuths, in which case the others may 
fall at random. In other cases three or all four of the courses may have 
to be oriented at specified azimuths. Out of the great variety of possible 
combinations, Figs. 1.25 to 1.28 are included to show the effects of the 

goniometer position and the effects of feeder line lengths in adjusting the 

Ci• 
L 

Le L-8* 
L4•L•or 
VII I 

A4 4,• 

Al 

1.25. Adcock array pattern with one antiphased pair and one pair out uf anti-

phased relationship. 

phase differences in one or both pairs of radiators. In these diagrams 
the locations of the four radiators are shown. Each legend gives the 
goniometer position in degrees from reference position, G, the differential 
in the electrical lengths L1 and L: of feeders to the radiators Al and Ar, 
and the differential in the electrical lengths LI and L4 to radiators A3 
and A 4. 
Each feeder to each tower includes a straight run of coaxial feeder and 

an adjustable artificial-line network which builds out the electrical length 
of each feeder until it is equivalent to 90 degrees, approximately, from 
the goniometer. Therefore there is a total of about 180 degrees in the 
feeding system between a pair of radiators in the reference optimum 
initial condition. To produce phase differences between the currents uf 
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a pair, this total feeder length is held constant, and the goniometer is, in 
effect, moved off the center of the feeder, by removing, say, 4 degrees of 
length from the artificial-line network on one side and adding the same 

amount on the other side. The same is done independently in the feeding 
of both Adcock pairs (see also refs. 40 and 28, Chap. 2). 

Figure 1.22 shows the perfectly symmetrical pattern with reciprocal 
90-degree courses when the goniometer is in its zero position and the 

Fin. 1.26. kdeork array pattern with both pairs ont of antipluised relationship. 

currents of each pair are identical and exactly antiphased. Figure 1.23 
is the same except that now an attenuator has been introduced in the 
feeder to the first pair to decrease the currents in that pair with respect 
to the currents in the second pair. This retains the same pattern shape 

for the first pair, but its amplitude is reduced. At the same time it 
squeezes the courses as shown but. retains their reciprocal relationship. 

In Fig. 1.25, the goniometer remains at zero. The currents of the 
first pair are in exact antipliased relationship, but the currents of the 
second pair are now Iti degrees out of antipha.sed relation. As a result, 
one pair of courses is squeezed, and the opposite pair is expanded. The 
two reciprocal intermediate angles remain at 90 degrees. The symmetri-

cal figure-of-eight pattern (d the first pair is combined with the asym-
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metrical figure-of-eight pattern of the second pair. In Fig. 1.26 both 
pairs have the asymmetrical figure-of-eight pattern due to a phase dif-
ference of 12 degrees from antiphase condition. It can be seen that the 
angle between adjacent courses is the same on opposite sides of the whole 
pattern. The goniometer remains in the zero position. 
Figure 1.27 is the same as Fig. 1.22 except that a 30-degree rotation 

of the goniometer has rotated the pattern 15 degrees. Figure 1.28 shows 
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Fla. 1.27. Rotation of four 90-degree courses by means of goniometer rotn1 ion. 

equal 20-degree phase deviations from antiphase for both pairs, but the 
goniometer is now set at 75 degrees. The patterns from the two pairs 
are seen to be unequal, and the angles between courses are all different. 

In all the above cases except Fig. 1.23 the currents in the two pairs 
have been the same. In this case the ratio was changed by connecting 
an attenuator in the feeder to one pair. The adjustment of this current 
ratio between pairs, the setting of the goniometer, and the phasing of 
the two pairs provide the means for obtaining the very great range of 
course settings used in practice. 
The use of approximately one-half wavelength of feeder between the 

radiators of a pair, consisting of coaxial line and artificial building-out 
networks having the same characteristic impedance, gives the maximum 
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intrinsic stability of the system in the presence of radiator impedance 
variations due to weather and other influences. When it is recalled that 
the radiators are electrically short and have low resistance and high 
reactance at the frequencies between 200 and 400 kilocycles, it can be 
expected that variations that might ordinarily be negligible can readily 
become important in such a phase- and amplitude-sensitive system. 
The special properties of the half-wavelength line are employed to main-

G • 78• 
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Le•Li.Kr 
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L4L + 10 
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Fin. 1.28. Adcock array pat tern illustrating arbitrary relut ions bet ween rourses by 

rombioation of current phauings and goniometer position. 

tain a high degree of stability with the impedance variations inevitably 
encountered in service. 

In the design and installation of the radiators and the ground systems 
every effort is made to minimize impedance variations due to changes in 
soil characteristics, the movement of the radiators in the wind, the pres-
ence of moisture films and water on the insulators at the base and the 
feed bushings, and many other effects which are of lesser importance but 
which cumulatively can be disturbing. Other variations are imposed by 
the cooling and heating of the tuning inductances due to power dissipation 
and to solar radiation and weather conditions throughout the seasons. 
The radio range is also used for the transmission of voice signals for 

instructions and information to pilots. In the nonsimultaneous type 
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using only the four radiators previously discussed, all four radiators are 
excited in phase when the voice signals are transmitted. This involves 
switching from the four course navigational form of system excitation to 
parallel excitation for omnidirectional transmission, and the navigational 
facilities are absent during the voice transmission. 
A later form of radiating system, known as the " simultaneous" radio 

range, places a fifth radiator at the center of the array, and voice signals 
can be transmitted from this central radiator without interrupting the 
navigational signals. In the receiver, the 1,020-cycle tone modulation 
used for navigation is selected by a filter to provide the navigational 
signals, while the voice circuit filters out this tone so that it will not 
interfere with the reception of voice signals. One receiver equipped with 
this reciprocal filter system provides the two types of signals in two output 
circuits simultaneously. 
The cross-Adcock antenna system has also been used for fixed direc-

tion-Énding stations for low- and high-frequency applications. 

1.14. Reference Data on Certain Forms of Low-frequency Antennas 

In Figs. 1.29 to 1.34 and their related tables some useful reference 
information is given on several forms of low-frequency antennas. Some 
of these data were obtained from full-scale antennae as constructed, and 
others were obtained from scale models. 
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FIG. 1.29. Single-tuned inverted-L antenna with horizontal portion expanded. 

By means of these data the approach to a new antenna problem is 
greatly simplified. The configurations presented will often be directly 
usable or will provide information that will be applicable to similar 
configurations. While one may conceive of a wide variety of antennas. 
economy restricts the number that are practically reasonable. 
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The application of vertical radiators to the lower frequencies is incretui-

tag steadily as greater heights become practical. Where once a height 
of 1,000 feet was considered excessive, such a height is not considered 
unusual now. A height of 1,500 feet is already regarded as practical. 
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FIG. 1.32. Diamond antenna. 

1.15. Structural Design 

Low-frequency antennas usually involve a great deal of mechanical 
engineering. In some cases the mechanical problems are more extensive 

than the electrical. For this reason the radio engineer often requires 
the aid of civil and mechanical engineers when design responsibilities 

exceed his normal competence. The design of supporting structures for 
radio antennas is now a special field of engineering practiced by those 
engaged in the business of supplying masts and towers. When these 
,tructures must support extended aerial wire systems many of the 
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mechanical problems are taken over by the tower engineers. Neverthe-
less the radio engineer should be familiar with certain elements of struc-
tural design in order to orient his preliminary antenna design toward 
forms that will be practical and economical. These elements are the 
same as those required for high-frequency antennas and transmission 
lines; therefore Secs. 3.26 and 4.13 should be consulted. 

LOW-FREQUENCY ANTENNA SYSTEM 

f - 456 

540' 

ELEVATION VIEW TOWERS GROUNDED GUYS SECTIONED 
WITH SAFETY-CORE INSULATORS 

MEASURED CHARACTERISTICS 

ELEC. LENGTH 
6-DEGREES R(ohms) X(ohms) 

40 
50 
60 
70 
80 
90 
00 
10 
20 ' 
40 
60 
76 

20.4 
25.5 
30.6 
35.8 
41 
46 
51 
56 
61 
71.5 
01.6 
90 

2.7 
2.8 
3.0 
3.3 
3.7 
4.2 
4.8 
5.5 
6.3 
8.4 
11.1 

-J 520 
408 
327 
263 
223 
185 
155 
130 
102 
60 
25 
o 

Flo. 1.31. Triangular flu -top antenna (elevation). 

Various good examples of assembly details for low-frequency antennas 
are presented photographically in Figs. 1.35 to 1.43. These details will 
nerve as a guide to good engineering practices for a wide range of 
applications. 
The mechanical loadings on members of a low-frequency antenna are 

often rather large. and it becomes necessary to use high-strength con-
ductors, even though electrical conductivity has to be sacrificed. It is 
customary to use st randed conductors of phosphor bronze, Calsun bronze, 
and copper-clad steel when exceptional strength is needed. Some high-
strength alloys require great care in construction to avoid annealing 
during soldering. which reduces the strength. The same effect is obtained 
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PLAN VIEW- LOW FREQUENCY ANTENNA SYSTEM 

FIG 1.34. Plan view of antenna ahown in Fig. 1.33. 

Pm. 1.35. Assembly of two antenna strain insulators in series, both fitted with 

potential-grading rings and one with a rain shield. 

71 



Flo. 1.36. Antenna down-lead and coupling-house-entrance detail as used at medium-
power low-frequency stations. 

Fin. 1.37. Antenna down-lead details for the Itocky l'oint, New York, high-powci 

verv-Im% - frequency multiple-tuned rtntrnna. (l'hotnyroph courtogy of 11G.-I Continuo, 
ratione, Inc., and brer Duren.) 
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Flo. 1.38. High-voltage oil- filled safety-core tower-base insulator uith tower-lighting 
transformer inside the insulator. (Photograph courtesy of A. O. Austin.) 

Fia. 1.39. Detail showing the assembly of wires to the strain insulator at the corners 
rd antenna liat-top system of antenna in Figs. 1.33 and 1.34. (Photograph courtesy of 

oval Canadian Navy.) 



Flo. 1.40. Four-wire eage T antenna built according to the dimensions of Fig. 1.5. 
(Photograph courteno of nay's( Canadian Navy.) 

Fm. 1.41. Down-lead insulator and the end of the mix-wire unbalanced unmatched 

(ceder for the antenna of Fig. 1.5. 
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Fm 1.42. Example of heavy icing ou an MI11.1'111111 V.' ire. (Photograph courtesy of J. S. 

Hall and C. I. Saucy.) 

Fla 1.43. Antenna down-lead detail for antenna built according to Figs. 1.33 and 
1.34, showing down-lead counterweight and precautions at tuning-house entrance for 

large currents and high potentials. (Photograph rouriesy of Royal Canadian Navy.) 

if the conductors are overheated by sleet-melting currents when current 
is allowed to flow long after the ice has been removed from the wires. 
This also points out the reason why it is essential to design sleet-melting 
circuits so that ice is removed uniformly from all the conductors of the 
system in about the same time—otherwise some of the conductors may be 
overheated before ice is removed from others. 
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ClIAPTE II. 2 

Medium-frequency 

Broadcast Antennas 

2.1. Review of the Development of Broadcast Antennas 

Prior to 1924, almost all engineering experience with antennas was derived 

from electrically short antennas of the type that had been used for low 
and very low frequencies since the dawn of radio. It seems remarkable 
that it required such a long time to develop the principles of the vertical 
radiator. The recognition and proof of the theoretical aspects of vertical 
radiators, together with the realization of their practical forms, required 
several years. 
The natural sequence of events was to apply to the broadcast fre-

quencies the same techniques of theory and construction that were com-
mon to the low-frequency systems. These antennas usually consisted 
of two or more towers or masts supporting an aerial system of wires com-
prising the antenna. Also in conformance with typical low-frequency 
practice, these antennas were always operated at a frequency equal to or 
eon.siderably less than their fundamental frequency. 

Little was known among practical engineers about radiation patterns. 
As designed, the radiation resistance of the original broadcast antennas 
was low, running from about 5 to 35 4phms, the larger of these values 
being rare. Ground-system design was still in the black-magic stage. 

With the exception of a few theoretical studies, made mostly by physicists. 
there was very little thought directed toward antenna development. 
What little text and reference material existed on the subject was per-
tinent to the low-frequency applications, the understanding being that 
as the frequency increased one simply used smaller dimensions. 
The publication by Ballantine,'°"•"" of two historic papers led to the 

development of the modern broadcast antenna. In one of these papers 
it was shown that for vertical antennas higher than one-quarter wave-
length the radiation resistance continued to rise and went to very high 

values when the height approximated one-half wavelength. This then 
pointed to a method of increasing radiation efficiency by using antennas 

77 
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having a radiation resistance very large with respect to the ground 
resistance, the principal loss factor of the antenna system. A way was 
at hand to make the radiation efficiency about as high as one wished, by 
employing vertical height sufficient to arrive at some desired large value 
of radiation resistance. 
The second of Ballantine's papers disclosed a hitherto unknown fact: 

there was an optimum height of vertical radiator for obtaining maximum 
ground-wave field strength. This resulted from the space wave pattern 
produced by waves directly radiated above the ground interfering with 
those reflected from the ground. The result produced a vertical direc-
tivity which concentrated the radiant energy normal to the antenna, 
that is, along the surface of the earth. In a system such as broad-
casting, dependent on ground-wave propagation, the existence of an 
optimum height of antenna from a radiation-effectiveness viewpoint was 
of great importance. 

Still a third important consequence of Ballantine's principle was to 
appear later. As the power of broadcast stations gradually increased, 
the situation soon appeared where the ground wave was interfered with 
by waves reflected from the ionosphere. Interference between these 
two waves produced serious selective fading at a rapid rate. In the 
annular regions surrounding a station where both waves were of about 
equal intensity, destructive interference was maximum, and any cover-
age in these regions was rendered virtually useless at night. This fading 
wall became a major obstacle to further increases in power, at least at 
night. The only hope in sight was to use Ballantine's optimum-height 
antenna to reduce the amount of energy radiated skyward at high angles 
and at the same time to increase the radiation along the ground. This 
should push the fading wall farther from the station. When practical 
means were found to construct antennas using this principle, this effect 
was indeed verified. • 
The theory of the vertical radiator was developed around the condition 

that the current distribution along the antenna was sinusoidal from its 
upper end. It was believed, though not proved at that time, that the 
current distribution was naturally sinusoidal, or very nearly so. At that 
time, however, the practical realization of optimum-height vertical 
radiators was not at hand. The first applications of the new principle 
were made to the T-type wire aerial operating at a frequency above its 
fundamental frequency and supported in the usual way by two high 
towers. This gave a worth-while improvement in radiation efficiency 
but failed to provide sufficient reduction in fading. At this stage, the 
knowledge of wave propagation probably had not quite developed to the 
state where the fading-reduction properties of the optimum-height 
antenna were apparent. From 1925 to about 1930 the T antenna. 
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operating at about I times its fundamental frequency, was the dominant 
type of broadcast antenna, and many of the systems constructed during 
this period continued in use many years thereafter. 

2.1.1. The Tower Radiator. The next significant step in the progres-
sion of improvement was the advent, in 1930, of the guyed cantilever 
steel tower of a height in conformance with Ballantine's optimum-height 
formula, which was five-eighths wavelength. At the same time, the 
use of an extensive system of long radial ground wires centered about the 
base of the radiator was introduced. This was aleo an important step 
forward. 
Unfortunately, the original form of cantilever radiator was not of 

uniform cross section. It tapered from a point resting on the base 
insulator to a maximum thickness just below mid-height and then tapered 
again to a point at the top. The guys were attached at the waist, or 
maximum croas section point. This structure was a success mechanically 
hut did not yield full expected performance, because its double taper 
modified the current distribution in a way that reduced its vertical 
directivity. Nevertheless, this type of radiator performed sufficiently 
near to expectations to provide a satisfactory proof of the antifading 
properties of such systems. The deficiency of the double-taper tower 
was finally verified by field-strength measurements in aircraft and by 
scale-model measurements of current distribution." 
Tower design then evolved to the form now prevalent, using either 

very slender self-supporting towers, or guyed towers of uniform cross 
section. 
The advent of the tower radiator was novel in yet another respect — 

it used the steel structure as the antenna directly. The use of a steel 
mast as a radiator had been tried as far back as 1906 at Brant Rock but 
wae never adopted as a design for an antenna. The economic advantages 
of the tower radiator are quite apparent. A tower radiator is leas costly 
than two towers of similar height supporting a wire antenna. Further-
more, supporting towers, being in the strong field of the antenna, often 
had large currents induced in them, which made them secondary radia-
tors and produced directive effects in the horizontal pattern which were 
often undesirable. The tower radiator became essentially an ideal radia-
tor with electrical and mechanical requirements satisfied by a single 
structure. The tower radiator could also be adapted to use in directive 
arrays. 
Further study of the optimum-height antenna disclosed eventually 

that the conditions of maximum ground-wave field gain and best anti-
fading characteristics were not obtained with the same height. The 
height that gave the highest field strength (225 degrees) had a rather 
large secondary lobe of high-angle radiation. This lobe could he reduced 
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to a point where its effect was negligible at some small sacrifice in hori-
zontal field-strength gain. The optimum choice for antifading over land 
was experimentally established at about 190 degrees, or slightly over one-
half wavelength in height. Over salt water the 225-degree radiator has 
certain advantages, as will be explained later. 
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Flo. 2.1. Relative field strength versus height of a uniform straight vert kid radiator 
with sinusoidal eurrent distribution. 

Subsequent special modifications were introduced to obtain optimum-
height operation characteristics with shorter structures, as often necessi-
tated by airways near the transmitter site. One form was the top-loaded 
vertical radiator which employed a horizontal circular steel capacitance 
area at the top to substitute for a certain amount of missing vertical 
height." The amount of top loading was limited structurally to values 
equivalent to 15 to 30 degrees of electrical height. When the top-loading 
structure WaS insulated from the tower and its reactance reduced by 
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means of a series inductance, its electrical effect could be somewhat 
enhanced. Another approach was to sectionalize the tower with insula-
tors at a point somewhat above three-tenths wavelength from ground 
and insert a series inductance to reduce the reactance of the upper section. 
The whole tower could then be physically shorter than optimum height 
and still perform as an optimum-height antenna. 
By about 1934, the modern broadcast radiator had evolved to its 

present state. The tower radiator was the essential element for the 
directive broadcast antenna, which is presently of utmost importance in 
the development of ever-increasing broadcast services within the limited 
frequency spectrum. 

2.1.2. Development of Ground Systems. It has been known theo-
retically since the works of Pierce and Ballantine that, for the condition 
of perfectly conducting flat ground, a very short vertical radiator will 
produce, within about 6 per cent, the same field strength as a radiator 
one-quarter wavelength high for the same power input. This in illus-
trated in Fig. 2.1. For greater heights, the field-strength gain increases 
very slowly to well beyond three-eighths wavelength. Only as the 
radiator approaches the optimum heights previously discussed does any 
real gain occur.' 
One important conclusion one draws immediately from Fig. 2.1 is that 

there is very little difference in the performance of a radiator in the range 
up to about 120 degrees from the standpoint of field strength. If we 
compare a 60-degree radiator with one of 120 degrees, the gain of the 
latter is trivial with respect to the increase in coat, for a structure of twice 
the height. However, the bandwidth requirements of an antenna may 
dictate the use of higher radiators without regard to the comparative 
radiation efficiency. 
The question naturally arises: Why not use very short radiators? 

Several factors make this impractical in most cases. The shorter the 
radiator, the lower its radiation resistance. Practical ground systems 
can be constructed to have very low resistance, but as radiation resistance 
becomes very small, the ground resistance becomes an increasingly 
important factor in the circuital efficiency of the antenna system. For 
this reason it is difficult to realize the desired over-all circuital efficiency, 
with the result that short antennas are usually very inefficient. 
Furthermore, very short antennas have very high reactance, so that 

high reactances are needed for tuning. The inductor loss therefore 
becomes large with electrically short radiators. The low-resistance and 
high-reactance systems have relatively small bandwidth, also. For these 
reasons a radiator for medium-frequency broadcasting is seldom made 
less than 60 degrees high. 



82 RADIO ANTENNA ENGINEERING 

Since stations of low and medium power do not usually require anti-
fading antennas, it was obvious that it would be desirable to investigate 
synthetic perfectly conducting grounds for obtaining optimum efficiency 
from electrically short radiators. Experimental research and theoretical 
studies of earth currents near radiators of various heights yielded a simple 
and practical ground system that fully satisfied the requirements. This 
work established immediately a uniform ground-system design for broad-
cast stations in the medium frequencies. A syatem of 120 radial wires. 
spaced 3 degrees and having a length of about one-half wavelength, 
approaches the condition of a perfectly conducting ground within about 
2 per cent for radiator heights of 45 degrees or more. Ground rods at 
radial ends and various other departures from simple straight buried 
wires are of negligible benefit in such a éystem at the medium frequencies. 

Diligent research and experiments have been conducted for other 
possible broadcast principles that might equal or surpass those disclosed 
by Ballantine.' Various natural and unnatural current distributions 
have been studied and tried, as well as circles of radiators," controlling 
the velocity of propagation and using great heights. Some such devices 
produce equivalent performance at much greater cost and design com-
plication—others are definitely inferior. Only one form, the uniphased 
antenna developed by Franklin for high-frequency use, holds promise of 
surpassing the straight vertical antenna of uniform cross section and of 
height 190 to 225 degrees. The Franklin antenna is realizable at medium 
frequencies by extremely high structures, insulated at the current nodes 
and tuned to produce uniphased currents on each side of such current. 
nodes. 
The medium-wave broadcast radiator is thus in that happy state where, 

so it seems in the light of present knowledge, a standardized optimum 
design exists. Also, the optimum ground-system design exists. These 
optimum designs are practical, as proved by extensive application at 
hundreds of stations whose performance has been carefully measured. 
The design formula is very simple. The performance is predictable 
with very high accuracy, and this performance is very close to the theo-
retical maximum. Furthermore, the cost of such systems is within 
economically practical values. 

While one may wonder, in reviewing this story of progress, why it 
took so long to solve such a simple problem, it can be said that it is seldom 
in technology that such an important problem is so completely solved in 
such a short time. 

2.1.3. Directive Broadcast Arrays. In the middle of the 1930's, 
spectrum congestion in the medium-frequency broadcasting band began 
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te be solved by the use of directive antennas. These were composed of 
two or more vertical radiators, usually towers, disposed geometrically 
and excited electrically to produce radiation patterns that control the 
field strength radiated toward another station. By this method, the 
interference can be maintained within prescribed limits in the area of 
other stations on the same or adjacent frequency assignments. 
The success of the directive-antenna technique in North America has 

led to a much more intensive utilization of the available frequency band 
than would  have been possible otherwise. At the present time several 
hundred broadcast stations employ directive systems for mutual protec-
tion, administered under precise technical standards by international 
t reaty. 
This remarkable branch of antenna engineering has developed rapidly 

under the ever-increasing complexity of the allocation situation as the 
number of stations in service increased. The number of radiators needed 
to produce the more complex radiation patterns has been increasing year 
by year until, at the present time, systems of nine radiators are being 
used or proposed, with even more extensive systems likely to be used in 
he future. 
Appendix VIII is included to show the development of the 620-kilo-

rycle channel as of 1949, using directive antennas. 

2.2. Prediction of Medium-frequency Coverage 

The antenna and the power of the transmitter determine the unat-
tenuated field strength at unit distance, which we take to be 1 mile ( 1.61 
kilometers). Table 2.1 shows the theoretical maximum field strength in 
millivolts per meter at 1 mile with uniform-section vertical radiators for 
different practical heights (in electrical degrees) and different powers. 
These are the values one would measure on the 1-mile circle around the 
antenna if the earth were a perfect conductor and the antenna system 
100 per cent efficient. By proper design of ground system and proper 
choice of site, measurements corrected for attenuation within the first 
mile should approach these values closely. 
The prediction of coverage proceeds directly from the use of ground-

wave propagation curves, such as those included in the Federal Com-
munications Commission Standards of Good Engineering Practice Con-
cerning Standard Broadcast Stations." Plotted for reference values of 
100 millivolts per meter unattenuated at 1 mile, they show field strength 
versus distance for Boil conductivities ranging from the best existing in 
nature (over sea water) to values corresponding to the worst ordinarily 
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encountered, and for different frequencies between 550 and 1,600 kilo-
cycles. Figure 2.2 shows the curves for the range 970 to 1,030 kilocycles. 
If the soil conductivities are known throughout the region to be served 
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by direct ground waves, the field strengths over a whole region can be 
predicted. 
When the electrical characteristics of the ground are not known, one 

with long experience in such propagation problems can often estimate it 
from an examination of the soils and geology of a region. Otherwise. 
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soil-conductivity measurements must be made. Conductivity* is not 
always the same over a large area. When it is not, a composite attenua-
tion curve must be developed along each radial from the antenna base to 
all points of prime interest. The ground-wave propagation curves shown 
in Fig. 2.2 are adjusted for the actual field strength at 1 mile for the 
frequency, antenna, and power used, by proportion to the 100 millivolts 
per meter used for these curves. For example, if the expected field 
intensity at 1 mile is to be 1,100 millivolts per meter, then all 
field strengths will be eleven times those shown on the curves. 

2.2.1. Field-strength Contour Mapping. To construct a field-strength 
contour map of a station, a number of field-strength versus distance 
curves are measured and plotted for several radials from the antenna out 
to a distance where the signal approaches the ambient-noise level. The 
location of various field strengths can then be transcribed on a map and 
the various signal strength contours drawn in." The choice of contours 
depends on the region, the population distribution, and the situation 
with regard to interference, if any, on the channel. 
The usual purpose of such a map is to show service areas of different 

classes served by direct ground wave. These represent the daylight 
coverage, but not necessarily the nighttime coverage, because inter-
ference between ground waves and sky waves causes selective fading that 
may reduce the satisfactory service range appreciably under some 
conditions. 
A typical example of the manner in which a composite-conductivity 

radial is computed is the following: A station on 1,000 kilocycles, operat-
ing with a power of 10,000 watts with a vertical radiator 60 degrees high 
and an optimum ground system, is situated on a plain having a conduc-
tivity of 7 X 1a-i. electromagnetic unit. In one direction, this conduc-
tivity extends for a distance of 6 miles, then becomes fresh water for u 
distance of 11 miles with a conductivity of 10 X 10-". From here on, 
there is sandy and rocky soil with an average conductivity of 2 X 10-". 

• In speaking of soil conductivity it must be remembered that it is not a " constant" 
but is actually a function of frequency, in addition to being variable in depth as well 
u in area. Soil texture and composition are likely to vary greatly with depth, as 
will also the moisture content, which affecta both conductivity and inductivity. 
Since tbe depth of penetration of earth currents tends to he greater with lowering of 
frequency, the characteristics of the lower subsoil become increasingly important for 
the lower frequencies. At higher frequencies, penetration depth may be determined 
by the inductivity, especially where the water table is relatively near the surface. 
The effective conductivity of any given soil is therefore an empirical value in any 
given area and cannot be measured statically by using small samples in the laboratory. 
When we speak of conductivity here, we refer to the actual effective value at a given 
frequency, taking account of the fact that the effective conductivity of a particular 
soil will, in general, he different for other frequencies. 
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TABLE 2.1. HNATFENUATED FIELD STRENGTHS AT 1 M ILE FROM UNIFORM-CRoss 

SECTION VERTICAL RADIATORS HAYING ESSENTIALLY SINUSOIDAL CURRENT 

DISTROIUTION, AS FUNCTIONS OF ELECTRICAL HEIGHT G DEGREES 
AND RADIATED POWER 

(To convert to the basis of 1 kilometer, multiply all values by 1.61. Field strengths 

in millivolt» per meter) 

G% 

degrees 

Power radiated, watts 

I 
10 ' 25 100 250 1,000 5,000 10,000 50.000 100.0001,000.00c 

10 18.6 29.4 58.9 93 186 417 589 1,320 1,860 5,890 
20 18.6 29.4 58.9 93 186 417 589 1,320 1,865 5,895 
30 18.7 29.8 59.2 93.5 187 419 592 1,327 1,870 5,920 
40 18.8 29.7 59.5 94.1 188 421 595 1,333 1,880 5,950 
50 18.9 29.9 59.8 94.6 189 423 598 1,341 1,890 5,980 

60 19.0 30.1 60.2 95.1 190 426 602 1,350 1,900 6,020 
70 19.1 30.2 60.5 95.6 191 428 605 1,357 1.910 6,050 
80 19.3 30.5 61.1 96.6 193 432 611 1,369 1,930 6,110 
90 19 5 30.8 61.7 97.6 195 437 617 1,384 1,950 6,170 
100 19.7 31.2 62.4 98.6 197 442 624 1,400 1,970 6,240 

110 20.0 31.6 63.3 100. 200 448 833 1,420 2,000 6,330 
120 20.3 32.1 64.3 101 8 203 455 643 1,442 2,030 6,430 
130 20.7 32.8 65.5 103.7 207 464 655 1,470 2,070 6,550 
140 21.1 33.4 66.8 105.8 211 473 668 1,500 2,110 6,680 
150 21.6 34.2 68.4 108.1 216 484 684 1.532 2,160 6,840 

160 22.1 35.0 70.0 110.7 221 495 700 1,568 2,210 7,000 
170 22 8 36.1 72.2 114 228 511 722 1,620 2,280 7,220 
180 23.6 37.4 74.7 118 238 529 747 1,675 2,360 7,470 
190 24.5 388 77 6 123 245 549 776 1,740 2,450 7.760 
200 25.5 40 3 80.8 128 255 571 808 1.810 2,550 8,080 ' 

210 26.5 41.9 84.0 133 265 594 840 1.880 2,650 8,400 
220 27.3 43.2 86.5 136 273 612 865 1,940 2,730 8,650 
230 27.6 43.7 87.5 138 276 618 875 1,958 2,760 8,750 
240 26.8 42.4 84.9 134 268 GOO 849 1.900 2,680 8,490 
250 24.4 38.6 77.3 122 244 547 773 1.733 2,440 7,730 

260 20.5 32.4 65.0 103 205 459 650 1.453 2,050 6,500 
300 6.0 9.5 19.0 30 60 135 190 427 GOO 1,900 

The field at one mile, from Table 2.1, is 602 millivolts per meter. 
From Fig. 2.2 for 1,000 kilocycles and a conductivity of 7 X 10-", we 
find that the field strength has fallen to 11 per cent of the unattenuated 
value of 1 mile, or to 66 millivolts per meter at 6 miles. In passing over 
the fresh water n distance of II miles, a distance between 6 and 17 miles 
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from the antenna, the signal is decreased to 23 per cent of 66 millivolts 
per meter, or to a value of 15 millivolts per meter.' From here on, the 
conductivity of 2 X 10—'4 attenuates the signal as listed: 

Ratio of field strength I 
Distance from at distance to that at, Expected field 
antenna, miles water's edge 17 miles strength, millivolts 

from antenna per meter 

17 
25 
r>o 
75 
100 
150 

1.00 
0.42 
0.16 
0.04 
0.02 
0.0064 

15 
6.2 
2.4 
0.6 
0.3 
0.096 

If the ambient-noise level during daylight hours at a town on this 
radial at a distance of 150 miles averages 30 microvolts per meter, the 
signal-to-noise ratio average would be approximately 10 decibels. 

In the same way, each radial can be computed, and the service range 
of the station in terms of signal-to-noise ratios or in terms of actual field 
strengths can be determined. The same procedure is followed if a 
directive antenna is used, except that in the latter case the field strength 
along the ground at I mile will vary with the azimuth angle depending 
upon the directive pattern of the array. 

2.2.2. Soil-conductivity Measurements. When the soil conductivities 
are not known, they must be measured in some manner. The beat known 
method is to use a test transmitter to radiate signala and to measure the 
field strengths with a suitable field-strength meter. If a test transmitter 
is used, it is best to operate at the frequency for which the data are 
desired. Sometimes measurements can be made on another radio station 
operating at some other frequency and the data converted to conductivity 
in the manner prescribed in detail in the FCC Standards of Good Engi-
neering Practice Concerning Standard Broadcast Stations." This same 
procedure is standard with all nations that are parties to the North 
American Regional Broadcasting Agreement (NARBA). 
For ordinary use where precision of the result is not important., and 

• This method is adequate for practical purposes when the differences in conduc-
tivities for different portions of the ground path are small. The method is subject to 
errors of importance when, for example, a land path with a conductivity of 2 X 10-'1 
changes to sea water. In such cases, more accurate results may be obtained by 
computing the same path in both directions by the method outlined, interchanging 
the locations of transmitter and receiver, and averaging the two curves point by 

point along the radial. 
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for longer distances from the transmitting site, the conductivity may be 
obtained by the ratio method. Measurements of field strength are made 
on a known frequency at large-distance intervals (such as every 5 miles 
or more) and a sufficient number of measurements made in each locale 
to establish a reliable average field strength at these distances. During 
the measurements the transmitting-antenna current is maintained at a 
constant value. Then, by taking the ratio of the measured fields at, 
say, 5 and 10 miles on the same radial ,one can refer to the ground-wave 
propagation curves for that frequency and find the conductivity curve 
that gives the same field-strength ratio for these same distances. The 

conductivity curve giving the same ratio may then be taken as the value 
of conductivity for this interval. The same is done for other intervals 
of distance. The intervals may be chosen according to convenience of 
access and measurement and would normally include regions of special 
interest in coverage studies. 
By this method, a few careful measurements can quickly establish a 

working value of conductivity to use in any subsequent studies. If the 
test frequency is other than that to be used for operation, the value of 
conductivity found is transferred to the propagation curves for the desired 
frequency and the field strengths calculated therefrom. If soil charac-
teristics are obviously constant over a very large area, one ratio measure-
ment may suffice. Where the soil or topography varies in character, the 
ratios and conductivities for several intervals of distance are required. 
As an example of how this is applied, let us assume that measurements 

of field strength were made on a frequency of 1,000 kilocycles, and the 
result was a value of 17 millivolts per meter at 6.5 miles. At 13 miles the 
average value on the same radial was 4.85 millivolts per meter. The 

ratio is 3.5. Looking now at the propagation curves for 1,000 kilocycles 
(Fig. 2.2), at these same distances, it is found that a conductivity of 
4 X 10-'4 electromagnetic unit. gives this same ratio. This is taken as 
the conductivity for the terrain between 6.5 and 13 miles. 
There is a practical precaution to observe in this process. Since the 

field-strength ratios must he precisely determined (because a small dif-
ference in the ratio may make a substantial error in the conductivity 
figure). care should he taken wherever possible to use distance intervals 
that will permit the two sets of measurements to be made on the same 
attenuator position of the field-strength meter. There is almost always 
a small error between attenuator positions, which is ordinarily negligible 
but which in this type of measurement cannot be tolerated. This error 
becomes inconsequential when large-distance intervals and higher fre-
quencies are used to give rather large field-strength ratios. 
A more exact method of determining conductivity is that in which a 
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TABLE 2.2. GROUND-WAVE FIELD SlirENOTH VERSUS DISTANCE 

Id strength in per cent of the field strength (unattenuated) at I mile from the 

antenna' 

Conductivities X 10-" electromagnetic unit 

Distance, Distance, 

miles I kilometers 

1 

2 

5 
10 

20 

50 

100 

200 

500 

2 

10 

20 

50 

100 

200 

500 

1.61 

322 

8.05 

18.1 

32.2 

so s 
161 

322 

805 

Sea 

water 

5030 

40 20 10 5 1 2 

.4. 810 kilocycles per second 

100 

so 
20 

10 

5 

1.9 

083 

0.29 

0.028 

99 

49 

20 

9.7 

4.6 

1.67 

0.88 

0.20 

98 

48 

19 

9.0 

4.2 

1.35 

0.45 

0 105 

901 
47 

18 

8.2 

3.6 

0.90 

0.230 

0.041 

93 

43 

16.1 

6.9 

2.8 

0.45 

0.090 

0 0145 

1.61 

3.22 

8.05 

16.1 

322 

805 

161 

322 

805 

B. 790 kilocycles per second 

100 

so 
20 

10 

50 

1 85 

0.82 

0.270 

0 023 

911. 98 

49 4.8 

19.5 19 2 

9.5 8.8 

438 3.8 

1.42 1.03 

0.51 0.29 

0 125 0 052 

85 

38 

11 7 

4.1 

1 1 

0.134 

0.030 

0 0044 

72 

29 

7.3 

2.1 

0.49 

0.068 

0.015 

0.0022 

96 

47 

17.2 

7.5 

2.9 

0-58 

0.120 

0.0173 

C. 1,000 kilocycles per second 

91 

43 

14.2 

5.6 

1.73 

0.240 

0.046 

0.0065 

771 60 

32.5 

8.7 

2.55 

0.81 

0.078 

0.017 

0.0022 

22.5 

5.0 

1.30 

0.30 

0 043 

0.0092 

0.00115 

1 

2 

10 

29 
so 
100 

2100 

500 

1.61 100 99 97 93 87 68 49 

3.22 50 49 4.7 44 39 28.4 17.2 

8.05 20 18.3 17 4 15.3 12.0 6.0 3.35 

18.1 10 8.8 8.0 6.3 4.15 1.58 0.83 

32 2 5 3 95 3 26 2 1 1.04 0.35 0.200 

80.5 1.8 1.15 0.72 0.324 0.127 0.048 0 028 

161 0.79 0.35 0.160 0.062 0.026 0.010 0.0057 

322 0.25 0.0670.0234 0.0082 0 00320.00115 . 00067 

805 0.0185 
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TAnix 2.2. (iftOrNIWWAVE FIELD STRE\,TH VERFIS I)IRTANCE. (Conhnued; 

( 'onduct Iva( ies X 10-' elect roinagnet ir unit 

16mt wore, ' Distance, 
miles kilometers 

1 
2 
5 

10 
20 
50 
I 00 
200 
500 

2 
5 
10 

20 
50 
100 

200 
500 

2 
5 

It) 

20 
50 
100 
200 
500 

1.61 
3.22 
805 
16 1 
32.2 
$0.5 
161 
322 
805 

Sea 
water 40 
5.000 

20 10 5 2 1 

D. 1,210 kilocycles per second 

100 9$11 96 
50 49 46 
20 18.3 17 0 
10 8.6 7.2 

5 3.7 2.7 
1.8 0.95 0.48 

0.78 0 244 0.092 
0 24 0.037 0 012 

0.016 

91 81 59 41 
42 35 21.3 13.3 

14 0 9 6 43 2.43 
5.25 2.85 1.102 0.590 
I 53 0.650 0.230 0.144 

0.190 0.080 0.032 0.021 
0 037 0.0154 0.0066 0.0042 
0 0044 0 001820.000700.00043 

E. 1,380 kilorycles per second 

1.61 100 97 95 89 77 53 36.4 

3 22 50 48 45 40 32 18.5 11.2 
805 20 18 16 12.5 8.2 3.45 1.95 

16 I 10 8.2 6.6 4.35 2.18 0.71 0.48 
32.2 4.9 3.40 2.30 1.15 0.47 0.185 0.118 

80.5 1.8 0.77 0.35 0.133 0.061 0.0265 0.017 
161 0 78 0 176 0.065 0.027 0.0125 0.0050 0.0032 
322 0.23 0 024 0 0080. 003050. 001250.000380.00032 
805 0 0135 

F. 1,600 kilocycles per second 

1 61 100 9C 931 85 71 45 81 
3 22 50 48 43 37.5 28 14.5 9.4 
X 05 20 17.2 15 01 10.8 6.2 2.5 1.6 
16 1 10. 66 5 Mi 3.4 1 54 0.58 0.39 
32 2 4 8 2 95 1 761 0.79 0 32 0.137 0.096 
80.5 1.76 057 0 231 0 092 0.044 0.0195 0.0127 
161 0.75 0.1131 0 0411 0.018 0.0084 0.0037 0.0026 

322 0.21510 014510 0043 0 00180.000770.000460.00023 
805 0.011; I 
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large number of field-strength measurements are made along a radial 
line and the complete attenuation curve is plotted from these data out 
to any given distance. From such a curve, the slope as a function of 
distance indicates the conductivity, by direct comparison with the 
ground-wave propagation curves. When the measured curve is plotted 
on exactly the same paper as used for the reference propagation curves, 
and to the same scales, the conductivities can be found by matching the 
slopes of the measured and reference curves, at the various distances. 

Table 2.2 provides the basic information for the plotting of accurate 

ground-wave propagation curves for the frequency range 600 to 1,600 
kilocycles." By interpolation between the values given, the values for all 
intermediate frequencies, conductivities, and distances can be obtained. 
For practical use, these data can be plotted on log-log coordinate graph 
paper, one sheet for each frequency. Other sheets should be made for 
intermediate frequencies, since there is enough change with frequency 
to require a different curve about every 50 kilocycles in this band. 

2.2.3. Intermittent Coverage from Sky Waves. In circumstances 
where cochannel interference at night is negligible, it is frequently desired 
to know what service can be rendered intermittently at night by sky 
waves. The variability of the ionosphere makes this a statistical 
problem. 

Considerable data on this type of propagation have been reduced to 
convenient curves. The FCC Standards of Good Engineering Practice 
Concerning Standard Broadcast Stations includes curves of sky-wave 
field strengths exceeding various percentages of the time from 5 to 95 
per cent, for varying distances. Several representative values taken from 
these curves are given in Table 2.3. These data are used for allocation 
purposes in the 550- to 1,600-kilocycle band. If one wished to know 
approximately what field strength could be delivered to a locality at some 
particular distance such that the only signal received there would be sky 
wave at night 95 per cent of the time (corresponding to nearly 100 per 

cent reliable night signals), the values read from the curve are adjusted 
to correspond to the actual field strength delivered at 1 mile in the right 
direction and at the proper vertical angle to arrive at the locality by 
reflection from the ionosphere. The vertical angle of radiation of the 
waves for a given distance may be determined by the curves of Fig. 2.3. 
From the ambient-noise levels, the signal-to-noise ratios for a certain 

portion of time can be calculated as a statistical average. 
To show how this information is used, consider the following case: A 

station contemplates using 50,000 watts in a region where grade 4 noise 
(see Appendix VI-A to VI-D) prevails for more than 6 months a year. 
It is desired to deliver a semiservice at night in certain cities varying 



92 RADIO ANTENNA ENGINEERING 

in distance from 200 to 400 miles. What type antenna should be used, 
and what kind of service can be expected in these cities? (No inter-

ference from other stations is encountered on the frequency to be used.) 
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From Fig. 2.3, the vertical angles of radiation for these distances vary 
from 30 to 15 degrees for a 60-mile-layer height. The antenna used must 
therefore have strong radiation at these angles. Guided by information 

from Fig. 2.6, we select an antenna approximately one-half wavelength 
high to obtain good ground-wave efficiency and yet have adequately large 
field strengths at vertical angles as high as 30 degrees. Referring to 
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TABLE 2.3. AVERAGE SET-WAVE FIELD STRENGTH (Hour's OF DARKNESS) 
In per cent of field strength 1 mile from antenna at relevant vertical radiation angle) 

Distance, 

miles 

0 

100 

200 

400 

600 

800 
1,000 

1,200 

1,400 

1,600 

1,800 

2.000 

2,200 
2,400 

Distance, 

kilometers 

O 

162 

324 

648 

972 

1.296 

1.620 

1,944 

2,268 

2,592 

2,916 

3,240 

3,564 

3,888 

Vertical 

radiation 

angle, degrees 

70-90 

53 

335 

17 3 

10 6 

6.7 

40 

2.0 

0.2 

Value of field strength exceeded 

10 per rent 

of time 

0.30 

O 27 

0.230 

0.156 

O 097 

0.057 

0.032 

0.019 

0.0123 

0.0090 

O 0067 

0.0052 

O 0041 

0.0033 

50 per cent 90 per cent 

of time of time 

0.088 

0.088 

0.084 
O 064 

O 042 

00250 

O 0135 

O 0075 
0.0048 

0.0034 

O 0025 
O 0020 

0 0016 

0.0013 

O 030 

O 030 

0.035 

0.0200 

0.0128 

0.0075 

0.0043 

O 00255 

O 00163 
0.00115 

0.00085 
0.00064 

O 00046 

0. 00033 

Table 2.1, for 50,000 watts radiated by an antenna 180 degrees high, the 
field strength along the ground at 1 mile, unattenuated, should be 1,675 
millivolts per meter. At the vertical angles, the field strengths would he 

as follows: 

Vertical 

angle, 

degrees 

Di stance, 

miles 

Field at 1 mile, 

millivolts per meter 

Field at this distance 

50 per cent of 

nighttime, 

millivolts per meter 

15 460 1 , 460 0.730 

20 350 1 , 320 0 925 

25 280 1,160 0.925 

30 230 970 0.800 

35 190 790 0 660 

A minimum acceptable service requires a signal-to-noise ratio of 15 
decibels 90 per cent of the time. During the dark hours the above field 

strengths are essentially those which will provide such a ratio according 
to Appendix VI-I. During the months when grade 3 noise exists, there 

is a somewhat better signal-to-noise ratio, provided that man-made 
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noise does not dominate natural atmospheric noise on which this informa-
tion is based. 

2.3. Radiation Characteristics of a Vertical Radiator 

The type of radiator that is generally used for medium-frequency 
broadcasting is the straight uniform vertical with its lower end near 
ground. This type is also used for certain limited applications at the 
higher frequencies, and to some extent at lower frequencies. Such 

antennas may be steel towers used as radiators or supported vertical 
wire antennas. Extensive experience has been gained with vertical 
radiators at many hundreds of broadcast stations, each employing one or 
more for omnidirectional or directive radiation. 

The radiation pattern for a vertical radiator is uniform in the hórizontal 
plane (nondirective) but is directive in the vertical plane. The vertical 
directivity pattern depends on the distribution of currents in the radiator. 
If the radiator is of uniform cross section throughout its length, the 
current distribution is virtually sinusoidal; that is, the amplitude of the 
current is a sinusoidal function of the electrical distance from its upper 
end. This approximation does not lead to very serious deviations from 
physical fact for ordinary: engineering purposes, and the simplifications 
in computations are desirable. 

Pure sinusoidal distribution is the consequence of a pure standing 
wave on the radiator, which means that there are no losses whatever in 
the system. In fact, energy loss due to radiation and circuital loss 
requires that the actual current distribution be composed of a standing 
wave and a smaller component of traveling wave, the latter supplying the 
actual losses. In measurements that have been made of current dis-
tributions, the effect of the feed current due to the traveling-wave com-
ponent is conspicuous only in the region of a current node, where instead 
of the current becoming zero, as it would from a pure sinusoidal distribu-
tion, it passes through a minimum value. At this minimum, the current 
has changed phase by 90 degrees and is then in phase with the antenna 

potential. The impedance therefore appears as a pure resistance at this 
point. 

It is very helpful to the antenna engineer to have a clear physical 
concept of the manner in which waves are propagated in a linear conduc-
tor such as a vertical radiator and how the potentials, currents, and 
antenna impedance vary with its electrical length. For engineering 
purposes, the concept is sufficiently exact. if the antenna is treated as an 
open-ended transmission line of uniform characteristic impedance. 

In Figs. 2.4A and 2.48 there is represented graphically the solution of 
the current and potential distributions and the vector relations between 
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potential and current at all points along a vertical radiator 190 degrees 
high. 
Figure 2.4A represents an attenuated traveling wave propagated in 

the antenna when excited by a generator connected between its base and 

POTENTIAL VECTOR   
CURRENT VECTOR 
VECTOR REPRESENTING BOTH 
POTENTIAL AND CURRENT 
IN TIME PHASE 
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lo • 

10 

80 170 160 
170 

180 190 160 

10 

140 

ISO 

40 

If POSITION ALONG RADIATOR IN DEGREES ABOVE GROUND 

II- POSITION ALONG RADIATOR IN DEGREE FROM TOP END 

FIG. 2.4A. Development of current and potential distributione on a uniform vertical 
radiator 190 degrees high, representing the attenuation of a transmitted and reflected 
wave of chargea, when the radiator is fed between its base and ground. 

ground. For the time it takes to propagate this wave from the generator 
to the top of the antenna and back, the antenna appears to the generator 
as a resistance equal to its characteristic impedance. Therefore the 
potential and current vectors of the upward wave and the downward wave 
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of charges are in phase. The envelope of these vectors of the traveling 
wave that goes up and down the antenna is a logarithmic spiral. 
Owing to the complete reflection of this traveling wave from the open 

end of the antenna, the vector sum of the currents from the upward and 
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the downward waves must cancel to zero at the open end. This is 
accomplished by a reversal of the current vector in the downward wa ve. 

The potential vectors at the top add to double the potential of the t rave l_ 
ing wave at that point. 

The potential (and current) at any point in the antenna are the vect or 

sums t he potentials (and currents) at t hat point, due to the upward wave 
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and the downward wave with their propagation time-phase differences 

from that point to the top end and back again. This effect is illustrated 
for the point 70 degrees from the upper end in Fig. 2.4A, where the 

resultant potential at that point is shown to be obtained by adding the 
potential vectors for the two traveling waves and the resultant current 
by subtracting the current vectors. It is seen that at this point the 
resultant current vector leads the resultant potential vector by an angle 

e less than 90 degrees. The antenna impedance at this point looking 
toward the open end is therefore R — jX. 

Figure 2.4B is a polar plot of the resultants of performing similar vector 
additions of the potential vectors and vector subtractions of the current 
vectors at 10-degree intervals along the entire 190-degree antenna. 

These relations are more accurately tabulated in Table 2.4. Since in 
this diagram we are using the electrical distance from the top of the 
antenna, the 190-degree point is at the base near ground where the system 

TAntr. 2.4 

Computed values based on a traveling-wave attenuation of 2 decibels per wavelength 

1)istanee from open 

end, degrees 

o 
10 

20 

30 
40 

50 

60 

70 

SO 
90 

100 

110 
120 

130 
140 

150 

160 
170 

180 
190 

Potential 

Magnitude ¡'hase, degrees 

1 000 

0.99 

O 945 

0.865 
O 765 

O 640 

O. 505 

O 348 
O 180 

O 056 

O 186 

O 348 

O 505 
0.646 

O 775 

O 870 

O 930 

O 990 

1 000 

0.978 

o 
o 
o 
0.5 

1.0 

1 6 
30 

6.0 

15 

90 

162 
171 

173 

175 

176 5 

(4irrent 

- 

Magnitude Phase, degrees 

o 
O 174 88 
O 342 88 
O 500 88 

O 642 882 

O 765 883 
0.860 88 6 

O 937 89 

O 982 89 5 
1,000 90 

O 988 90 6 

O 938 91 5 

0.870 92 4 
O 770 936 

O 647 952 

177.3 0.507 98 3 
178 0 279 104 5 
179 0 201 119 

180 0 105 180 
181.2 0 212 240 
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is usually fed. Therefore the vector ratio V190//1.0 represents the input 
impedance of the antenna between ground and its lower end. This of 
course omits consideration of any additional stray capacitance in parallel 
with this impedance which would be introduced by the physical construc-
tion of an actual antenna. 
When the resultant potential and current vectors of Fig. 2.4B are 

plotted as in Fig. 2.5, we see the potential and current distributions in 
the manner most frequently displayed and described. In this diagram, 
only the magnitudes are shown, whereas in Fig. 2.4B both magnitude and 
phase are shown. The comparison with sinusoidal theory is indicated 
also. 

From Fig. 2.4B it can be seen how the impedance looking toward the 
upper end from any point varies with the location of the point. It. is 
evident that: 

1. At all points less than 90 degree.s from the upper end the impedance 
is R — jX and that R increases and X decreases as the distance from 
the end increases. 

2. At the 90-degree point, the impedance is pure resistance, and the 
resultant potential vector has turned 90 degrees from the open end. 

3. Between 90 degrees and 180 degrees the potential vector leads the 
current vector so that the impedance looking upward from any of 

these points is R jX, with resistance and reactance both increas-
ing with increased distance from the top. 

4. At the 180-degree point the current is in phase with the potential, 
and their ratio is such as to give an impedance that is a high value of 
resistance. Therefore the reactance had to change from a high 
value at some point less than 180 degrees to fall rapidly to zero at 
the 180-degree point. 

5. Beyond the 180-degree point we see the beginning of another cycle 
of events where the potential is falling, the current is rising, and the 
current is leading the potential. It is evident, therefore, that 
between 180 degrees and 270 degrees the antenna impedance would 
be R — jX again, but with both R and X decreasing with increase of 
length. 

6. All these cycles of changing sign of reactance and changing values 
of resistance and reactance are typical of an open-circuited trans-
mission line with attenuation. Qualitatively the analogy is satis-
factory. Quantitatively the analogy fails to provide sufficient 
accuracy so that empirical data like that of Figs. 2.15 and 2.16 have 
to be used for engineering-design purposes. 
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190-degree uniform vertical radiator. 

2.3.L Radiation Patterns for Sinusoidal Current Distribution. The 
radiation pattern for a vertical radiator with sinusoidal current distribu-
tion may be found from the following equation, in which G may be any 
value, large or small, and a is the angle above the horizon: 

cos (G sin a) — cos G 
f(a) - cos a(1 — cos G) 

When G --- 90 degrees (height is one-quarter wavelength), this equation 
reduces to 

cos (90 sin a) 
Act) = — - — — 

CO8 a 

When G = (it) degrees, the following equation may he used for the vertical 
radiation pattern: 

f(a) = cos a 



100 RADIO ANTENNA ENGINEERING 

These equations only give the shape of the pattern in relative values of 
held strength. 

Figure 2.6 shows the vertical patterns, in rectangular coordinates. 
for vertical radiators from 45 to 225 degrees high, based on sinusoidal 
current distribution. Table 2.5 gives the relative values of the vertical 
pattern, in more convenient form for computational purposes, for eight 
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FIG. 2.6. Relative vertical radiat  patterns for vertical radiators with sinusoidal 

current distributions for various electrical heights ((,'). 

different heights corresponding to those of most frequent application for 
broadcasting. In this table are included the approximate values of the 
patterns in the region of a pattern null, which is the result of the fact 
that in practice the current never is zero at a node. The occurrence of a 
minimum instead of zero current at a node in the radiator produces an 
analogous effect on the radiation pattern, in that the pattern will hase a 
minimum instead of a complete null. The phase of the electric field 
goes through the same kind of transition in passing a minimum as did 
the phase of the current in passing a node. There is a minimum in the 
vertical radiation pattern for every current minimum along the radiator. 
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Broadcasting applications almost never make use of radiators having 
more than one node, not counting the one that exists at the top of the 
antenna. The node at the top of the antenna has its radiation counter-
part as a null in the pattern directly above the vertical radiator, or where 
a = 90 degrees. 

TABLE 2.5. VERTU-AL RADIATION PATTERNS FOR VERTICAL RADIATORS or DIFFERENT 
ELECTRICAL III LIGHTS WITH SINCSMOAL CURRENT DISTRIBUTIONS 

a 60° 90' 120° 150° 165° 

1000 1000 1.00011000 1000 o 
5° 
10 0.980 
15' 0 9.58 
20' 0 929 
25° 0 890 
30° 0 845 

O 976 
O 950 
0.916 
O 869 
0.816 

0.970 
0.937 
0.888 
0.833 
0.768 0.695 

35' 0 792 0 756 0 702 0.610 0 548 0.470 
40° 0 735 0 695 I 0 629 0.527 I 0 458 0 370 

(0.390): 
45° 0 673 0 628 I 0.5.54 0 4-16 0 370 0 278 
50° 0 607 0 559 O 483 0 371 0 293 0 203 

(0.225)2 
55' 0 536 0 488 0.413 0 301 0.227 0.136 
60' 0 464 i 0 414 0.344 0 238 I 0 170 0.087 

(0.11012 
65' 0 388 0 345 0.281 
70' 0 312 i 0 271 0.218 

75° 0 237 0.204 
80° 0 15R 0.138 

85' 0 079 0.070 
90' 0 0 

0.162 
0.106 
0.053 
o 

180° 195° 210° 

1.000 1.000 
0.981 

0.961 0.954 0.1143 0.928 
O 913 0.896 0.873 0.844 
0.851 0.820 0.785 0.734 
0.777 0.736 0.683 0.816 

0.645 0.578 0.490 
(0.510): 
0.368 
0.256 
(0.270)2 
0.159 
0.081 
(0.125)2 
0 022 

-0.017 
(0.080)/ 

O 187 0.125 0 052 -0.040 

0.140 0.088 0.025 -0.048 
(0.050)2 (0.075): 

O 098 0 058 0.010 -0.047 

0.063 0.036 0.003 -0 036 
0.031 0.017 0.001 -0.020 
o o o 0 

190 195 203 216 225 236 250 
t 306 314 326 348 • 362 380 402 

• rnattenuated field strength at 1 mile with 1,000 watts radiated, in millivolts per 
meter. 

t Unattenuated field strength at I kilometer with 1,0130 watts radiated, in millivolts 
per meter. 

:Figures in parentheses represent very nearly the actual vallIPS encountered in 
practice, taking into aceount the deviation from situisoiilal current distribution due to 
radiation losses in the antenna, shown only where the differences are of importanee. 

Having now the shape of the vertical patterns for simple vertical radia-
tors, it remains to set the actual values of field strength that will result 
from a given power radiated from a given vertiral radiator. Table 2.1 

1.000 
0.977 
0.909 
0.804 
0.675 
0.524 
0.375 
(0.400): 
0.234 
0.111 
(0.150)2 
0 008 
-0.066 
(0 160)1 
-0.115 
-0.143 

(-0.200)2 
-0.149 
-0.138 

-0.113 
-0.082 
-0.043 
0 
265 
426 
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gives the values of unattenuated field strength at the surface of the 
ground at a distance of 1 mile from the radiator, for various values of G 
and power radiated. 
A radiator of nonuniform cross section has a current distribution that 

departs from sinusoidal distribution from trivial to considerable amounts, 
depending on the geometry of the radiator. The distribution then 
becomes empirical and has to be solved 88 an individual case. The 
resulting vertical pattern is also empirical. Solutions for such cases have 
been published." 

It can be seen from the figures in Table 2.1 that the vertical directivity 
has an important influence on the horizontal field strength at 1 mile. 
The effect can be seen more clearly in Fig. 2.1, which shows the field 
strength at unit distance as a function of electrical height G for constant 
radiated power, using three different radiator heights as 100 per cent. 

2.3.2. Choice of Vertical Radiation Pattern. An intelligent choice of 
a vertical radiation pattern for a particular application is made only after 
a computation of the ground-wave and sky-wave field strengths over the 
desired propagation paths. These two wave fields are separately com-
puted, and special attention is directed to the distances at which their 
ratio is less than 2 to 1, because objectionable selective fading will occur 
at night at these distances. The location of this' fading ring, or fading 
" wall" as it is often called, sometimes can be adjusted by the choice of 
vertical radiation pattern to fall where the least number of listeners is 
located. The variability of the sky-wave field strength from day to day 
will cause this fading ring to move about accordingly. Over ground 
where the direct wave is very rapidly attenuated, the fading ring may be 
quite narrow. 

Consider a simple case of a broadcast station on 1,000 kilocycles in the 
center of a region having a uniform conductivity of 4 X 10-" electro-
magnetic unit. The station will operate with a power of 10,000 watts. 
It is desired to see what the coverage will be with an antenna of 60 degrees 
height compared with one of 190 degrees. It is assumed that there are 
no regulatory reasons why either cannot be used. It is a grade 3 noise 
area. The data of Fig. 2.7 are computed and plotted from the vertical 
patterns for these two antennas and the ground-wave and sky-wave 
propagation information and noise data provided, using the given power 
and frequency. 
The direct ground-wave intensity for the 60-degree radiator reaches the 

15-decibel signal-to-noise threshold of 560 microvolts per meter at a 
distance of 49 miles, and for the 190-degree radiator at 55 miles. The 
60-degree-radiator sky wave, for 10 per cent of the time at night, equals 
the ground-wave held strength at distance 49 miles (where it is also 
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noise-limited) and the fading ring for 2 to 1 direct and indirect signal ratio 
extends from 39 miles to 62 miles 10 per cent of the time. For 50 per 
rent of the time, the center of the fading ring would be at about 73 miles 
and the near edge of the ring under these conditions at about 57 miles. 

1000 

100 

10 

60• ANTENNA 

FIELD STRENGTH VALUE FOR 

I ° -- LIMIT OF 15 db 544 IN GRADE 3 
NOISE AREA AT NIGHT 
. _ . 

SKYvatvE-10% OF TIME 
60 ANTENN 

NEAR EDGE OF FADING RING 
50 PERCENT OF TIME (se 

SIMVAvE-50% OF TIME 
60' ANTENNA 

o 10 20 30 40 50 
MILES FROM ANTENNA 

ho. 2.7. Ground-wave and aky-wave curves for 10 kilowatts radiated from a 60-

.legree and a I90-clegree radiator where s = 4 X 10-"electrolungtietic unit, f ••• 1,000 
kiloryelets. in grade 3 noise area. 

In this zone it appears that the signal is noise-limited before it is fading-
limited, with this power. 
For the 190-degree radiator, the sky-wave fields are not shown because 

it is known immediately from the chart thus far computed that the signal 

01 

FADING RING FOR 
60• ANT FOR 

10 PERCENT OF TIME 

60 
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will be severely noise-limited before arriving at the distance where fading 
is objectionable. 

This example was chosen to demonstrate the influence of natural 
atmospheric noise on the solution of a problem of this type. One can 
readily see that, under these circumstances, it would be wasteful to invest 
in a 190-degree radiator when a 60-degree radiator will provide essentially 
the same fading-free and noise-free coverage. However, this example 
should not be used for any conclusion for other cases without completely 
calculating the problem in the manner outlined. The use of lower powers 
and higher frequencies in regions of lower conductivities and equal or 
higher noise levels would always show poor justification for expenditures 
for high radiators. For higher powers on lower frequencies, in regions 
of lower noise levels and higher conductivities, there would almost always 
be a case to justify investments in higher radiators. Intermediate 
combinations of frequency, power, conductivity, and noise conditions 
will always require specific detailed study of the actual data before a 
decision can be made. 
Some marginal intermittent service is given by daytime sky-wave 

propagation due to E-layer reflections. The computations for such 
propagation can be made by reference to the data published by the Cen-
tral Radio Propagation Laboratory of the National Bureau of Standards, 
following the methods used for computing high-frequency propagation. 
The effects of E sporadic layers may also be computed from these 
data. 

2.3.3. Shunt-fed Radiators. A grounded vertical radiator may be 
shunt-fed as shown in Fig. 2.8. With shunt feed,'" the radiator is 
grounded at its base, and the system is excited at. the point where the 
shunt-feed wire is connected. By using a sloping wire, • as shown in B 
of Fig. 2.8, a number uf wire lengths und tapping points are available. 
The feed wire acts as a transformer which is adjustable over a certain 
range. In typical use, the feed wire is adjusted to bring a predetermined 
value of resistance at the input, which may be the value necessary to 
terminate a given transmission-line characteristic impedance. There is 
always an inductively reactive component of impedance present also, 
which is neutralized by a series capacitance. Any radiator can be shunt-
fed in this way, provided that. an adjustment can be found that will give 
a desired input impedance, or more usually it is necessary only to provide 
a given resistance coniponent. 

.\ shunt-fed vertical radiator does not use hase insulators and therefore 
does not require :tny isolation circuits for b over-light ing circuits or for any 
t op-m minted very-higli-frequency antennas that may he present. By 
virtue of its direct grounding, it is somewhat less vulnerable to lightning 
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damage than a series-fed radiator. However, with a direct lightning 
hit on the tower, destructive potentials are sometimes transferred to the 
input to the feed wire, so that safety from lightning damage is not as 
complete as might be supposed. 
A given vertical radiator, arranged for series feed, will have a series 

impedance at its base, which we shall designate as Z.6, at a specified 
frequency. When this same radiator is grounded and fed with a shunt-
feed connection, it is adjusted to give an input impedance Z... The shunt 
feeder thus acts as a transformer which converts Z.!, to Z... An equiva-

TOWER RADIATOR— 

TO FEEDER TO FEEDER 

0 CENTER FEED 0 SLOPING - WIRE FEED 

Fria. 2.8. Shunt-fed vertical radiators. 

lent circuit of such a transformer can be derived as a network, in the 
form of a T or L. While the transformation ratio is known, the phase 
shift between the current at the feed point and the current in the radiator 
is indeterminate. 

The optimum application for shunt feed is with a vertical quarter-wave 
radiator working into a low-impedance feeder. When the radiators are 
considerably more or less than 90 degrees high, the feed-wire adjustment. 
requires that the loop formed between the feed wire, the radiator, and 
ground become relatively large, and this loop becomes a considerable 
radiator itself, modifying the intrinsic radiation properties and the current 
distribution of the radiator below the tapping point. 

The quarter-wave shunt-fed radiator is the unbalanced analogy to the 
delta feed so commonly used for horizontal dipoles at high frequencies. 
In the latter system, the shunt feed is balanced. In both cases, the 
transforming action of the shunt feed is relatively small, and the reactive 
component introduced by the feed wire is not excessive, giving input 
impedances of relatively high power fnetor. Furthermore, the feed loop 
is not sufficiently large to cause exressive radiation, though there is some. 
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The amount of parasitic radiation that can be tolerated from the feed I 

loop is something the designer must decide. 
In broadcast applications, radiation from the feed loop causes the 

vertical radiation pattern for a single radiator to be distorted and elimi-
nates the cone of silence directly above the radiator. High-angle radia-
lion is therefore increased in all vertical planes, especially at the very 
high angles where, with series feed, the field strength would be zero. 

I. IDEAL VERTICAL PATTERN FlIDIM SINUSOIDAL THEORY 

2 MEASURED PAT TERN NORMAL TO FEED -WIRE PLANE 

a le_ASURED POITTERN h PLA/£ OF FEED- WYE 
Fir:. 2.9. Comparison of measured vertical patterns from series-fed and sloping-wire 

eiltutit-fed radiator of same height. 

Figure 2.0 shows the measured vert uni-plane patterns for a shunt-fed 
vertieal half-wave radiator in the plane of the feed wire and in the plane 
normal to the feed wire. For comparison, the normal series-feed pattern 
is also shown by the dotted line. Figure 2. U) shows the measured current 
distribution along the vertical radiator which gave these radiation pat-
terns. The distortion of the current distribution is rather extreme owing 
in part to the shunt feed and in part to the structural taper for this 
particular tower, which was self-supporting and tapered from 40 feet 
per side at the base to 1.5 feet per side at the top, ROO feet above ground. 
These data were obtained by model measurements by Brown and Epstein 

of the RCA Laboratories ( not published), simulating an actual tower 
under study. They found that the area of the feed loop for this antenna 
could be greatly reduced by running the feed wire up the center of the 

tower, us shown in Fig. 2.R.1, instead of using the usual external sloping 
wire. This made a considerable improvement in the measured vertical 
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radiation patterns, proving that radiation from the sloping feed-wire loop 
was an important modifying factor in the entire radiating system. The 
current distribution for these two types is illustrated in Figs. 2.11 and 
2.12. Running the feed wire up the center of the tower seems very 
desirable when shunt-fed radiators are used in a directive array requiring 
moderate or high degrees of radiation suppression at some angles. 
Shunt-fed antifading antennas introduce three factors that require 

special attention in design. One is the modification of the current dis-

L2 

800' 

200' N 

O 100 200 300 400 500 600 700 800 
DISTANCE FROM GROUND (FEET) 

Fin. 2.10. Mettaured current distribution on vertical radiator shunt-fed and producing 
the patterns shown in Fig. 2.9 (curves 2 and 3). 

tribution in the radiator below the feed point, which causes the current. 
at the base of the radiator proper to be many times that present with 
series feed. This requires attention to reducing ground-system resistance 
as much as possible to maintain high radiation efficiency. This can be 
done by using a larger number of longer ground wires. The other point 

the appearance of relatively high potentials at the feed point due to its 
nigh reactance when adjusted for the usual 50- to 70-ohm resistance to 
terminate a coaxial feeder. The high potential encountered at the feed 
point is the consequence of the feed current flowing into the high react-
ance of the input impedance. Precautions must be included to accom-
modate this condition, which in itself does not present a very difficult 
problem. The same factors that give a high input reactance will also 
rontribute to selectivity. Attention must therefore be directed to this 

aspect of the application whenever bandwidth has to be considered. 
The shunt-fed radiator is a system which appears to be more simple 
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MEASURED 

IDAL THEORY 

Fin. 2.11 Measured vertical patterns for axial shunt-fed vertical radiator. 

O 

200 300 400 500 
DISTANCE FROM GROUND ( FEET) 

Flu. 2.12. Measured radiator current distribution for system producing the pattern 
a Fig. 2.11. 

than it actually is. It must therefore be applied with caution in exacting 
circumstances. For instance, the use of the sloping-wire feed on an anti-
fading radiator nullifies some of the important properties for which such a 
radiator is used. As an element in a directive array, it is cumbersome to 
design because all available reference data on which the performance of a 

directive array is predicted are for serie: feed. Shunt feed introduces the 
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impedance-transformer action, which is difficult to predict, especially 
when mutual impedances are taken into account. The sloping-wire 
feed, in addition to modifying the vertical pattern of each radiator, will 
introduce mutual impedances between feed wires which will, in general, 
he indeterminate during the design stage of the work. The coupling 
circuits must therefore be designed after measurements have been made 
on the final radiator system. There is also the complication that the 
phase and amplitude relations of the currents at the feed points will not. 
be those prevailing in the radiators, and it is necessary to monitor radiator 
currents on the radiators above the tapping point. The design of a 
directive array of shunt-fed elements will usually require an enormous 
expenditure of engineering effort that may offset any structural economy. 
However, these remarks should not discourage the application of the 
shunt-fed radiator in cases where it-s simplicity and economic advantages 
can be realized and where the detrimental factors discussed are of minor 
importance. 

2.3.4. The Folded Unipole. An alternative method of shunt feeding 
a vertical radiator one-quarter wavelength tall is that shown in Fig. 
2.13, which may be called a folded unipole, from very-high-frequency 
terminology. By this method, which is one-half of a folded dipole, the 
total antenna current is divided between two conductors which are 
paralleled at their current nodes (at the top), and power is fed into one 
leg only. As with a folded dipole, the resistance at the feed point in one 
leg increases in proportion to the inverse square of the current ratio for 
the fed wire. This is evident from the following: 
Let Ro represent the base resistance of the radiating system operating 

as a simple series-fed antenna, and let /c, represent the total base antenna 
current when the system has a power input of W watts. When excited 
as a folded unipole, the total antenna current for the same power input 
will be lo as before, except that, with one conductor grounded and the 
other fed by the transmitter, the latter carries only a portion M of the 
total current. Then, if R1 designates the input resistance when excited as 
a folded unipole, 

Ro 
R, = 

.11-2 

The value of M will differ with the relative radii of the two conductors 
and will be 0.5 when the two conductors are identical, so that the total 
antenna current is equally divided between the two. However, when 
one conductor is a grounded quarter-wave tower and the other is a wire. 
the great disparity in radii will cause the value of M to be very much less 
than 0.5. If the tower and the " drop" wire were both continuous uni-
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form-section cylindrical conductors, the value of M could be obtairu.,: 
from the relation 

1 

login —a 
!.?! 
a 

log io — 
Pt 

where PI is the radius of the larger conductor, p2 the radius of the smaller 
conductor, and a the axial separation between the two. However, if a 
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Fin. 2.13. Folded tadpole prineiple for shunt-feeding vertical radiators. 

steel tower that is not cylindrical is the larger conductor, an approximate 
value of M. can be found by supposing the tower to be equivalent to a 
cylinder with the same sectional periphery. 
A large tower and a small drop wire, as shown in Fig. 2.13A, will often 

yield rather small values of M. If one wishes to raise the value of M. 
two or more drop wires may be used, all insulated from the tower through-
out their length except at the top and connected together at the bottom, 
where they are fed, as shown in Fig. 2.13B. Thus the transformation 
ratio of the drop wire can be varied more or less at will to bring a pre-
desired value of resistance at the feed point. This may be a value of 
resistance that will directly match a given feeder characteristic impedance. 

This met hod is best adapted to quarter-wave uniform-section radiators 
which are self-resonant. by virtue of their height. Tapered towers can 
he made to be substantially of uniform section by using other drop wires 
suspended from a spreader at the top having the some width as the tower 
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base and connecting these wires to the tower proper. Then the addi-
tional drop wires for forming the unipole are affixed where they will not 
interfere with the former. Figure 2.14 shows a plan view of a tapered 

tiare radiator using drop wires for feeding and to equalize the tower 
croas section. 

4 - 8 DROP WIRES 
SUSPENDED FROM 
OUTRIGGER 

INSULATORS IN EACH 
DROP WIRE a ALL 
DROP WIRES 
CONNECTED TOGETHER 

TOP VIEW 

EEL OUTRIGGER 

TOWER WITH TAPERED 
CROSS - SECTION 

FEED POINT 

TOWER CONNECTED TO 
GROUND SYSTEM 

Fin. 2.14. Method of transforming a tapered tower to one of nearly uniform electrical 

.-rtion and using the folded unipole feed. 

A folded unipole of this type allows all of the conveniences afforded 

by the use of directly grounded towers without compromising the natural 

current distribution or introducing pattern distortion from a sloping 
wire. The input impedance can be made almost purely resistive with a 
value that will directly match open-wire feeders of common types, 
designed for the proper characteristic impedance. 

2.4. Impedance of Uniform-cross-section Vertical Radiators 

The series impedance of a vertical radiator is a function of several 

variables, of which the dominant ones are the height, the loneudinal 
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and cross-sectional geometry, and the characteristics of the ground sys-
tem. The series impedance under idealized conditions may be referred 
to as the " intrinsic impedance." This is the value obtained from theo-
retically pure conditions, using the methods of the electromagnetic 
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Flo. 2.15. Measured base (series) resistance for cylindrical vertical radiators over 
perfectly conducting ground. (After Brown and Woodward.) 

theory, assuming perfectly conducting ground, zero base capacitance, and 
no internal losses. A continuous cylindrical vertical radiator of perfect 
conductivity, with its lower end very near to a perfectly conducting 
flat earth plane, has a resistance and a reactance that may be computed 
from published formulas.'"2 For practical use it is more convenient to 
refer to Fig. 2.15 for resistance and to Fig. 2.16 for reactance for cylindrical 
antennas of height G and height-to-diameter ratio G/D. These figures 
were derived from systematic measurements of scale models under 
carefully controlled laboratory conditionsim and are therefore of basic 
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importance for practical design. The values can be read with adequate 
accuracy for most purposes (see ref. 18, Chap. 5). 
The intrinsic impedance of an antenna is modified by a number of 

empirical influences so that the impedance as seen from the accessible 
terminals of the system will differ from the idealized values. These 
empirical influences may be due to such factors as the capacitance intro-
duced by a base insulator, the effects of attached guys, the ground sys-
tem, proximity to nearby objects that reradiate, and attachments for 
power feed to tower lights, feeders for frequency-modulation or television 
antennas that may be mounted on the radiator, spark gaps, and other 
devices. The impedance is also modified by practical cross-sectional 
configurations for a fabricated mast or tower and by nonuniform cross 
section. 

It is apparent from the foregoing that one must be content with approx-
imate estimated values of radiator impedance values during preliminary 
design, leaving for the final stage the measurements to be made after 
erection. Typical coupling networks for energizing the system have 
sufficient adjustability so that they will accommodate any ordinary dis-
crepancies between the preliminary estimated values and the final working 
values. When two or more radiators are to be employed in a directive 
array, the estimated impedances must be derived with care if the feeding 
networks are to be precalculated with acceptable accuracy. 
An example of the use of the intrinsic impedance data to estimate the 

input impedance to a vertical radiator under actual working conditions 
is the following: 

A vertical radiator of height G = 125 degrees at a frequency of GOO 
kilocycles will have a square cross section 10 feet per side. The base 
insulator to he used has a capacitance of 60 micromicrofarads. A tower-
lighting transformer and spark gap will add another estimated 75 micro-
mierofarads in parallel with the base insulator. No other attachments 
are needed. What will input impedance be at 600 kilocycles? 

The periphery of the antenna should be equivalent to a cylinder having 
a diameter of about 12 feet. At GOO kilocycles this diameter expressed 
in electrical degrees is 2.63. The ratio G/D = 47.6. For this form 
factor and height 125 degrees, Fig. 2.15 shows a resistance of about. 240 
ohms, and Fig. 2.16 shows a reactance of about j185 ohms. These are 
the components of the intrinsic impedance of the antenna without any 
spurious influences. If now the effect, of the capacitance of 135 micro-
microfarads added across the base of the radiator is computed, it is 
found that the input impedance to the system will then be 

Z„ = 280 + jlCs5 
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When tower-lighting power is fed through an isolating inductor, an 
aiductive reactance may then appear across the base insulator, which 
neutralizes a portion of the base-insulator capacitive reactance. In 
addition, the resistance of such an inductor parallels the antenna resist-
ance, owing to its finite dissipation factor Q. If this inductor is self-
resonant at the working frequency, its presence modifies only the 
resistance. If its resonant frequency is lower than the working frequency, 
a will act as a shunt capacitance. In some instances the reactance of 
the isolation inductor can be made equal to that of the base insulator 
and of sufficiently high Q so that the input impedance to the system is 
very nearly equal to the intrinsic antenna impedance. 
The transformed impedances of vertical radiators are of special interest 

in directive arrays where the design of the entire system must proceed 
on computed values of impedances and networks. This is because it is 
physically impractical to measure the desired impedances until the array 

functioning correctly. It must be remembered that the theoretical 
values of mutual impedance are also intrinsic values. The input imped-
ance to each radiator in an array is computed first with intrinsic values of 
-elf- and mutual impedances. These different impedances are then 
transformed to true accessible impedances through the masking imped-
ances of the various attachments, base insulator, etc. It is in such cases 
that one may desire to design light-feed isolation inductors to neutralize 
the reactance of the base insulator so that intrinsic and observed imped-
ances will be in accord. 

2.5. Ground Systems for Broadcast Antennas 

Antenna performance is standardized with reference to the ground 
heing a perfectly conducting fiat plane. Such an assumption serves a 
very useful purpose in revealing the ultimate possibilities of a certain 
radiator in terms of its dimensions and longitudinal and sectional geom-
etry at a given frequency. All practical deviations from this norm are 
flue to a number of empirical circumstances, of which one is the earth 

A line of electric force (displacement current) extends from the top 
of the antenna through surrounding space to the earth. Upon entering 
a perfectly conducting earth it becomes a conduction current which 
returns to the base of the antenna and becomes a portion of the antenna 
current. The electric lines of force of the antenna field are thus seen to 
be the continuation current of a closed circuit through surrounding space. 
With a perfectly conducting earth, the electric line of force is always 
niirmal to the surface. When the earth is imperfectly conducting, the 
line of force tilts forward in the direction of propagation. This means 
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that the Poynting vector at the surface of the earth is tilted downward 
and has a component that points into the earth where it is dissipated. 
The component parallel to the earth represents the power propagated 
onward in the half apace above the ground. 

A vertical radiator above natural earth without any sort of ground 
system, energized by an electromotive force between the antenna and 
the earth, would require all earth currents to return to the antenna 
through a very imperfect conductor. The earth is actually an imperfect 
dielectric in that it has both finite conductivity and inductivity. The 
range of values encountered in engineering practice in various soils and 
various amounts of water may be said to be the following: 

For land: 

Conductivities—from 1 x 10-" to 100 X 10 '' electromagnetic unit 
for land of various kinds 

Inductivities—(ordinary dielectric constant) from 2 to 25, depending 
upon the amount of water in the soil 

For fresh water: 

Conductivities of the order of 10 X 10 --" electromagnetic unit. Induc-
tivity about 81. 

For typical ocean water: 

Conductivity of about 5.000 x 10 - " electromagnetic unit. Indite-
tivity about 81 

The above values are expressed in electromagnetic units because most 
available propagation data are prepared in these units for engineering 
use. The procedure of using the factor 10-" permits the relative con-
ductivity to be immediately apparent from reading the value of the 
coefficient, the value I X 10-'4 being low enough to include almost the 
poorest. kind of soil that would be encountered. Values of conductivity 
lower than this are equivalent values for attenuation conditions due not 
only to the soil characteristics but. to losses due to wave scattering. 
Therefore it may be found that in topographically rugged country it 
appears that the average conductivity is below I X 10-", whereas the 
earth itself, if flat, would in almost all cases be above this value. The 
additional attenuation of a wave due principally to scattering by reflec-
tions from the irregular terrain is then equivalent to that over a flat 
earth with much lower conductivity. 

When a plane electromagnetic wave with its electric field normal to 
the direction of propagation impinges upon the surface of an imperfect 
dielectric, the power propagated into the dielectric sets up conduction 
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currents and displacement currents, both in quadrature to each other. 
The ratio of the two is dependent upon the frequency, the conductivity, 

and the inductivity. At the lowest radio frequencies, conduction cur-
rents are very large with respect to the displacement currents, permitting 
the latter to be neglected. With increasing frequency, displacement 
currents become more important relatively, and eventually a frequency is 
reached where displacement currents predominate over conduction 
currents. 
Conduction-current density is maximum at the surface of the ground 

and decreases exponentially with depth. The depth at which the magni-
tude of the current density has fallen to 1/e of its surface value (about 37 
per cent) is called the " skin depth," which we shall designate by the 
letter S. The conduction-current skin depth in meters can be computed 

from the relation 

=_  
-V-hr 'fa X 104 

where a is in electromagnetic units and fin cycles per second. Appendix 
11 shows the skin depths for the range of frequencies and soil conduc-
tivities of general interest. The skin depth equals one-half wavelength 

at the velocity of propagation in the soil and about 90 per cent of all the 
loss in the soil occurs within this depth. 
The earth currents return to the base of a vertical antenna along radial 

lines. At the base of the antenna, all the ground currents add together 
to enter the antenna as the antenna current. The total ground losa is 
the integrated losses at all points due to all the returning ground currents. 
In ordinary soils this lass is considerable, and measures have to be taken 
to minimize ground loas by the use of systems of buried radial wires that 
conduct the returning ground currents to the base of the antenna through 
high-conductivity circuits. 
The distance from the antenna at. which returning ground currents are 

of such a low value as to be negligible is of the order of 0.5 wavelength. 
Beyond about 0.4 wavelength, the gain in efficiency with increased length 
is seldom a good economic investment, when a sufficiently large number of 
radials is used. Systematic measurements ° have shown that the effective 

length of a buried wire decreases 88 the number of radial wires is decreased. 
Ground resistance decreases as both the length and the number of buried 
radial wires are increased. However, when the number of radials exceeds 
120 and their length exceeds 0.4 wavelength, one reaches the region of 
diminishing returns. With such a ground system, the circuital and 
radiational characteristics of a vertical radiator of the type used for 
1,roadcasting approach very nearly those computed from theory for a 



Ile RADIO ANTENNA ENGINEERING 

perfectly conducting earth. Figure 2.17 shows how the field strength 
varies as a function of antenna height and the number of 0.412-wave-
length radial ground wires. Figure 2.18 shows the same thing, but with 
0.137-wavelength radials. Figure 2.19 shows the field strength and the 
antenna resistance of a 77-degree radiator as a function of the number of 
0.412-wavelength radials used. These data were obtained from experi-
mental studies at 3,000 kilocycles.' 
The ground system performs solely as a circuital element with the 

shorter vertical radiators, serving to reduce ground losses. With a 
system of 120 radial wires buried near the surface of the soil to a length 
of 0.4 to 0.5 wavelength, almost all of the ground current is collected 
from the electric field above the ground system and current densities 
below the ground system are very small. Currents in the soil between 
the radials are quickly diffracted into the wires. 
With high radiators of the antifading type, however, the ground system 

performs another function—that of providing a reflecting surface of high 
reflectivity for those electromagnetic fields which produce cancellation 
of high-angle radiation. Surface-reflection losses cause incomplete wave 
interference because the reflected field strength is decreased in amplitude 
by these losses. 
From the principles of the reflection of a plane electromagnetic wave 

from the boundary between air and an imperfect dielectric of conduc-
tivity o and inductivity e at a frequency f in cycles, the reflection coeffi-
cient K, for vertically polarized waves is the following vector ( Fresnel 
equation: 

2o 2o 
(e — ) 7 ) sin a — — cos" a — 

= IK.i("'   — -  
2o 

— j2«- T) sin a + — cos' a - -'-l-

in which a is the angle above the horizon and is the complement of the 
angle of incidence. This is the Fresnel equation for vitreous reflection, 
and the value of o in this equation is in centimeter-gram-second electrostatic 
units. To convert from customary electromagnetic units to electrostatic 
units, use the relation 

o... = 9 X 102" X cr.... 

It is evident from this equation that the complex reflection coefficient 
is a function of the conductivity and the inductivity of the ground, the 
frequency, and the angle of elevation above the ground. This means 
that there is always a decrease in the magnitude of the reflected wave 
with respect to the incident wave, and there is a change of phase 1,1,, as 
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well. When the computation is made for the values of g. as a varies 
from 0 to 90 degrees, it will be found that at some angle a6 the amplitude 
IKI is a minimum, and at this elevation the value of ik is — 90 degrees. 

The elevation angle ae is known as the " pseudo-Brewster angle." If the 
ground were a perfect isotropic dielectric (u = 0), it would be found that 
IKI = 0 at the Brewster angle. 
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The significance of these facts is that a vertical radiation pattern at 
a very great distance differs from that which is computed without taking 
into account the imperfect conductivity and the inductivity of the 
ground. ("p t o t las point all discussion of vertical radiation patterns he 
followed the assumption that the ground was of perfect conductivity. 
The construction of an optimum practical ground system for a vertical 
radiator tends to approach t his ideal condition from a circuital standpoint 
and for wave reflections that occur within the radius of the ground sys-
tem. For waves reflected from the surface beyond the limits of the 
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pound system, the actual ground constants may impose a substantial 
change in the vertical radiation pattern at the low angles, by modifying 
both its amplitude and its shape. 
Table 2.6 will provide a general idea of the importance of these facts 

for two values of conductivity when the frequency is 1 megacycle. 

"1"..at.E 2.6. REFLECTION COEFFICIENTS R. AT I M EGACYCLE IN TERMS OF Till: 

MODULUS IKI AND THE PHASE ANGLE # 

Elevation angle 

a, degrees 

0 

5 

10 
IS 

20 

25 
ao 
40 

50 

eo 

70 

so 
90 

Pseudo-Brewster angle 

Ocean water 

Ia = 5,000 X l0-'4 electro-

magnetic unit 

=, 81 

Good moist soil 

11 X 10-'4 electro-

magnetic unit 

= 20 

11:1 ! e, degrees IRI e, degrees 
l _ - 

I .00 -180 I.00 - 180 

0.95 -3 0.40 -72 
0.97 -2 0.55 -32 
0.98 - I 5 0 (16 -20 

0.985 - 1 0.73 --- 16 

O98 -0 :i 0.78 - 12 

0 99 0 0.81 - 10 
0.99 0 0.85 -8 

0.99 0 0.87 —6 
o.00 o o.ss —6 

0.99 0 0.90 -6 

1.00 I 0 0.90 -6 

1.00 0 0.90 -6 

Between 0 and 1 degrees 4 dee,rees 

O 41 -90 ! 0.39 -90 

2.5.1. Ground-system Design. The radial disposition of wires in a 
buried or a surface ground system is dictated by the natural paths for 
returning ground currents. Meshes of crossed wires, which were once 
widely used, should not be used with vertical radiators, because the return 
paths are not direct and eddy-current losses in the closed loop circuits 
of the mesh can be appreciable. 

If the radial wires are of optimum length, sufficient to have virtually 
zero current as one approaches the ends of the wires, there is no need to 
add ground rode. The test for the desirability of ground roda is to drive 
one ground rod, connect one of the radial wires to it, and measure the 
current distribution along the wire up to the end. If it is evident that 
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well. When the computation is made for the values of R. as a varies 

from 0 to 90 degrees, it will be found that at some angle ab the amplitude 
is a minimum, and at this elevation the value of e is — 90 degrees. 

The elevation angle ab is known as the " pseudo-Brewster angle." If the 
ground were a perfect isotropic dielectric (u = 0), it would be found that 

IK1 = O at the Brewster angle. 
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The significance of these facts is that a vertical radiation pattern at 
a very great distance differs from that which is computed without taking 
into account the imperfect. conductivity and the inductivity of the 

ground. Up to this point all discussion of vertical radiation patterns has 
followed the assumption that the ground was of perfect conductivity. 
The construction of an optimum practical ground system for a vertical 
radiator tends to approach this ideal condition from a circuital standpoint 

and for wave reflections that occur within the radius of the ground sys-

tem. For waves reflected from the surface beyond the limits of the 
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ground system, the actual ground constants may impose a substantial 
change in the vertical radiation pattern at, the low angles, by modifying 
both its amplitude and its shape. 

Table 2.6 will provide a general idea of the importance of these facts 
for two values of conductivity when the frequency is I megacycle. 

TtBLE 2.6. REFLECTION COEFFICIENTS R. AT I MEGACYCLE IN TERMS OF TM>: 

!MODULUS IKI AND THE PHARE 

Elevation angle 
o, degrees 

o 

10 
15 
20 

25 
30 
40 

50 
60 

70 
80 
90 

Pseudo- Brewster angle 

Otb 

Ocean water Good moist soil 
= 5,000 X 10-14 electro- a 11 X 10-'' electro-

magnetic unit magnetic unit 
e = 81 e — 20 

1 00 
0.95 
0.97 
0.98 
0.985 

0.98 
o 99 
0.99 
0.99 

0.99 

e, degrees IKI 

—180 
—3 
—2 
—1 5 
—1 

—0.5 
o 
o 
o 
O 

0.99 0 
1.00 0 
1 00 0  

Between 0 and 1 degrees 

O41 —90 

1.00 
0.40 
0.55 
0.66 
0.73 

0.78 
0.81 
0.85 

0.87 
0.88 

e, degrees 

—180 
—72 
—32 
—20 
—16 

—12 
—10 
—8 
—6 
—6 

0.90 —6 
0.90 —0 
0.90 —6 

4 degrees 

030 —110 

2.5.1. Ground-system Design. The radial disposition of wires in a 
buried or a surface ground system is dictated by the natural paths for 
returning ground currents. Meshes of crossed wires, which were once 
widely used, should not be used with vertical radiators, because the return 
paths are not direct and eddy-current losses in the closed loop circuits 
of the mesh can be appreciable. 

If the radial wires are of optimum length, sufficient to have virtually 
zero current as one approaches the ends of the wires, there is no need to 
add ground rods. The test for the desirability of ground rods is to drive 
one ground rod, connect one of the radial wires to it, and measure the 
current distribution along the wire up to the end. If it is evident that 
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any appreciable current exists at the end of the wire in using the ground 
rod, their desirability may be indicated. The same applies to the use of 
a circular bonding wire around the periphery of the system. It is only 
when the lengths of the radials are insufficient that there is justification 
for using peripheral bonding and ground rods. 
The size of the ground wires has only a secondary effect on the per-

formance of the system. Usually the wire size is that which will with-

PROPERT Y 
BOUNDARY 

NON -OVERLAPPING 
GROUND SYSTEMS 
OF 120 RADIALS 

DIRECT BUS 
CONNECTION 

e£TWEEN CENTERS 
OF GROUND SYSTEMS 

Fie:. 2.20. Example of radial areiiiid syalem for a two-elenwrit dure -1 Ivr array, on 
limited plot. 

stand the mechanical duty of the plowing-in process. If one desires to 
increase the amount of copper in the ground system, it is best to employ 
the copper in the form of more and longer wires rather than heavier 
wires, unless the antenna current has a very large value, causing high 
current densities in the individual wires. 
When the available plot, of ground for the ground system is insufficient 

for a complete circular layout, certain compromises must. be used. If 
the boundaries of the property limit some of the radials to less than 
optimum length, the use of ground rods at the ends of the short radials. 
driven in to a depth equal to the skin depth, will generally be beneficial 
in minimizing ground loss, lithe property is so small as to limit, radial 
lengths in all directions to those well below optimum, ground rods and 
peripheral bonding may be used to advantage. 
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In a directive array using several vertical radiators, each with a radial 
ground system of its own, the ground systems usually overlap. There 
is no useful purpose in overlapping the ground systems, and the ground 
radials may be terminated at the intersections, as shown in Fig. 2.20. In 
nonoverlapping regions, the radials of each system should be continued 
out to their optimum length. Bonding of radials at intersections is 
frequently used and is probably desirable. 
The depth of the wires is immaterial, whether the soil be moist or dry. 

They may be placed on the surface except that they are then subject to 
injury and prevent the use of the land for other purposes. When the 

LEADING EDGE 

Flo. 2.21. Design for elementary plow for burying ground wires. 

plot is to be cultivated, the wires must be far enough below plowing depth 
so as not to be injured by plowing. However, it is desirable to bring the 
ground wires to the surface a short distance from the radiator base so as 
to form a good ground screen above the soil near the antenna base where 
the electric field strengths are high. The exposed portion of the ground 
system can be protected by a fence if necessary. 
The burial of ground wires is a simple procedure in soils where a wire 

plow can be used. Such a plow is easily made from a piece of sheet steel 
from to inch thick, cut as shown in Fig. 2.21. The leading edge 
is sharpened so as to cut its way through the soil. The trailing edge 
has a small iron pipe welded to it to act as a guide for the ground wire. 
This pipe is turned backward on a radius that will not cause too much 
friction on the wire as it passes through the pipe. When a hand or tractor 
plow of this type is used, it cuts a thin groove in the soil at the desired 
depth into which the wire is fed as the plow moves along. The reel of 
wire is often mounted on the plow. The photograph (Fig. 2.(37) shows 
another type of ground-wire plow drawn by a tractor. 
The ground system is laid out from the center, using a transit to set 

the angles between radials. Stakes are then set at the proper distance 
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to mark the end of a radial. The ground wires are plowed in by running 
the wires as directly as possible from center to one of the stakes or from 
the stake toward the center. The soil grooves will fill in a short time 
with the erosion of the sides of the groove. 
The inner ends of the radials should center at the base of the radiator. 

and not to one side. They should be securely soldered to a ring or plate 
to which is connected the metallic parts of the lower end of the base 
insulator (see Fig. 2.65). From this common ground-wire junction, the 
ground connection to the antenna coupling network should be taken, and 
all other grounding wires to conduits and other metallic objects in the 
field of the antenna. Care should be taken not to introduce coupled 
loop circuits that often result from grounding several objects with the 
same ground wire. Separate insulated ground wires, connected back to 
the central junction for the ground radials, will avoid many of the 
instability troubles that occur in directive systems. Grounding con-
nections should be securely bonded by welding or soldering so as not to 
he vulnerable to corrosion. The stability of the ground system and the 
various ground connections should be tested by measuring the antenna 
resistance with a sensitive balance indicator such as an impedance bridge. 
When one can touch, pull, or shake any grounded objects in the vicinity 
of the radiator base without observing a change of resistance, the system 
is likely to be stable. 
The ground bus from the radial system to the coupling network should 

be of very low reactance. A wide strip of sheet copper is desirable. 
Alternatively, several insulated wires in parallel and mounted so as to 
simulate a sheet of conductors are very satisfactory. 
Some of the ground radials are often impeded by the presence of the 

house for the antenna coupling equipment. Unless the ground radials 
ran run under the house, the best practice is to bring the ground radials 
to the surface as they approach the house and to continue them in insula-
tion around the house to the junction point. Insulating the wires will 
avoid erratic variations in impedance when the wires are cabled to pass 
around the house. Bunching several bare ground wires before they reach 
the common junction is to he avoided always. 

2.6. Bandwidth of a Radiator 

In modern design, cognizance is taken of the bandwidth of emission 
characteristic of the type of emission to be radiated from the antenna. 
Roth resistance and reactance of an antenna vary with frequency, and 

it is desirable that the system have the least practicable variation in 
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impedance between the center frequency and the maximum and minimum 
side frequencies. In general, the bandwidth capabilities of a radiator are 
increased (for a given amount of impedance variation) as the cross section 
of the radiator is increased. Thin wire antennas have much greater 
selectivity than steel tower radiators of substantial cross section. When 
the desired cross section is greater than is structurally or economically 
desirable for a given bandwidth to be transmitted, an outrigger at the 
top of the tower can be used to support vertical wires or cables some 
distance away from the supporting center tower, as in Fig. 2.14. 
Experience has shown that not enough attention was given to band-

width in many existing systems. Bandwidth should be one of the 
primary considerations in planning any type of radiating system." 
Whenever the bandwidth exceeds 1 per cent of the carrier frequency, 
special design considerations are certainly involved. In choosing the 
final design to accommodate a specified bandwidth, there are no absolute 
criteria, other than the designer's good judgment, to determine when a 
satisfactory set of parameters has been found. 

In any applications involving extreme bandwidths, care must be taken 
to avoid selectivity in the feeder coupling network. The smaller the 
amount of stored energy in all the reactive elements of a coupling net-
work, the smaller it,s intrinsic selectivity. 
Minimum selectivity is afforded by using a feeder having a charac-

teristic impedance equal to the actual working resistance of the antenna 
system at the center frequency of the transmission band and then using 
a simple series reactance to cancel the antenna reactance at this center 
frequency. Occasionally it may be found impractical to provide trans-

mission lines of the correct characteristic impedance for direct resistance 
match to an antenna. With coaxial feeders it is practical to obtain 
characteristic impedances of 15 to 75 ohms, using paralleled lines if 
necessary. With open-wire lines of the single-end (unbalanced) type, 
characteristic impedances from 150 to 350 ohms are easily obtained, and 
by special measures, including paralleled lines, the gap between 75 and 
150 ohms can be closed, using open-wire lines. A total resistance range 
of 15 to 350 ohms can therefore be accommodated for direct resistance 
match between feeder and antenna if required. 
When coupling networks are used between feeder and antenna and 

between transmitter and feeder, but where precautions are desirable to 
avoid unnecessary selectivity, conservative networks of minimum total 
stored energy should be chosen and the changes in impedance levels at 
coupling points minimized as much as practicable. Standing waves on a 
transmission line also represent stored energy and add to the selectivity 
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of the system. Feeders of tapered characteristic impedance may be used 
instead of networks to effect moderate impedance changes. These 
matters are treated in Chap. 4. 

The bandwidth of a series-resonant circuit is usually defined as the 
frequency band between the limits where the input impedance has equal 
resistance and reactance components. At these two limits, above and 
below the resonant frequency, the phase angle of the impedance is 45 
degrees, and the circuit response with a zero-impedance generator is 3 
decibels below that at resonance. An antenna circuit may be viewed 
as a series-resonant circuit in the same way, even though the resistance 
as well as the reactance changes with frequency. 

In broadcasting, it is customary to allow only about 1 decibel attenua-
tion for the side frequencies produced by the highest modulating fre-
quency. The phase angle of the antenna impedance for these side 
frequencies to maintain 1 decibel response in the antenna must not exceed 
27.5 degrees. For any other response limit in decibels, the maximum 
phase angle of the impedance it) is found from 

1 
cos ttl = 

db 
log 10-1 72-0 

2.6.1. Calculation of Bandwidth. The resistance and reactance curves 
of Figs. 2.15 and 2.16 can be used to compute bandwidth. It will be 
noted that the ratio G. D has a major influence on the reactance as the 
value of G changes with frequency. 
To illustrate the prediction of antenna response, we shall consider a 

practical problem of computing the response of a 60-degree vertical 
radiator at 550 kilocycles to side frequencies of + 10 and — 10 kilocycles. 
This radiator is 300 feet high and has a uniform triangular cross section 
with 5.2 feet per side. The periphery of this radiator is 15.6 feet, which 
we assume to be equivalent to a cylindrical section with the same periph-

ery and thus having a diameter of 5 feet. Then the ratio of height to 
diameter G iD = 60. By plotting out the readable data for resistance 
and reactance from Figs. 2.15 and 2.16 so as to interpolate for small 
increments of G in the vicinity of G = 60 degrees and G/D = 60, we 
obtain the following information: 

Variation of reactance--6.8 ohms per degree change in G 
Variation of G with frequency-- I.2 degrees per 10 kilocycles 
At 550 kilocycles—Z. = 9.8 — j118 
At 540 kilocycles—Z. = 9.2 — j126 
At 560 kilocycles—Z. = 10.4 — jI10 
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If all reactance ifs tuned out at 550 kilocycles with an inductor of reactance 

j118, then at the two opposite side frequencies we find: 

Frequency, kilocycles It X 0, degrees Decibels 

540 92 —j8 41.7 —2.52 

550 9.8 0 0 0 

560 10 4 -Fj8 40.5 —2.36 

It is evident from this that the high-frequency-modulation response of a 
transmitter working into this particular antenna would be limited by 
the intrinsic bandwidth of the antenna. A further limitation may be 
imposed by the antenna coupling networks. 
One should avoid drawing general conclusions from this single example, 

except possibly that the response characteristics of a radiator have to be 
studied whenever the reactance of an antenna is high and its resistance 
low and whenever the transmission bandwidth is more than 1 per cent. 
The response can be easily computed from measurements that have 

been made on a radiator already constructed. If it is found that the 
bandwidth of the antenna is inadequate for the quality of emission 
desired, the effective diameter of the radiator can usually be increased 
by means of vertical wires hung from an outrigger at the top or by booms 
attached to the tower a short distance from the top. The requisite num-
ber of wires and their distance from the tower to obtain the desired 
bandwidth can then be determined experimentally. 
A suspended wire antenna has smaller intrinsic bandwidth because 

of its small diameter. To increase the bandwidth of a wire antenna, the 
system can be constructed as a large cage or several wires can be con-
nected in parallel or as a fan in a common plane with considerable separa-
lion of the wires. 

In the case of a directive array, the bandwidth of the complete radiator 
feeder system can be computed if one has the patience to undertake the 
labor involved. In some cases the effort is not justified. One should 
watch for the situation where mutual impedances may reduce the input 
resistance of one radiator to a very low value, with the reactance remain-
ing high. The bandwidth of the one radiator can then be computed, 
using the expected values of resistance and reactance when the system is 
operating properly. If intolerable selectivity is found, other alternatives 
of design may have to be adopted, including, in some cases, a different 

kind of array configuration. 
The response of a finished directive array can he determined by measur-

ing the impedances at the common input to the system at the frequency 
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limit.. of the desired transmission band and computing the response there-
from. The procedure is the same 88 that for a single elementary circuit. 

2.7. Input Impedance to Each Radiator in a Directive Array 

Before one can design the feeder system for a directive array, it is 
necessary to predetermine the input impedance to each radiator when 
it is functioning properly in the final working system. Any impedance 
computation for this purpose therefore presupposes that the system is 
energized so as to provide the proper current amplitude and phase in 
each radiator and that the system is producing the desired pattern. 
From here on, the circuit-design problem is to energize each radiator as a 
separate load with its correct current and phase when energized from a 
common generator—the transmitter. 
The self-impedance of each radiator at the working frequency must 

first be known with an accuracy of a few per cent, and especially the 
nature of its reactive component must be certain. In preliminary com-
putations the self-impedance may be estimated from measurements that 
were previously made on a similar radiator, or from measurements made 
on the same design of radiator, or from interpolated values from a num-
ber of sources of data that one may have from former experience. With-
out such previous-experience data, general data such as those from Figs. 
2.15 and 2.16 may be used, with the addition of the effects of base 
insulators, guys and guy insulators, tower-light circuits, and other attach-
ments that must be present in the final working system. Eventually it 
will be necessary to make measurements on the radiators, after they have 
been erected, to confirm the preliminary computations and the feeder-
circuit design. 

The voltage at the hase (feed point ) of each radiator will he 

VI /17. 11 12Z11 + / 37.31 + /4Z41 + • • • -I- /.2.1 

In this equation, all the currents and impedances are complex numbers. 
referred to some one spot in the system such as radiator 1 as a basis of 
reference of phases and amplitudes. This equation shows that the 
voltage at. the base of radiator 1 is the sum of its own current times its 
own self-impedance, the induced voltage from radiator 2 is a result of 
its current times the mutual impedance between radiators 2 and 1, and 
the same for all the other radiators. In general, these are all complex 
numbers. Thus the value of VI will have an amplitude and also a phase 
relation to /I. The ratio VI 'II is the input impedance to radiator 1 and 
is generally complex, meaning that it has both resistance and reactance. 
Occasionally a radiator will have an input impedance which has a nevi-
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tive-resistance component. This means that this radiator is giving back 
power to the generator and thus acts as a second generator instead of 
as a load. This condition requires special precautions in the feeder-
network design, because its power will be flowing in a reversed direction. 

It is preferable to rewrite the foregoing equation in the rectangular 
form that employs the inphase and quadrature current components and 
the resistances and reactances of the impedances. Then the equation 
becomes 

VI 12 
2, = — = (Ril jX11) -1- —/i (cos 02 j sin 02)(R1, jX11) 

/1 
!„ 

+ • • • + —/1 (cos o„ j sin 0„)(R., PC..1) 

in which 4), is the phase difference between the current in radiator n and 
that in radiator 1 which is used as the reference for all currents in the 
system. This equation can be solved graphically by means of vectors 
or by arithmetic after inserting the correct numbers and signs for all 

values. 
When one is merely interested in impedances, /3 is assumed to be 

unity. Then all the other currents are merely expressed as ratios with 
respect to /3, and the value found for VI is then exactly equal to the 
impedance of radiator 1 in resistance and reactance. The values for the 
mutual impedances must be carefully handled because they may lie in 
any of the four quadrants, and the resistive component of a mutual 

impedance in the second and third quadrants is therefore negative. Also, 
the phase of the different radiator currents may lie in any of the four 

quadrants. 
This operation is repeated for each radiator in the system. unless sym-

metry of a problem makes it unnecessary for certain radiators. For 
example, the impedance of the second radiator will he 

/-, Z2 - = T, 2 Z12 , Z22 — ,d22 /- " •  -F Fd.2 
/2 2 

and so on, through all n radiators. For mutual-impedance data consult 

Appendix III and refs. 4, 9, 44, 1002, 1011, and 1023. 
2.7.1. Circuits for Cancellation of Mutual Impedances in a Two-ele-

ment Army. It is possible to feed such an array in a manner that will 
cancel mutual impedance. The principles are exemplified in Fige. 2.22 
and 2.23. By simultaneously exciting both radiators with equal cophaaed 
currents and equal antiphased currents and with any arbitrary phase or 
amplitude relationships between these two pairs of currents, mutual 
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impedance is balanced out, as shown in the vector diagram. Then any 
desired excitation of the radiators in phase and amplitude, to obtain 
any pattern that is possible with the chosen spacing between radiators, 
requires only power division and phasing between the two pairs of feeders. 
while the terminal conditions of the array remain constant at the inputs 

RADIATOR*I RADIATOR *2 EQUIVALENT BRIDGE CIRCUIT 

270 90' 

90' 

NNEETWORK FOR 
PHASE 13 AMPLITUDE 
CONTROL 

xoct, si 

Fia. 2.22. Circuits for mutual-impedance cancellation in a system of two radiators. 

A and B ( Fig. 2.22). This method is useful where a variable pattern is 
required. In the vector diagram (Fig. 2.23) Al and A2 (equal and in 
phase) are the currents in radiators 1 and 2 due to excitation by the A 

branch; B1 and 82 are the radiator currents due to antiphased excitation 

by branch B. The angle 4)1 is the 
phase difference, and the amplitudes 
of BI and B2 are the difference due 
to power ratio controlled by the net-
work N. The relative amplitudes 
and /2 and phase 00 of the resultant 
radiator currents are seen to be 

Re-
controllable by varying stg, A, and 

B-2 
R. This can all be done with one 94 

r e network. 
In this circuit the self-reactance of 

FIG. 2.2:1. Vector representation of 
each radiator is canceled by the se-mutual-impedance cancellation. 

ries reactance X, and the feeders are 
made with a characteristic impedance equal to the self-resistance of 
the radiators Ri i and R22. 
The equivalent bridge circuit of Fig. 2.22 will aid in understanding 

what follows and shows why the generators A and B are mutually 
uncoupled and why the loads Ril and 822 are also mutually uncoupled. 
When the B side of the bridge is removed, the situation always seen by 
generator .1 is apparent, and vire versa. With 13 removed, .4 sees a 

e 
77777' 
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load impedance of Z1 = Z11 Z. because the currents in the two loads 
are cophased. Having made Zo Rit, the feeders are unmatched. 
Consider that the .4 side of the bridge is absent and see that the load 
currents are now antiphased but that the lines are also mismatched 
because now Z1 = Z11 — Z... When both sides of the circuit are syn-
chronously excited, each generator sees an impedance of Z1 through each 
of its lines. The series reactance X was added so that each line will see 

R11 only, and the lines are matched. 
Now the relative phase and amplitude of currents from A and B can 

he changed at will without any reaction between them, and each sees a 
constant load. It is interesting to note that when A and B are equal and 
cophaaed, the current in radiator 2 is doubled and that in 1 goes to zero. 
Then all the power is in one radiator, and the array is nondirective. 
When equal and antiphased, all the power is in radiator 1. 
The power in the array is contributed by generators A and B. The 

amount of power from A is 2 X /ÁIRII, and that from B is 2 X istRii. 
The sum of these powers, less any losses in the feeders and network, is 
the total power input to the antenna array. 

Arbitrary line lengths other than 90 degrees can be used if building-out 

tor shortening) sections are inserted in each line to obtain the effect of 
90-degree lines. Lines of characteristic impedance other than Zo = R11 
ran be used if impedance-matching networks are inserted in each feeder 
which have equal phase characteristics in the generalized case or are 
designed for zero phase shift of input and output currents when lines of 
90 degrees length are used. 
This same circuit has application in the paralleling of synchronous 

transmitters without reaction, by making R22 the useful load and Ru a 
dummy load. Then when the transmitters are not perfectly cophaaed, 
nothing happens except that some power is lost in the dummy load. The 
phasing can be adjusted by observing the current through the dummy 
load, which will read zero when A and B are precisely equal in phase and 
amplitude. Under this condition, all the power from both generators 

is delivered to the useful load. 
2.7.2. Feeder Circuits For Directive Arrays. When the working input 

impedance to each radiator in an array is known, the next step in design 
is to compute the networks of the feeder system. The design starts with 
a consideration of the arrangement of transmission lines, of which there 
may be several choices from a cost standpoint. For example, one may 
choose to run a separate transmission line from each radiator to the 

transmitter and join these feeders together in a network near the trans-
mitter. Or it may be decided to run one line from the transmitter to 
one of the radiators and go on from there to the others in succession, with 
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coupling and power-dividing networks at each radiator along the line to 
the last. Or there may be combinations of these two basic methods. 
Then there is the choice of matching each line at each point in its charac-
teristic impedance or allowing certain standing waves to exist, with the 
consequent transformation of impedance by the unmatched lines. Here 
again the choice is one of economy in engineering time and materials 
if the mismatches are not large. 

aimAron el RA »TOR 112 RADIATOR *3 

•834 i2.118EMC I, • 8 

7, • 24 -199 Z. • 18 -j97 7.3•12 -195 

D 

TL 
- 135' 

20.200 

R. •f00 2111_400 R • 1200 

MAIN TL 
2. • 200 

IL 
135' 

Flo. 2.24. Basic circuits for the array feeder system. 

The easiest system to design is one using separate lines from each 
radiator to the transmitter, each line being correctly matched in 
its characteristic impedance. If perchance the power input to each 
radiator is the same and the lines have the same characteristic imped-
ance, they can all be connected directly in parallel near the transmitter. 
The phasing of the different radiator currents is accomplished in each 
radiator by the combination of the electrical length of each line and the 
phase difference effected by its impedance-matching network at the 
radiator. 

In general, however, the radiator input powers will be different, in 
which case it is necessary to feed each line with the potential that will 
transmit the proper amount of power down each line. This requires the 
use of power-dividing networks, and the inputs to these networks are 
paralleled to obtain the correct impedance for the transmitter. These 
power-dividing networks will introduce phase shifts in each branch so 
that now the correct radiator current phasing is accomplished by adding 
the phase shifts of the power-dividing network, the line, and the radiator 
coupling network. Since the phase cliffemice on a matched line 
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always negative (lag), it may be necessary to employ either positive or 
negative phase differences through the power-dividing network or the 
radiator coupling network or both to obtain the full range of phase differ-

ences required in practice. 
In the case of successive feeding, the full transmitter power is fed into 

a common line to the first radiator. Here one network extracts the proper 
power for that radiator through a coupling network with a predetermined 

phase shift, positive or negative. The remainder of the power is fed 
through the line to the next radiator, where again a portion is taken out 
for the second radiator and the rest sent on, etc. The last radiator has 
simply a coupling network, from which it receives the remaining power 
that it requires. The phase shifts, as well as the proper impedance 
matches, are built into each network along the system. Allowance is 
made for losses and attenuation in the lines also. 

It is helpful to start the design of the feeder system by making a block 
diagram showing every network and every section of line, with points of 
paralleling included. If matched lines are to be used everywhere, as is 
usually preferred by engineers, the phase lag for each section of line is 
immediately known from its length and is so marked in the diagram. 
Specified phase shifts are then assigned to the different networks of the 
system, making arbitrary divisions between two or three networks that 
may occur in one branch so long as the total phase shift is correct. When 
all the phases have been assigned, the diagram can be marked with input 
and output impedances for each block. Power dividing is usually done 
by paralleling networks, using different resistance values to effect the 
power division when energized with a common potential. The input 
resistance to the paralleled networks is made that which will terminate 

the transmission line. 
When the block diagram is completed with the terminal impedances 

and phase shift of each block shown, the synthesis of each network then 
proceeds in a routine manner. The electrical design is followed by the 
deign of the reactive components and then by the mechanical assembly 
of each network. 

In low-power systems it is often feasible to house the networks of small 
romponents in weatherproof boxes located near each radiator. When 
this becomes impractical because of size, a cabin is made to house the 

equipment. 
Since all vertical radiators for medium-frequency broadcasting have 

ground as one mide of the circuit, it is desirable to employ unbalanced 
transmission lines in the feeder system. It is a needless complication to 
Pmploy balanced lines in such cases and thus have to make balanced-

to-unbalanced conversions in the circuits. 
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2.7.3. Computation of a Feeder System for a Three-radiator Array. 
The preceding principles will now be applied to an example. An in-line 
array of three identical 60-degree vertical radiators spaced 135 degrees 
is to be fed for a power input of 5,000 watts in the following manner: 

Radiator 

1 
2 
3 

Current ratio Phase difference, degrees 

1.00 
1.41 
1.00 

0 
+45 
+90 

At the working frequency the self-impedances 

Z11 = Z2: = ZU 16 — j90 ohms 

From symmetry, it is evident that 

and 
Z12 = Z21 = Z211 = 

ZI1 = Z11 

From Appendix III, Fig. I.), the following values are read 

= 2 — j7 ohms 

Zia = — 4 -4- jl ohms 

The input impedance to each radiator is then computed. 

I 1 „ 

Z1 —v, Zii s Z21 ± 3 Zit = Zil 1.41/-1-45(Zst)+ 1.01+90(40 /1 /1 /1 

= 16 — j90 + ( 1 + j1)(2 — j7) j1(-4 jl) 
= 24 — j99 ohms 

7 = V2 II 7 _L_ Z,, /8 - 

/2 
= (0.5 — j0.5)(2 — 11) + 16 — j90 + (0.5 + j0.5)(2 — fi) 
= 18 — j97 ohms 

Z2 = T., = z1, + Zts Zs, 

= + j) + (—j + 1)(2 — j7) + 16 — j90 
= 12 — j95 ohms 

The power input to the system is 

W = /12R1 /22R2 /82R, 

hut using the current ratios, 

= (1.41)2R2 R3I 
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By arithmetic, after substituting the resistances, 

11. = / 11(24 36 12) = / 1'72 

Il = = .‘j5'°429 = 8.34 amperes 

Then 
W I = 8.34' X 24 = 1,670 watts 

"11.2 = 11.8 X 18 = 2,500 watts 
B .3 -= 8.34' X 12 --- 835 watts 

Total = 5,005 watts 

Now that all the input-impedance information has been determined, 
decisions can be made regarding the feeder system. It is noted that 

Io   

Ftc. 2.25. Phaeing diagram chooen for the array. 

half of the total power is in radiator 2. It will probably be well to bring 

the main transmission line up to this radiator and use the simplest possible 
network--a simple two-element L circuit. Then power to the two outer 
feeders can be fed each way from the middle, with lines running between 
the radiators. The block diagram of Fig. 2.24 illustrates the problem. 
Network A will couple radiator 2 to the main feeder. Network B will 

divide power and take enough from the main feeder to excite radiator 
and network C will do the same for radiator 3. Network D will ter-

minate the line on the left and couple into radiator 1, and network E 
%ill do the same for the right-hand line. Networks .4, B, and C in 

parallel will match the main feeder. 
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Choosing a convenient open-wire line of characteristic impedance Rich 
as 200 ohms, the potential on the main line will be 

V = N/ IV.Zo = N/5,000 X 2(X) = 1,000 volts 

For 2,500 watts into network .4, its input resistance must. be 

RA -= 400 ohms 

For 1,670 watts into network 13, its input resistance must be 

1.2 
Ra = -U16 = 600 ohms 

For 835 watts into network C, its input. resistance must be 

1. 2 
= = 1,200 ohms 

Networks .1, 11, and e in parallel give a resistance value of 

I I 1 I 

= Tr. + X + ire 

= 0.002.5 + 0.00167 + 0.00083 =-- 0.00.500 

from which I? = 200 ohms. 

At this point the impedance-matching requirements are known for each 
network, as follows: 

Net work Input impialanee Out pill inapeilanee 
. _ 

a 

E 

400 + 
600 + j0 

I 200 + 10 
200 + j0 

200 + j0 

— jt1; 
200 + 

200 + j0 
24 — jutl 

12 fur) 

The required phase shift in each network must. now be determined. 
This phase shift pertains to the currents of the system. The phase length 

01 the terminated lines between radiators is the sanie as their electrical 
length of 135 degrees - the spacings between radiators. 

Using an 1. network at. .4 makes us dependent upon the phase shift 
t tun happens to come out of the imposed conditions, because with an L 

network there is no independent. control of phase shift. Hence before 
going further this network will be solved. The result is shown in Fig. 
2.26, and the phase shift is + 77.5 degrees. 
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The total phase lag between the currents of radiators 2 and 1 must be 
45 degrees. From the main line to radiator 2 there is a phase advance 
of 77.5 degrees. From the main line to radiator 1 there must therefore 
be a total phase advance of 77.5 — 45 = 32.5 degrees. There is already 
a phase lag of 135 degrees in the line, so that there must be a phase 
advance of 135 + 32.5 = 167.5 degrees introduced by networks B and 
D. The choice of networks is arbitrary, but advantage can be taken of 
simpler circuits if one of these networks is an L, using only two elements. 
If B is so made, we tie down its phase shift. Upon solution of the circuit 
of Fig. 2.27 we find the phase shift to be +55 degrees. This leaves 

0 + 77.5' 

14 

Fu:. 2.26. Network .4. 

18 

1000 V 

165A 

600 

O +• 55. 

- 1 I-  579 V 

- j 282 

j 425 

200 
2 89A 

2 36A 

FIG. 2.27. Network 

+112.5 degrees to be obtained in network D, which is obtained by the 
circuit of Fig. 2.29. 
Network C can be made in the form of an L also because the phase 

remainder can be taken up in E. The total phase shift between the 
main feeder and radiator 3 must be — 237.5 degrees, of which there is 
—135 degrees in the line. Between networks C and E there must be a 
total phase shift of — 237.5 + (- 135) = 102.5 degrees. 

2.7.4. Phase Diagrams. These phase relations are confusing until 
set out in a separate diagram like Fig. 2.25, which shows all of the phases 
of the system. It is to be noted that the desired phase can be attained 
usually in two ways—by advancing phase or retarding it. The choice is 
important from the standpoint of network economy and minimum storage 
of energy in all the circuits of the system, a factor in its selectivity charac-
teristic. The nearest rule that one can suggest for the choice is to go 
in the direction, positive or negative, that gives the smallest total phase 
shift in the networks of a branch circuit. 

In the phase diagram for this problem (Fig. 2.25), /2 is taken as refer-
ence phase. /I will lag by 45 degrees. and /3 will lead by 45 degrees. 
The phase shift across A was found to be 77.5 degrees, the current I: 
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leading the main line current lo by this amount. This brings /0 at 
— 77.5 degrees in the diagram. Next the phase lag in the secondary 
lines is shown with reference to /0, so that the I35-degree line and A 
together total —212.5 degrees. An auxiliary vector is drawn for this. 

-•112.5* 
- - 66* 

579 V 

2.89A 

-j159 

(c) 
Fia. 2.28. Network C. Fit:. 2.29. Network D. 

-199 

24 

It is seen that the smallest angle between this auxiliary vector and /1 
is counterclockwise, the direction of advance of phase. The angle is 
167.5 degrees. Network B has been computed to have an advance of 

0 . 55 degrees, leaving a phase ad-
vance of 112.5 degrees to be ob-
tained in network D. 

409 V - '89 41161 
For the last branch of the cir-

cuit, it is noted that the angle 
between the auxiliary vector at 
212.5 degrees and /3 is — 102.5 de-_ 84 5 

200/0' grees (clockwise). If C is an I. 

network, its phase lag is 66 de-
6 75A 834A T  grees, and the values are as shown 

in Fig. 2.28. This leaves a lag of 

Fu; 2.30. Network E. 36.5 degrees for network E. 
After completing the synthesis 

of network E we have the circuits and values shown in Fig. 2.30. 
Now we note that networks A, B, and C all have a parallel reactance 

directly across the main line. Thus, their combined parallel value can 
be obtained by using one reactance instead of three. There are values of 
)87, —j536, and j425 in parallel, which is equivalent to j83.5 ohms. 
Combining all the circuits for the system, we have the diagram of Fig. 
2.31. • See Chap. 5 for a simple method of net work synthesis for problems 
of this type. 

204 A 
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2.8. Broadcast Antennas on Buildings 

When a broadcast antenna is to be placed on top of a building, as 
occasionally happens with low-power stations, there are special problems 
of feeding and grounding. The radiator is usually electrically short, that 
is, much less than one-quarter wavelength high. Its input impedance ' 
is therefore low in resistance and may have a substantial reactance, and 
tuning is accomplished with a series inductance. It is assumed that in 
any event a single insulated steel tower or mast would be used for the 
radiator. 

RAO. I 

...i j14 

ice - i202 -J íes 
L........ TL T L _._.1 

' -0H-M-e-H 1447 200 OHMS - 1 

RAO. 2 
It 

RAO*. 3 
Is 

J74 

jI2 

j833 

MAIN TL 

1;1;  

1 

200 1112.. 

Fm. 2.31. Combined networks and feeder circuits. 

061 

-184 5 

The ground terminal must be constructed on the roof. If the roof is 
of sufficient area, a symmetrical counterpoise of 20 or more radial wires 
(insulated from all supports with light-duty insulators) may be a satis-
factory ground. Since these conditions are seldom present, the system 
shown in Fig. 2.32 may be used. This is an adaptation of the principle 
of the Brown very-high-frequency ground-screen antenna. From two 
to four horizontal radial wires are centered under the radiator, each having 
an electrical length of one-quarter wavelength when loaded with induct-
ance as shown. Each wire, when tuned naturally or with inductance, 
brings a virtual zero-potential point at the center which is taken as the 
ground point for the system. The full wire length can sometimes he 
used by allowing the excess length beyond the roof limits to hang down 
along the side of the building, properly secured and insulated. 
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The grpund radials can be tuned by connecting two opposite wires in 
series and making symmetrical tuning adjustments in each inductance. 
The wires are disconnected from the mid-point during the tuning. A 
power oscillator of the correct working frequency is then coupled induc-
tively to the two wires. Tuning is done by maximum current in the two 

VERTICAL RADIATOR 

GROUND RADIALS 

COAXIAL FEEDER 

FIG. 212. Elementary grounding system for roof antenna. 

wires, using a center-connected ammeter or a wavemeter near one of the 
coils away from the oscillator to avoid direct pickup from the oscillator. 
This tunes two wires to resonance as a half-wave system. This is 
repeated for the other two wires. Then they are connected permanently 
to a common mid-point. No loading inductors are necessary in using 
full-length wires, in which case the wire length should be about 0.24 
wavelength to the end insulator. 

The antenna is then tuned, using an impedance bridge if one is avail-
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able, by connecting the correct amount of tuning inductance between the 
base of the radiator and the ground point. 
The best feeder to use structurally in such a situation is a flexible 

coaxial cable of 50 to 60 ohms characteristic impedance. The sheath 
of the cable is terminated by connecting it to the ground point. The 
inner conductor, extended beyond the sheath by a flexible extension and 
clip, is attached to some point on the antenna tuning inductance, where 
it will present the impedance needed for a satisfactory matching of 
impedance of the cable. For a perfect match, the feeder clip and the 
clip attached to the ground point both require adjustment, but the match 
will usually be very nearly correct if only the feeder clip is moved after 
the antenna is originally tuned to resonance. The feeder clip will be 
near the lower end of the antenna tuning coil and will have to be adjusted 
carefully by fractions of turns. 
The antenna tuning inductor may he housed, or if properly designed for 

the purpose, it may be in the open. 

2.9. Antenna Potential 

The root-mean-square potential V. at the base of an antenna of meas-
urable impedance Z. = R. j X , for a power input of II' watts, is 
simply 

v. = I.Z. 1. = 

where 1‹, is the antenna current measured at the accessible terminals to 
the antenna system 

If the antenna has an electrical height G less than 75 degrees, the 
approximate potential V., on the upper end is 

V. 
-ios G 

(This may also be used as a rough guide to the estimation of upper-end 
potential for antennas of heights from 110 to 225 degrees. It should not 
le used at all in the region of a potential minimum in the distribution 
occurring within 15 degrees each side of the point 90 degrees from the 
upper end of the antenna.) 
For potentials at intermediate points, with the same limitations set 

forth above, adequate practical accuracy is obtained by considering that 
the potential varies cosinusoidally with distance from the upper end. 
The antenna potential implied here is the potential at a point on the 

antenna itself with respect to ground. This is a physically unmeasurable 
quantity hut has some significance in relation to guy insulation. It has 
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FIG. 2.33. Geometry of antenna and guys on which potentials of Table 2.7 were 

measured. (After Brown.) 

TABLE 2.7. M EASISED VOLTAIIES ACROSS TIIE INSULATORS NI.MBERED ACCOIWING 

TO Flu. 2.33 WITH 1,000 WArrs ANTENNA INPUT 

clegrers 

insulator 

51 5 71.0 192 

1 50. s 292 

2 91.5 44 1 

3 1:34 0 82.0 

4 636 35.4 

5 97.0 47 8 

6 130 2 10.1 0 
7 50 S 26.0 

8 542 322 

9 82 0 47.0 

10 160 131.0 

26 0 
44 3 

65 0 

37.0 

41 . 3 

53 4 

26.5 

33.5 

34 8 

46 .7 
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further significance in certain extreme applications of very large power, or 
a very small antenna conductor, or both, where the electric intensity at 
the surface of the conductor is required in the computation of potential 
gradients and the probability of corona formation. 

Figure 2.33 shows the dimensions and layout of a tubular steel radiator, 
with the locations of guy cables and insulators.° The potential scram 
each insulator was measured with a voltmeter, at known power input, 
operating at frequencies that gave this antenna electrical lengths of 
51.5, 71.0, and 192 degrees. The voltages for 1,000 watts antenna input 
are shown in Table 2.7. 

2.10. Aircraft Obstruction Lighting for Tower Radiators 

Grounded supporting towers do not require any special isolation means, 
and the conduits for the lights are run directly up the tower from ground. 
When the tower is the radiator and is series-fed, as is common practice, 
the lighting circuits must pass by the insulated base and the antenna 
coupling circuits in such a manner as to appear as very high reactance 
at the operating radio frequencies. 
There are three more or lees standard methods for conducting lighting 

power for the tower past the antenna base. 
I. The use of a toroidal tower-lighting transformer. The primary is 

toroidally wound on a circular iron core, and the secondary is an ordinary 
winding. The latter is cross-linked with the primary like two links of a 
chain. The primary is attached to the ground side of the tower base, 
and the secondary is attached to the lower part of the tower proper, 
above the insulator. The primary and secondary are thus separated by 
a large air space. At radio frequency this transformer acts as a simple 
capacitance in parallel with the base insulator. 

2. Forming the power wires into an inductance having a sufficiently 
high impedance to have negligible effect on the feed-point impedance of 
the antenna. This lighting choke is formed with the two wires of the 
lighting circuit wound in parallel and is designed to have a sufficiently 
high Q not to cause excessive power loss. 

3. Using a motor generator, the motor located on the ground side, and 
driving the generator, at tower potential and located on the tower proper, 
through a coupling shaft of dielectric material. 

Aircraft obstruction-lighting requirements are dictated by regulations 
that vary somewhat in different. countries. These specify the power of 
lamps to be used, the heights of lamps, the number to be used at each 
specified level, and the use of flashing beacons at the top and at inter-
mediate levels in special cases. The specifications are sometimes based 
on the proximity of the tower to airports or airways and on the tower 
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height. In some countries, towers below certain heights or towers 
located outside of practical flying areas are not required to be lighted. 
A high tower with several levels of double lamps and a large flasher 

STEADY 
LIGHTS 

MOTOR- DRIVEN 
FLASHER 

AUSTIN 
TOROIDAL --••• 

TRANSFORMER 

FLASHING LIGHTS 

MAINS 

Flo. 2.34. Radio-tower-lighting greaern. 

COMPENSATING 
IMPEDANCE 

I  
RF TOWER 

POTENTIAL 

f-  AT RF GROUND 
POTENTIAL 

beacon at the top and at an intermediate level requires, in some cases, 2 
kilowatts or more of lighting power. 
The changing of lamps on towers is usually inconvenient, and the 

frequency of changing is minimized by operat ing he lamps at 5 to 10 per 
cent below rated voltage. This reduces the light intensity slightly but 
increases the life of incandescent lamps tremendously. Beacon lamps 
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are usually required in duplicate, with automatic change-over in case of 
failure of one. 
A circuit diagram of a tower-lighting system using a tower-lighting 

transformer is shown in Fig. 2.34, 
2.10.1. Frequency-modulation or Television Antennas on Amplitude-

modulation Broadcast Antennas. The mounting of an antenna for fre-
quency modulation or television on a medium-frequency tower antenna 

TO VHF AN TENNA 

TOWER SI DE 

AM 
TOWER 

VHF FEEDER 

—4 ot MF 
AIR 

TO 1.IF 
TRANSMITTER  s-- TO VHF TRANSMIT TE R 

TO VHF TRANSMITTER 

FIG. 2.35. Two methods of by-passing tower-base insulator to feed a very-high-

frequency antenna on tower. (After Hol(z.) 

in such a way as to increase its height or produce the effect of top loading 
will affect its feed-point impedance. Corresponding changea in coupling 
and feeding adjustments are then required. 
Separately feeding the very-high-frequency antenna and the medium-

frequency antenna can be carried out as shown in Fig. 2.35." In this 
figure, A shows inductive coupling between the two very-high-frequency 
feeders, one on the tower and one from the transmitter. Except for the 
capacitance between the small inductances providing the coupling, there 
is no effect on the medium-frequency coupling system. In B, the very-
high-frequency feeder is continuous from transmitter to the antenna 
on the tower. It is attached to the tower directly but is insulated from 
ground a distance of one-quarter wavelength of the operating medium 
frequency, at which point the outer sheath of the very-high-frequency 
feeder is grounded. This quarter-wave section, grounded at one end, 
provides a virtually infinite impedance at the operating medium fre-
quency as seen from the tower-base end feed point. Should the feeder 

COAXIAL FEEDER 
INSULATOR INSULATED FROM GROUND 

IN THIS LENGTH 
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he less than one-quarter wavelength long, any length deficiency can be 
corrected for by using a small tuning capacitance between the sheath of 
the very-high-frequency feeder and ground at the base of the tower. 

2.11. A Single Vertical Radiator for Two Different Frequencies 

One radiator can be used to transmit two different frequencies simul-
taneously provided that. the frequencies are not too close together and 
that the radiation characteristics at the two frequencies are satisfactory. 

580 KC FILTER 

, 30ph 

1230 KC. I 
250nS.E. 1 
250W I 

580 KC. 
500n BAL. 
1000 W. 

1230 KC FILTER 
ANTENNA 

TUNING UNIT 

3501,0 

*---1 00080f 00080 ZA ( 580 kc).1e-iso 
z. 023oKC)• 300 • Ji00 

Fla. 2.36. Example of feeding vertical radiator from two broadcaat transmitters. 

Feeders from each transmitter are brought to a common junction 
through networks that are designed to provide the proper impedance 
match at one frequency and simultaneously to act as a stopper circuit 
for the other frequency. This prevents energy from one transmitter 
finding its way into the output circuits of the other transmitter, where it 
would cause cross talk between the two programs. 
A stopper circuit is one that appears to be an infinite impedance at 

one of the frequencies, while having some specified impedance at the 
other. 

Using complementary stopper circuits in each feeder near their com-
mon junction provides the requisite unidirectional power flow from each 
transmitter into the common circuit and thence to the antenna. At the 
antenna, the coupling network must match the antenna impedance to 
the feeder at the two frequencies, taking into account the fact that the 

antenna impedance will be different at each of the frequencies. Further-
more, all this must be done without impairing the bandwidth require-
ments for each transmitter. 
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The solution of such a problem depends entirely upon the conditions 
prevailing and perhaps upon the ingenuity of the designing engineer. 
The problem gets more serious as the two frequencies get closer together. 
In general it can be said that the frequencies should differ by 100 kilo-

cycles or more in the medium-frequency broadcast band, but at least one 
case is known where the frequency difference was leas than this. 

It may be instructive to describe the circuits for one such problem, 
in which a broadcast transmitter having a 500-ohm balanced output and 
working on 580 kilocycles was to be used in parallel with another trans-

mitter of 250 ohms unbalanced output on 1,230 kilocycles. A 250-ohm 
unbalanced open-wire line was used from the antenna to the radio station, 
and so it was necessary to employ a balance-to-unbalance network, 
500/250 ohms, between the 580-kilocycle transmitter and its feeder 

branch. Figure 2.36 shows the circuits and values computed for the 
system. When installed, only minor trimming adjustments were needed 
to obtain the desired parallel performance with a single radiator. 

2.12. General Equations for the Patterns of Multielement Arrays of 

Vertical Radiators 

Not all of the problems of broadcast directive arrays can be solved with 

patterns of 90 or 180 degrees symmetry. In practice, asymmetrical 
arrays are frequently required. The computation of patterns is thus 
greatly complicated because direct solutions are very seldom possible. 
Various mechanical and electronic calculating machines have been devised 
to reduce the labor required to find a pattern of the desired characteristics 
by trial. Cumulative experience with such problems increases the 
facility of approach and reduces the time required to attain a solution. 
There are no simple rules to guide one in such cases, and usually one may 

not even know how many radiators are needed to obtain an acceptable 
asymmetrical pattern. Since there is almost no probability of any two 

directive broadcast situations being the same, each problem becomes a 
new one. 
The equations for a generalized multielement array of identical vertical 

radiators can be expressed in several different forms, the most useful and 
the simplest being the vector form. 

Let one radiator be the zero space-time reference, and let all other 

pacings, directions, phasings, and current ratios be reckoned from it. 
Let zero azimuth be true north, and measure azimuths 13 clockwise. 

Reference radiator is represented by subscript 0 and other parameters 
associated with other radiators by subscripts 1, 2, 3, etc., to m = n — 1 
for an n-radiator array. 
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Then, the horizontal pattern is written 

NJ) = 1 ± ke ix. ± • . . 

in which AO) is the relative horizontal pattern of field strength, 

ro 
(may be greater or less than unity), ei" is a unit rotating vector at 
an angle X with respect to reference unit vector, is the phase angle 

of the mth radiator field due to space and time differences with respect to 
reference radiator field, and X. = S. cos — j9.) + 0., where S,. is 
the electrical spacing cf radiator m from radiator 0 and is always reckoned 
positive, 0,.. is the azimuth of the line through radiator m and radiator 
() and ranges clockwise through 360 degrees, and 4., is the time-phase 
difference between the currents J.- and /0. 

Since the geographical data which the pattern must fit are always in 
terms of azimuths with respect to true north, it. is best to compute the 
pattern in the same coordinates. 

The vertical pattern fe(a) through any azimuth angle 8 is derived from 

hi(a) = ./.1(a)(1 ' keiri + • • • + Lee-) 

in which fa(«) is the relative field strength at an angle above the hori-
zon, fl(a) is the relative vertieal pattern for a single radiator, and 

=S,. cos 1(8 — O.) 4.08 a ± 0.1. All other symbols are the same as 
for the preceding equations. 

Once calculated, the absolute field strengths are found by making a 
root-mean-square measurement of the pattern, placing this root-mean-
square value at the field strength corresponding to the power used and 
the known realizable radiation efficiency of the array, and replotting the 
pattern to a convenient scale of field strengths. 
These general vector equations are useful for checking the patterns 

for an array derived by any other method. 
When the radiators of a system are symmetrically disposed in a straight 

line, with uniform or systematic symmetrical current distributions, the 
trigonometric form for the radiation patterns is more convenient for 
computation. The final pattern can be synthesized by employing the 
patterns for pairs of radiators having equal fields and, if the radiators are 
identical, having equal currents. Certain types of problems are Ifflt 
solved by multiplying pair patterns and others by adding pair patterns 
which are cocentered. The use of these different methods will be illus-
trated elsewhere. Actually. radiation patterns can be expressed in a 
variety of ways, and the choice is finally determined by the convenience 
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of manipulation and computation. The vector form just discussed is 
perfectly general and can be used without restriction of array geometry 
or the phases and amplitudes of the radiator currents. The vector 

method is convenient for graphical computations. In performing the 
computations arithmetically, the vector form is best converted to its real 

and imaginary components, adding all the real (cosine) terms, then all 
the imaginary (j sine) terms, and finally solving for the scalar value of 

the right triangle which they mutually form. 

In synthesis techniques where the minimums of the pattern are being 
placed to achieve certain suppressions of field strength and where linear 
arrays with systematic current distributions can be used, the multiplica-

tion form of the pair patterns offers special advantages. However, when 
Fourier current gradings are employed to shape patterns in some specified 
manner, the trigonometric series of pair patterns is used. 

2.12.1. Directive Antennas to Produce o Null at a Specified Angle in 
the Vertical Plane. The problem of designing an antenna to produce a 
null at some specific vertical angle is frequently encountered in broadcast 

directive-antenna design. If the suppression at the desired vertical 
angle can be on the array axis, the solution of this problem is relatively 
-imple. 

For example, a two-element array is to be used to suppress rasliation 
la a prescribed value which is very small (but not necessarily zero) at an 
angle of 45 degrees in the vertical plane in one direction only. The 
approach is exactly as though a null at 45 degrees were desired in the 
horizontal plane also, which is obtained by 

Act) = cos (S- cos a + --) = 0 at 45 degrees 
2 9 

S 0 
cos 45 + = 90 

There is a range of values of 8 and cp that will satisfy the problem. The 
final choice will depend upon the suitability of a particular resulting 
horizontal pattern. 

In any in-line array of identical radiators the pattern in the vertical 
plane through the radiators is obtained by multiplying the horizontal 
pattern f(0) by the vertical pattern for one of the radiators fo(a). If 

the array were composed of isotropic radiators, fo(a) would be unity at 
all angles and so this vertical pattern would be identical to the horizontal 
Pattern. This being so, there will be a null (or minimum) in the vertical 
pattern at the same angles from the ground as occur in the horizontal 

pattern, measuring from the line through the radiators. Then, if the 
Vertical pattern fo(a) for the vertical radiator includes one or more nulls 
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of its own, the main vertical pattern under discussion will contain nulls 
at these vertical angles as well as those derived from the horizontal 
pattern. 

To illustrate this, assume that we require a directive-antenna pattern 
which, among other requirements, must have a null in the vertical plane 
through the array, in one direction, at 45 degrees. After some explora-

0.2 0.4 0.6 
f(a) 

Fin. 2.37. Horizontal and two vertical patterns in the vertical plane through two 
radiators spaced 200 degrees 1111(1 having equal currents with a phase difference of 

45 degrees. 

tory computations, we have found that an acceptable horizontal pattern 
is obtained by using two radiators spaced 200 degrees with a phase 
difference between their currents of 39 degrees. The horizontal pattern 
for this array is obtained from the following equation: 

AO) = cos ( 100 cos + 19.5) 

The relative pattern values from this equation are tabulated in the first 
column of Table 2.8. There is one null on each side of this pattern at 
45 degrees from the line of the radiators. 
Column 2 of this table is the vertical pattern for a short vertical radia-

tor, short enough so that we can say that its pattern fo(a) = cos a. In 
using vertical radiators of this type, the main vertical pattern for the 
array will be the product of column 1 and column 2, which is f(a), 

tabulated in column 3, with the null at 45 degrees as required. 
If instead it were desired to employ 190-degree vertical radiators in 

this array having the vertical pattern fo'(a) listed in column 4, then the 
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main vertical pattern for the array would become that of column 5, 
which was obtained by multiplying values in column 1 by those in column 

4. In this case, there is the null at 45 degrees due to interference between 
the spaced radiators, and another null at about 65 degrees contributed by 

the vertical 'radiator pattern. 

TABIY. 2.8 

1 

a and a ' 
r(8) 

0 --O 500 

10 I —0 470 
20 --O 407 

30 —0 292 

40 —0 139 

45 

50 
60 

70 

80 

90 

100 

110 

120 
130 

140 
l50 

1r)0 
170 

180 

0 

+0 105 
O 342 

O 588 

O 799 

O 940 

1.000 

0.970 

0.866 

0.719 

O 545 
O 391 

0.276 

0.208 
O 174 

2 

fo(a) 

I 000 

O 985 

O 940 

O 866 
O 766 

0.707 
O 642 

O 500 

O 342 
0.174 

0 

—0 174 
—0.342 

—0.500 
—0.642 

—0,766 

—0. 866 

—0 940 

—0 985 

—1 000 

3 

ft.) 

—0 500 

—0 462 
—0.382 

—0.253 

—0 107 

o 
+0 067 
O 171 

O 201 

O 139 

O 

—0 174 

—0 3:..'2 

—0 433 

—0.461 

—0.407 

—0.338 

—0.260 

—0 204 

—0.704 

1 000 

O 94 

O 76 

O 52 

0 25 

5 

pa) 

—0 500 

—0 441 

—0 310 

—0 152 

—0 035 

0.21 0 

0.14 0 0147 

+0 03 0.010 

—0 02 —0 0118 
—0 02 i — 0 016 

0 

—0 02 

--0 02 

+0 03 

O 14 

0 

—0.02 

—0 019 

+0 026 
0 100 

0.25 0.136 

O 52 0 203 

0.76 0.210 

0.94 0 196 
1 DOO 0 174 

cos a (for short vertical radiators). 

!.'(a) [cos (90 cos a) cos ( 190 sin a)[/sin a (for 190-degree vertical radiator). 

The patterns for columns 1, 3, and 5 are plotted in Fig. 2.37 for com-
parison. Note that f (a) has only a tiny lobe of radiation above 45 
degrees so that there is practically no radiation between 45 and 90 degrees 
on the right-hand side of the diagram. Using the short radiators, there 

Ls a rather large high-angle lobe in this space. The admissibility of this 
lobe would depend upon the problem at hand. 
Using this same illustration, the locus of all the nulls in the three-

dimensional pattern for this array can be found immediately by drawing 
Fig. 2.38. This is a plane orthographic projection of the hemisphere 
enclosing the array. The chord line 1-2 is the locus of nulls due to the 
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spacing and phasing of the two radiators and passes through the 45-degree 
points each side of the array axis where a = 0 (horizontal plane) and 

also a = 45 degrees in the main vertical plane through (3 = 0. At other 
orientations the nulls follow the chord. The null in the vertical plane 

through = 30 degrees is seen to be at about 37 degrees abo've the hori-

FIG. 2.3R. F‘aninle of location of mill lines (clotted) al higher angles. 

zou . and in the direction = 40 degrees the null ot curb at about 21 
degrees above the horizon. 

Now consider the dotted circle 3-4 at tiri degrees above the horizon 

in all direetions. This is the null circle for the 100-degree vertical radia-

tor. The only null in the vertical plane for a radiator less than IS)) 
degrees high is at 00 degrees ( zenit h 

This example points the way to a rapid solution for the null angles in 



MEDIUM- FREQUENCY BROADCAST ANTENNAS 153 

the three-dimensional pattern for any linear array of identical vertical 
radiators. An orthographic projection of the hemisphere is drawn, 
placing a pole at the zenith and laying out the angles $' from the axis of 
the array from zero to 180 degrees each way. The latitude (a) lines are 

laid out orthographically by drawing circles through points that divide 

the radius in proportion to cos a, as in Fig. 2.38. With the hemispherical 
coordinates prepared in this way, place points on the periphery at the 
angles that correspond to null angles in the horizontal pattern for the 
array, symmetrically, and draw chords across the chart to connect corre-
sponding nulls on each side of the axis. Then draw circles from the 
center at any vertical angle for a null in the vertical pattern for the 
radiator to he used, if there is one. From these the location of the nulls 
in all other vertical planes can be read directly from the diagram thus 

prepared. 
From a diagram of this type one can form a mental picture of the 

vertical pattern at any azimuth when the horizontal pattern for the array 

and the vertical pattern for a single radiator are known. It will be 
recalled that in the direction broadside to the array the vertical pattern 
for the array will be identical to a single radiator. 

When the array consists only of two vertical radiators, the null zones 
in the three-dimensional pattern occur wherever 

cos a COS e = 180 — 

2.13. Directive Antenna with Maximum Gain for Two Radiators 

It often occurs that directivity is desired to increase field strength 
in one direction only. Intuitively one thinks of using a cardioid pattern 
for this purpose. With a two-radiator cardioid pattern, the maximum 
held strength is about 1.43 times that for the same power into one radia-
tor. The feed system for such an array is relatively complicated because 
of the need for dephasing the currents in the two radiators, and this in 

turn causes unequal powers in them. Therefore, unless the suppression 
of radiation in the backward direction is also a requirement along with 

the desire to increase signal in the forward direction, this type of system 
does not provide the best solution. 
Reference to the polar patterns for two radiators with equal currents 

that include the effect of mutual impedance (see Appendix IV-A) shows 
good possibilities for high gain when the currents are equal and cophased. 
The patterns are bidirectional, but the horizontal directivity gain can 
reach values of the order of 1.75 in terms of relative field strength for the 
marne power into one radiator. This is obtained with radiator spacings 
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between one-half and five-eighths wavelength. The maximum value 
occurs at a spacing of five-eighths wavelength. 
The feeder system for a two-element cophased array with equal cur-

rents can be very simple, because the electrical symmetry of impedances 
and power division permits the system to be energized by a symmetrical 
feeder system. Figure 2.39 shows the simplest arrangement of a sym-
metrical feeder system for such an array. The equality of antenna 
impedances makes it necessary only to apply equal cophased potentials 
at each radiator base. This can be done by providing identical distances 
from the transmitter to each radiator. 

TI 

t, 

1 
Z I 

ZO2 

01 

j_ Z.2 

TO TRANSMITTER 

Fin. 2.39. Feeder system for a two-element array with equal cophased currents using 
only transmission lines for impedance matching. 

As illustrated in Fig. 2.39, a main feeder attaches to the center of a 
secondary feeder running between the two radiators. These feeders 
may or may not be matched in their terminal impedances. The admissi-
bility of mismatches will depend only on the magnitude of standing waves 
and the consequent feeder losses. In cases where standing waves on 
feeders must be avoided the characteristic impedance of the secondary 
feeder can be made equal to the input resistance of the radiator and 
identical series reactances used (shown as X) to neutralize any input 
reactance at the radiators. Otherwise the main feeder, terminated by 
whatever impedance exists at the middle of the secondary feeder, would 
in general be mismatched. One can employ a simple L network at this 
junction to match the main feeder, or one may use a value of characteristic 
impedance to give an exact or an approximate self-match, together with 
series neutralization of the existing reactance at the junction. Alter-
nately, the mismatch may be allowed and the input impedance matched 
to the transmitter with a simple network. 
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2.14. Directive Antennas Using Unequal-height Radiators 

A directive-antenna system using two or more radiators of identical 
physical dimensions, and therefore having intrinsically equal, or near-
equal, self-impedances, is computed on the basis that the field strength 
contributed from each radiator is proportional to the radiator current. 
Therefore we can talk about radiation patterns directly in terms of 
radiator currents. When a directive array includes radiators of unequal 
heights and other dissimilar physical dimensions, it is impossible to use 
a direct proportionality between radiator currents and their contributing 
fields. The effective field strength of each radiator must be taken into 
account in computing a pattern. The use of unequal radiators greatly 
increases the engineering complications of a design. 

In an array of dissimilar radiators, the current ratios for equal horizon-
tal field strength must be computed first. When the desired pattern has 
been determinvl, the field contributions from each radiator may be 
ascertained. The current ratios for the different radiators in the system 
are then derived. The different self-impedances are then entered into 
the network equations with their associated currents and mutual imped-
ances to determine the input impedance and the power input to each 
radiator. After this the synthesis of the phasing, impedance-matching, 
and power-dividing networks can be carried out, taking into account the 

arrangement of the feeders. 
The computation of the vertical radiation patterns for the array in 

various directions is also complicated by the fact that the vertical pat-
tern for each radiator of different physical dimensions will be different. 
Mutual impedances between vertical radiators of unequal heights, over 

!he range of values ordinarily encountered in broadcast arrays, have been 
published 44 1011.10:8 
Precautions muet be taken to avoid excessive ground-terminal losses 

;n any array when the input resistance to any radiator is driven down to 
a very low value by virtue of mutual impedances—especially if a sub-
stantial amount of power is to be put into such a radiator. In a system 
of unequal-height radiators this effect has to be more carefully watched 
because of a lower self-resistance of a short radiator and the probable 
need for a higher current in it to produce the desired effective field 
strength. 

In general, very short radiators in a system of higher radiators are 
Justified only where a radiator is required to make only a small contribu-
tion to the pattern and where input power and base current will be rela-
tively small. Where unequal radiators are used, there are usually no 
more than two different radiator sizes. The purpose of such a practice 

is to avoid the expense of a full-size radiator when only a small portion 
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of the total power is to be contributed by it. Occasionally, the reason 
is that some existing towers are employed together with one or more new 
radiators. Dissimilarity is also introduced when a television or other 
very-high-frequency antenna is mounted on top of one radiator in an 
otherwise uniform system of identical radiators. 

2.15. Directive Antennas for Wide Angles of Suppression 

This section is devoted to a demonstration of certain principles that 
can be employed to obtain radiation patterns having wide angles of sup-

pression. Four methods are presented by means of the solution of type 
problems, each of which suggests a basic principle. The suitability of 
any one of these principles in any specific engineering problem depends 
upon the nature of that problem. 

Sé 2 
(A)  PRODUCES 

I Sz 1 2 3 1524 
(B) ...... L ..... •- -a .111. - PRODUCES 

we_ 1.0/0z 'DAL to/01+02 f(p)=G um H (p) 
(p) H (f3) 

Fin. 2.40. Array synthesis by successive pairings to control location of zeros. 

Under the existing allocation standards of the FCC and the North 
American Regional Broadcasting Agreement, the problem of suppressing 
radiation over wide azimuth angles frequently arises. On class I chan-
nels the entire border of a country may have to be protected from inter-
ference, or the entire night sky-wave secondary-service area of a station 
must be protected. The design of antennas capable of such performance 
presents a special problem. 

The fundamental unit of an array of this type is a pair of identical 
radiators with equal currents. The final array is a synthesis of several 
such pairs. The economical objective is to make one radiator do multiple 
duty by being a part. of more than one basic pair. 

2.15.1. Wide-angle Suppression, Using Lobe-splitting Technique. 
Let G($) be the radiation pattern for a pair of radiators (each radiator 
having a circular pattern) with spacing SI in electrical degrees and equal 
currents of such phase (01) as to place a null at an angle of each side 
of the axis. This arrangement is illustrated in Fig. 2.40A. Then 

G(0) = cos GI cos fi — 

Now consider the case where each radiator is replaced by the center 
of a pair of radiators having the pattern ma) with axis coincident with 
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that of G(S), as shown in Fig. 2.408. Then 149) is specified by spacing 
S2 and phase difference .02 so that 

S2 
H(0) = eos (-2 cos el — 

2 

This pattern is such as to produce a null at an angle ± 82 from the array 
axis. Then, the pattern for an array of two paire along a common axis 
with equal currents is 

AO) = G(8)11(0) 

and it will have nulle at +$1 and ± 01 from the array axis. 
This method of using two pairs is sure to provide at. least two nulls 

on each side of the axis, which can be placed as desired. In the case 
where Si =- SI, radiators 2 and 3 become coincident, and the effect of 
two pairs is achieved with three radiators. The current in the middle 
radiator must be the vector sum of those for radiators 2 and 3 considered 
separately. 

This process can be continued in further similar steps as desired. The 
following is given to illustrate a case where this operation has been per-
formed three times. 

Example. Wanted a radiating system providing suppression of radia-
tion over an angle of at least 90 degrees on one side of the pattern, the 
held strength within this angle to be less than 3 per cent of the maximum 
field from the array ( ± 45 degrees from the axis). Using the principles 
outlined, let us arbitrarily begin with a basic pair that has nulls at ± 43 
degrees from the axis of the array, using 180 degrees spacing between 
radiators. Such a pattern is obtained when 48 degrees. 

MO) = c08 (90 cos fi + 24) 

The pattern for this pair is shown by curve A in Fig. 2.41. Let us now 
use this pair as a directive source for a second pair, using the same spacing, 

hut adjusting the phase to bring nulls at ± 30 degrees. The fundamental 
pair of circular sources gives 

Ma) = cos (90 cos tit 12) 

This pattern is plotted as curve B in Fig. 2.41. 
If at this stage we synthesize the composite pat tern 

ii(t3)f2(0) = cos (90 coa 13 -I- 24°) cos (90 roe a 12°) 

we obtain nulls at ± 30 degrees and ± 43 degrees. This is plot ted as curve 
C in Fig. 2.41. It is seen that insufficient suppression occurs bet ween 
0 and ± 30 degrees. 
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Another pair of radiators spaced 180 degrees and having e = 8 degree 
may be added. This pair will produce a null at 0 = ± 19 degrees. Again 
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Flo. 2.41. Plots of sneers-give development, of broad null region by placing the zeros 
in successive pairings. 

using circular-radiation sources, the radiation pattern ( Fig. 2.41, curve 
D) is 

13(0) = cos (90 eos 8 + 4) 

If now this pair is made up of a pair of systems having the pattern 
Met)f2(0), we obtain 

1(0) = f 1(0)12(0)13(0) 
= cos (90 cos el 24) cos (90 CO8 a -I- 12) eus (90 cos 4) 

This is plotted as curve E in Fig. 2.41. The radiation is less than 3 per 
cent of maximum over a range of ± 52 degrees. Throughout moat of this 
angle ( ± 40 degrees) the field strengths are actually less than 1 per cent 
of maximum. This is desirable, because some operating margin is almost 
always desirable for arrays of this sort. 
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Array Synthesis. It remains to determine the actual array which will 

produce this pattern. This is accomplished by the three steps illus-
trated in Fig. 2.42A, B, and C. 

Si . 180' 

LO /21 1.0[411 

LO STEP I LO/ 'BO LO ,IL 

® THIRD PAIR 
-..-2he7 - — /1117 

/ I \  

.' I \ y . I ‘, / 

I.0& /180. 1 /. \ • I \\ 

1  SECOND PAIR 52 180 I ..4_1894 180 

--;*-,-_ — . y2 % VECTOR  1LO./i,4* SUM I LOR1r+r 11 1.96 /3,46.4-r I LO/72•9 Et° 
I 

s t / `‘1  
1,.. 180 4 180 4 180 4 ARRAY' \ / \ 

ís1 - taw , / 
o-   .,, s' '180' ' 1.0 2.89/26.6' 2.89/53.2' 1.0 &_Zr 
i f------,  , STEP 3 
/-  -1  -1 

0 VECTOR SUM .  

1.0 /0' 1.96 /36 i.0/72.  ' 

STEP 2 

Fin. 2.42. Synthesis of array current distributions for system of Fig. 2.41. 

To check the correctness of the foregoing synthesis, the vector method 
can be applied in the following manner; for the azimuth = ± 43 degrees, 
the location of one of the nulls 

.1.(d) = 0 = 1 4- 2.890mo...41+21.6i 4- 2.89C 360.. 41+53.21 _f. e/(640.. 13 , BO) 

= 1 2.89e"" 2.89e11 163 + ,j47.1b 

= [ I — 2.89(0.9272) + 2.89(0.74) — 0.4140) + A2.89(0.3746) 

— 2.89(0.69) -1- 0.91) 

=*-- 0.045 — j0.003 

The real and imaginary parts equate to very nearly zero by omitting 
the use of some of the fractions of degrees in obtaining the sines and 
cosines. This is a satisfactory check on the synthesis process. This 
vector check provides some idea of the stability required to maintain 

the pattern. By changing the coefficients corresponding to current 
amplitudes by small increments the effect on the field in the null regions 
is quickly found. 

2.15.2. Wide-angle Suppression Using Three Radiators. Examina-
tion of a chart of pair patterns (Appendix IV-A) shows that for S = 5X/8 
and = 180 degrees both and — lobes of the pattern have a very wide 
angle over which the field strength is constant. This leads us to use this 
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pattern in a system requiring a wide null angle. We note further that 
apparently a spacing slightly less than 0.625X wild be more constant in 
value over a range of angles (by comparing parallelism with the reference 
circle). We can test the possibilities by calculating from a spacing of 
216 degrees (0.60X). Such a pair will have the pattern 

MO) ens (21 % cos 0 + 18%) - sin ( 108 c08 0) 

from which we compute Table 2.9. 

TABLE 2.9 

a or 8 fi(131 12(0) 
J(0) 
= 0.5051/1(0) + 12(8)1 

f(e) - 1(0) Cos e 

0 -0 951 0.975 0.024 0.024 
10 -0 956 0.975 0.012 0.012 
20 -0.978 0.975 0.009 0.009 
30 -0.998 0.975 -0.0015 -0.013 
40 -0 993 0.975 -0.011 -0 0084 

50 -0.937 0.975 +0.187 +0.012 
60 -0.809 0 975 0.083 0.042 
70 -0.602 0.975 0.188 0.084 
80 -0.326 0.975 0.327 0 057 
90 0 0 975 0.492 0 

100 +0.326 0 975 0.660 
110 0.602 0.975 0 795 
120 0.809 0 975 0.900 
130 0.934 0 975 0.963 
140 0 993 0 975 0 994 

150 0.998 0 975 1.000 
160 0.978 0.975 0.986 
170 0.956 0.976 0.975 
180 0.951 0.975 0.970 

In order to cancel the negative lobe of ft($) over its angle of constancy 
we added JO) = 0.975, corresponding to a circular source of radiation 
of relative strength 0.975, located at the center of the pair. The sum 
of the patterns from the pair and from the central radiator has been 
calculated and, after normalizing to a maximum relative value of 1.00, 
tabulated in Table 2.9. The horizontal pattern is plotted in Fig. 2.43. 
Examination of these values shows that over an angle of ± 50 degrees 

the field strength is less than 2.5 per cent of maximum. Without further 

calculation it appears) that a blind angle of about 102 degrees is possible 
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with this array without exceeding 2.5 per cent of maximum field. Fur-
thermore in the vertical plane f(a), using 60-degree radiators, the field 
does not exceed 6.4 per cent of maximum at any angle, and it is below 
3 per cent at vertical angles up to 50 degrees. If higher radiators are 
used, the vertical pattern can be reduced much below these values at the 
higher angles. 
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FIG. 2.43. Pattern for three-element array with cancellation of ficIde over a wide 
angle on one aide. 

The broad beam on the opposite side is constant over the same wide 
angle. 
The normalized pattern specification is 

f(s) = 10.975 — sin ( 108 cos 0)10.505 

For the fields to add in this manner, the central-radiator current must 
be in quadrature with the currents in the outer radiators. 
A rectangular plot of the pattern is shown in Fig. 2.43. The current 

relations will be 
1.0/0, 0.975 90, 1.0 ISO 

The pattern can be inverted by reversing the polarity of the current in 
the central radiator. 

2.15.3. Wide-angle Suppression Using Binomial Current Distribu-
tions. Example. A North American Regional Broadcasting Agreement 
class 2 station of 50 kilowatts is to be located on a class 1-B channel. The 



162 RADIO ANTENNA ENGINEERING 

directive antenna must provide for the protection of the 500 microvolts 
per meter night sky-wave areas (50 per cent of the time) of two class 1-B 
stations by suppression of radiation so that, at the protected sky-wave 
boundaries, the new station's signals will be less than 25 microvolts 
per meter all but 10 per cent of the time. Referring to appropriate maps 
and propagation curves, it is determined that the field strengths at 1 mile 
cannot exceed the values in Table 2.10. 

TwaLz 2.10 

Station A 

Station B .... 

Azimuth (true), degrees 

10 

12 

15 

20 

30 

40 

45 

50 

55 

305 
310 

320 

330 
335 
340 

Maximum permissible field at I mile 

along the ground, millivolts per meter 

800 

310 

182 

130 
121 

140 
180 

275 

550 
480 

190 

180 

185 
190 

410 

These data are represented graphically in the upper part of Fig. 2.44. 
Mid-angle of the open gap between zones of protection — 356 degrees. 
The axis for the array will be placed on this bearing. The angles of 
maximum suppression will be placed at ± 40 degrees with respect to the 
array axis. 
The directive pattern must be such as to fall well within these boundary 

values in operating at 50 kilowatts. The amount of signal suppression 
is rather extreme since 50 kilowatts into a nondirective one-fourth-wave 
radiator produces a field strength at 1 mile of about 1,200 millivolts per 
meter ( 175 millivolts per meter at I mile with 1 kilowatt). 

We look at a chart of patterns for antenna pairs (Appendix IV-A) for 
a suggestion to start. It is noted that the angle between the two direc-
tions of greatest required signal suppression is about 80 degrees. We 
must then search for a possible pattern which will bring two symmetrical 
nulls 80 degrees apart or 40 degrees from the axis of the array, also taking 

into account the client's desire for a maximum of radiation southwest-
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ward if possible. From the chart of patterns for radiator pairs we find 

one for S = 0.375X, qt, = — 90 degrees which looks promising. The null 
angles may not be correct, and we see, in proportion to the unit circle, 

t 3 

ALLOWED 

300,1e 
I e 
I 1 MAX. ALLOWED FIELDS/  

MIL AT I MILE FOR PROTECT-

AREA 

250 .71 FIELDS AT I MILE ION OF SERVICE AREA\ 2 
FOR PROTECTION — STATION °A 
OF SERVICE I-

'STATION PEI 200 4  
rr • wi • 1-

% 

S 
Fic. 2.44. Minor lobe reduction and null broadening using a squared pattern from a 
binomial array. 

that the field strength of the minor lobe is about one-half that of non-
directive operation, which is too large. Also, the nulls are not wide 

enough for our needs. But we must examine the requirements for a 
null angle 40 degrees each side of the axis and find the spacing required 
to give this. This is done as follows: 
As before, the equation for all these patterns is 

S 
f(a) = cos cos a + 

2 2 
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We know e = 40 degrees and 4) = 90 degrees and cos 40 = 0.77 
Hence 

S _ 
cos (0.77 -I- 4) = 0 

For the cosine of an angle te be rero, the angle must be 90, 270, 450 
degrees, etc. In this case we use 90 degrees. Then 

0.77S 
45 = 90 

2 
from which 

S = 116 degrees 

Knowing S, we can then calculate the whole pattern as shown in Table 
2.11. This pattern shows the minor lobe to be too large for use. How-
ever, if we square the values in the table, the amplitude of the minor lobe 

TABLE 2.11 

0, degrees f(S) 0, degrees f;d1 

0 0 225 100 0.819 
LO 0 208 110 0.906 

20 0 156 120 0.961 
30 0 087 130 0. 990 

40 0 000 (minimum I 140 1 000 (maximum) 

50 0 139 150 0.1196 
60 0 276 160 0.988 

70 0 423 170 0 978 

80 0 573 180 0.974 
90 0 707 

changes from 0.225 to 0.051 of max'mum value for the pattern and the 
nulls are broadened. Let us then tabulate the squares of these values 
and get Table 2.12. 

We must now determine the actual field strengths in the critical regions 
at 50 kilowatts to see whether or not we are within limits everywhere 
To do this, we must change this pattern from a relative set of values to 
an absolute set of field strengths. This requires finding the root-mean-

square value of the pattern. For simple arrays of this type this is obtained 
in two ways: ( 1) With a polar planimeter, measure the area of a polar plot 
of the above pattern, and const ruct a circle having exact ly the same area.' 

• Thc method of obtaining the root-menti-square value of a pattern by integrating 

the horizontal pattern only, as Was done here, is ant sullieiently accurate for any but 
the very simple systems. The correct determination of root-mean-square pattern 
values requires integration of the pattern over the complete hemisphere enclosing the 
antenna system. For methods, eonsult refs. 44 and 45. 
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The radius of this circle is the relative field for the same power non-
directional; and we know what this should be in millivolts per meter from 
the antenna efficiency and the power. From this we can assign values to 
all parta of the directive pattern. (2) All the squared pattern values of 
Table 2.12 can be squared again, added, and divided by the number of 
values added ( 19 in Table 2.12). Then the square root of this value 
is taken, and this is the radius of the root-mean-square circle, in propor-
tion to the arbitrary dimensions of the pattern as calculated. This 
again is known to be so many millivolts per meter, which in our case is 
1,200 millivolts per meter.• 

In the above case, the radius of the root-mean-square circle is 
0.645 = 1,200 millivolts per meter. The magnitude of the minor lobe 
at 8 = 0 is (0.051/0.645) X 1,200 — 95 millivolts per meter. This is 
yell under what is allowed. The pattern is then calculated in field 

TABLE 2.12 

0 fl(0) 

0 0 051 

10 0.043 
20 0.024 
30 0 
40 0 

50 0.019 

60 0 076 
70 0.178 

80 0 328 
90 0.500 

100 
110 

120 
130 
140 

150 
160 

170 

180 
Root-mean-square value 

O 668 
0.82 

0.92 
0.98 
1.00 

O 99 
O 98 
O 96 

0 94 
O 645 

:itrengthii by multiplying the above tabulated values by 1,860 (obtained 
by putting 1,200/0.645 -= 1,860). The pattern ia now plotted on another 
sheet in a convenient scale of millivolts per meter versus angle and 
oriented in azimuth so that the nulls fall at the correct geographical 
angles, as shown in Fig. 2.44. In this case the axis of the array and its 
pattern is 356 degrees (4 degrees west of true north). Upon further 
examination of protections over all the angles required, it is found to be 
satisfactory, with ample margins. 
To square such a pattern, as required in the above problem, the radiat-

ing system is derived as shown in Fig. 2.45. The pattern would be 
squared if each radiator of the pair had a pattern the shape of that given 
in Table 2.11, instead of a circular pattern, as they actually have. To 

• This disagrees with the value in Table 2.1 because in this case we are considering 
a typical value for .50 kilowatts input to the antenna instead of 50 kilowatts radiated 
power. 
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We know a= 40 degrees and it •— 90 degrees and cos 40 = 0.77. 

Hence 

cos (0.77 + 45) = 

For the cosine of an angle to be zero, the angle must be 90, 270, 450 
degrees, etc. In this case we use 90 degrees. Then 

0.778 
+ 45 = 90 

2 
from which 

S -= 116 degrees 

Knowing S, we can then calculate the whole pattern as shown in Table 
2.11. This pattern shows the minor lobe to be too large for use. How-
ever, if we square the values in the table, the amplitude of the minor lobe 

TABLE 2.11 

8, degrees 1(0) degrees 

0 0 225 100 

10 0 208 110 
20 0 156 120 
30 0 087 130 
40 0.000 (mininiunii 140 

50 0 139 150 
60 0 276 160 
70 0 423 170 
80 0 573 180 

90 0 707 

0 . 819 

0.906 
0.961 
0.990 
1.000 (maximum) 

O 996 
o 988 
. 978 
O 974 

changes from 0.225 to 0.051 of maximum value for the pattern and the 
nulls are broadened. Let us then tabulate the squares of these values 
and get Table 2.12. 

We must now determine the actual field strengths in the critical regions 
at 50 kilowatts to see whether or nut we are within limits everywhere. 
To do this, we must change this pattern from a relative set of values to 
an absolute set. of field strengths. This requires finding the root-mean-
square value of the pattern. For simple arrays of this type this is obtained 
in two ways: ( 1) With a polar planimeter. measure the area of a polar plot 

of the above pattern, and construct a circle having exactly the same area.' 

• The method of obtaining tlm root-mean-square value of a pattern by integrating 
the horizontal pattern only, as Was done here, is not mifliciently accurate for any bin 
the very simple systems. The eorreet deterniination of root-mean-square pattern 
values requires integration of the pattern over the complete hemisphere enclosing the 
antenna system. For methods, et-insult refs. 14 and 45. 
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The radius of this circle ill the relative field for the same power non-
directional; and we know what this should be in millivolts per meter from 
the antenna efficiency and the power. From this we can assign values to 
all parts of the directive pattern. (2) All the squared pattern values of 
Table 2.12 can be squared again, added, and divided by the number of 
values added ( 19 in Table 2.12). Then the square root of this value 
is taken, and this is the radius of the root-mean-square circle, in propor-
tion to the arbitrary dimensions of the pattern as calculated. This 
again is known to be so many millivolts per meter, which in our case is 
1,200 millivolts per meter.• 

In the above case, the radius of the root-mean-square circle is 
645 = 1,200 millivolts per meter. The magnitude of the minor lobe 

at 8 = 0 is (0.051/0.645) X 1,200 = 95 millivolts per meter. This is 
ell under what is allowed. The pattern is then calculated in field 

TABLE 2.12 

11 (0) 

0 0 051 

10 0 043 

20 0 024 

30 0 

40 0 

50 0 019 

60 0 076 

70 0 178 

80 0 328 

90 0 500 

no) 

100 I 0 668 

110 082 

120 092 

130 098 

140 1 00 

150 

160 

170 

180 

Root-mean-square value 

O 99 

O 98 
O 96 
O 94 
O 1345 

strengths by multiplying the above tabulated values by 1,860 (obtained 
by putting 1,200/0.645 = 1,860). The pattern is now plotted on another 
sheet in a convenient scale of millivolts per meter versus angle and 

oriented in azimuth so that the nulls fall at the correct geographical 
angles, as shown in Fig. 2.44. In this case the axis of the array and its 
pattern is 356 degrees (4 degrees west of true north). Upon further 
examination of protections over all the angles required, it is found to be 
satisfactory, with ample margins. 
To square such a pattern, as required in the above problem, the radiat-

ing system is derived as shown in Fig. 2.45. The pattern would be 
squared if each radiator of the pair had a pattern the shape of that given 
in Table 2.11, instead of a circular pattern, as they actually have. To 

• This disagrees with the value in Table 2.1 because in this ease we are considering 

typical value for 50 kilowatts input to the antenna instead of 50 kilowatts radiated 
power. 
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obtain this same effect, we must use a pair of pairs, each pair spaced and 
phased relatively in the same way, and on the same axis. When we do 
this, we find that radiator b of the first pair coincides with radiator c 
of the second pair. Again we get a pair of pairs by psing only three 
radiators, since one does double duty, as shown by the current being 
twice as much as the current in the end radiators. The current magni-
tudes and phase angles are shown in the various steps and in the final 
array. 
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FIG. 2.45. Synthesis of the binomial array having the pattern of Fig. 2.44. 

The horizontal pattern for this array then, taking into areount its 
geographical orientation at 356 degrees and its root-mean-square field 
value of 1,200 millivolts per meter for 50 kilowatts, is 

./.(13) = 1,880 cos2 158 cos + 4) + 45) millivolts per meter at. 1 mile 

2.15.4. Wide-ongle Suppression Using Crossed Pairs. Where it is 
desired to produce two reciprocal wide-angle null zones, there are other 
means which provide wider nulls than demonstrated in Sec. 2.15.3. We 
can use two symmetrical pairs of radiators at right angles. Pair .4 
consists of two coplia.sed radiators spared 270 degrees (0.75X) and another 
pair of rophased radiators with its axis normal to the first, and spaced 
180 degrees (0.5XI. This is suggested by a study of Appendix IV-A, 
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where we note that the two reciprocal minor lobes for the pair where 
S = 0.75 and e = 0 degrees have apparently the same general shape as 
the pattern for the pair having S = 0.5 and e 0 degrees. The pattern 
amplitudes of the second pair are 0.707 of those in the first, and the two 
patterns are mutually cophased. 
Since both pairs have a common center point, their resulting patterns 

can be added algebraicully angle by angle. • These patterns are sym-
metrical about 0 and 90 degree axes and are tabulated in Table 2.13. 

TABLE 2.13 

fAtift) M O) F(05) = M O) + Jett) 

0 —0.707 +0.707 0 
10 —0 682 0 678 —0.004 
20 —0 602 0.608 +0 006 
30 —0 454 0.500 0 046 
40 —0 242 0 374 0 132 

50 +0 052 0 254 0 306 
60 0.380 0.148 0 528 
70 0 695 0 071 0.766 
ao o. 921 0.021 0 942 
90 I 000 o 1 000 

The pattern F(e3) is plotted in Fig. 2.46, which shows that, for a field 
:strength less than 2 per cent of maximum, the null width is + 25 degrees 
on each side of the pattern, or 50 degrees total. 
This example suggests a further experimentation with the same idea 

to see whether or not even broader nulls can be obtained. If the spacing 
of the first pair is increased to 0.875X (315 degrees) and the spacing of the 
,econd pair reduced to 160 degrees, a further broadening of the null 
region is realized. Computing the pattern for the condition where the 
maximum field strength of the second pair just cancels the maximum of 
the negative lobe of the first pair, the normalized pattern is 

AO) -= 0.86[cos ( 157.5 cos et) + 0.924 cos (80 sin 8)] 

This pattern is superimposed on that for the preceding example (Fig. 
2.46) for comparison, and we find that the field strength can be held at 

'Special attention is directed to the fact that the pattern-field ratios are not tiercs-
.1rily the same as the current ratios between pairs in problems involving the addition 
.11 patterns. The current ratios result directly when patterns are synthesized by 
multiplication. 
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or below 2 per cent of maximum over an angle of ± 36 degrees, or 72 
degrees total, on each side of the pattern. 

2.16. Producing Symmetrical Multiple- null Patterns 

A great variety of symmetrical patterns having multiple nulls (or 
minimums) with a linear array of three radiators can be derived by the 
following simple method, illustrated by a random example. 

0.75k 
t- _ 

ARRAY GIVING f(111).cos(135coofi).0.707cos(9031nfi) 

ARRAY G1V NG 
f(p).0.86 os(1575cogl).0.924cos(1110sin)J 

10 • 30 
180 170 160 150 
18,0 190 200 210 
360 350 340 330 

1.0 

09 

08 

07 

06 

05 

04 

03 

0.2 

01 

o 
40 50 60 TO 80 90 
140 130 120 110 100 90 
,8 230 240 250 260 270 

310 300 290 280 270 

no. 2.46. Broad nulln obtained by craved pairm of radiators. 

We take the pair of radiators S = 360 degrees. • = 90 degrees. cal-
culate its pattern in the usual way, and tabulate the values in Table 2.14. 
In the two right-hand columns we have added the field produced by a 
single nondirective radiator located at the renter of the pair. We have 
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chosen a relative field strength of + 0.76 to obtain f($) and — 0.76 to 

obtain f3(3). 
TABLE 2.14 

o 
10 

20 

30 

40 

so 
60 

70 

80 

90 

100 

ILO 

120 

130 

140 

ISO 

160 

170 

ISO 

fie cas (180 (ot' S + 45) 

—0 707 
—0 743 

-0 829 

-0 934 
-0 999 

O 946 

-0 707 

-0 292 
+0 242 

O 707 

O 970 

O 958 

O 707 

O 326 

-0 058 

-0 358 

-0 559 
-0 669 

-0 707 

I 
11(0) - Mtn + 0.,6 - Mtn - 0.76 

+0 053 
O 017 

-0 069 

-0 174 

-0 239 

-0 186 

1-0.053 

O 468 
1.002 

1.467 

1 730 

I 718 

I 467 

1 086 

O 704 

0.402 

0.201 

0.091 
0.053 

-1 467 

-I 503 

-1 589 
-I 694 
-I 759 

-1 706 

-1 467 

-1 052 
-0 518 

-0 053 

+0 210 

0 196 

-0 053 

-0 434 

-0 816 

-1 118 
-I 319 

-1 429 
-1 467 

These three patterns are plotted in rectangular coordinates in Fig. 2.47 
for clarity. It can be seen in this way that the addition of the fields from 
a nondirective source at the center of the pair simply " biases" the zero 
line of the pattern upward for a negative polarity of the center radiator 
field and downward for a positive. The intensity of the central source 
adjusts the angles at which the nulls occur. We need only have plotted 
f i(a) and moved the axis to positions shown by the dotted lines. 
A practical application of this principle would involve an exploration 

for the best pattern for the pair and then the intensity and polarity of 
the center radiator field to bring the nulls at the desired angles and to 
provide an acceptable pattern between the nulls. 

In exploring for such a solution, one can study the polar patterns for 
various pairs, marking the polarity of the lobes of these patterns (if not 
initially 80 marked) and then drawing circles to represent the central 
radiator pattern with an assigned polarity of + or —. From these 
directive and nondirective patterns, one can visualize qualitatively the 
locations of nulls (the intersections of the circle with the lobes of opposite 
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polarity) and the algebraic sum of the two, between nulls. After so 

determining in a rough way a satisfactory starting point, quantitative 
computations are made. The problem of bringing two or more nulls 
at correct angles with a satisfactory pattern otherwise cannot be solved 
directly but must be approached by successive trials. Rectangular 

  -,-

r,NON•DIRECTIVE1 
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1 I 1 - 1 

I.. I 1 

I .. . _ .  

fi10)•costI8Occes0.451 
r -r--

.! I 
1.30 •cosO80costh 451-0. 

HL 

NON-DIRECTIVE I. 

Fria -.SIRE r7GTH7..o.76 
L. I I 

4 -r I 
' i , , .  

o 102030405060 70 80 90 100 110 120 130 lao 150 160 170 180 
Fia. 2.47. Adjustment of pattern zero positions by using a biasing field from a 
central radiator with a pair. 
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coordinates are the most convenient for this purpose if graphical com-
putation is used. 
Anyone having frequently to make such calculations would have a 

large number of the pair patterns predrawn in rectangular coordinates 
and would use a transparent. straightedge over the patterns until a desired 
choice is found. 
The radiation pattern for this kind of array is obtained by the algebraic 

additions of the pair pattern with that of the constant value contributed 
by the central radiator. However, when it comes to determining the 
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phase of the current in the central radiator with respect to currents in 

the pair, the central-radiator current must always have a phase that is 

midway between the phases of the currents in the outer radiators. We 
may call this " mid-phasing." If in this example we refer all space and 
phase relations to the center of the array, the phases of the currents in 
the three radiators will have to be 45, 0, and — 45 degrees; or taking one 
end radiator as reference, the phases must be 0, — 45, and — 90 degrees in 

succession. 
The current ratio for the central radiator with respect to the pair, and 

therefore the division of power between them, must be separately com-
puted, taking into account the mutual impedances and therefore the 
gain of the pair as compared with the single central radiator. 

2.17. Parallelogram Arrays 

Four identical vertical radiators arranged in the form of two crossed 
pairs with identical centers constitute a parallelogram array. Such 
arrays provide a very large variety of useful radiation patterns both 
symmetric and asymmetric. The resultant pattern from two crossed, 
cocentered pairs is the sum of the two pair patterns, provided that the 
phase reference for the currents in both pairs is taken to be zero at the 
center of the array. The relative size of each pair pattern can be changed 
by altering the power distribution between pairs. The individual pat-
terns are in terms of field strengths, with the polarity of the electric field 
in each lobe indicated. 
Given two overlapping patterns, one can be rotated with respect to 

the other by changing the angle between the axes of the two pairs. 
The independent variables in a paralellogram array are the following: 

I. Spacing between radiators in each pair, Si and .S, 
2. Phase differences between the currents in each pair, ± 41/2 and 

3. Relative current amplitude differences between pairs, /1/, 
4. Angle between the axes of the two pairs, )3‘ ( this angle can lie any-

where in four quadrants) 
5. Orientation of the entire array, fto 

2.17.1. Graphical Solution of Array Problems. Once the patterns are 
calculated for each pair with their correct relative field-strength values 
for a particular ratio of pair amplitudes, they can be separately plotted 
in rectangular coordinates on semitransparent graph sheets. They can 
then be superimposed and examined. If each pattern can be drawn with 

the axis of each array as zero azimuth reference, the coincidence of these 
axes would show the possibilities of one limit of the array when the 

parallelogram is squashed into a single line. By sliding one pattern with 
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respect to the other along the azimuth scale, one is effectively rotating 
the angle fl„ between the pair axes. For this purpose, one of the pair 
patterns should be repeated from 360 to 720 degrees so that there is no 
break in the one pattern as it is slid along over the other. It is also 
helpful, in locating null angles, to draw the pattern for the second pair 
with inverted polarity with respect to the first, because then there will 
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Fm. 2.48. Example of pattern from two crossed pairs forming a parallelogram array. 

be a null indicated directly by the intersection of any point on one pat-
tern with that of the second—points of equal fields but opposite polarity. 

This graphical method is one way of searching for a possible solution 
of a given allocation problem. Its advantage is that all possible effects of 

varying the angle between any two trial pairs can be examined very 
quickly. One can also form some qualitative idea of the effects of chang-
ing the current ratio between the pairs, thus often indicating possible 
solutions in this direction. This method reduces the number of tries 
that may be necessary to find the required array specifications for a 
desired arrangement of nulls and maximums in the final pattern. The 
person who must frequently solve such problems finds it advantageous 
to plot all such patterns in a uniform manner and accumulate them over a 
period of time. Then when a new problem arises, the stock of ready-
made patterns leaves only the procedure of superimposing them before a 
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bright light. The inversion of polarity of the lobes can be accomplished 

by turning a sheet over. 
When the graphical method reveals a solution, an accurate recomputa-

tion can be made from the indicated array parameters. 
Figure 2.48 demonstrates an overlay of two pair patterns from which 

the resultant pattern can be plotted directly with a pair of dividers, using 
the distance between the curves 

for each azimuth. It is seen that 
zeros occur at 171, 282, 298, and 
334 degrees and that very low 
fields exist between 275 and 336 
degrees, not exceeding 2.9 per cent 
of the maximum lobe through this 
interval of 61 degrees. The polar 

resultant pattern is given in Fig. 
2.49. 

This example was chosen to il-

lustrate a further point of impor-
tance in making this kind of syn-
thesis: by choosing pair patterns 

that cancel over a wide range of 
angles the resulting pattern can be 
made to suppress radiation over a 
wide angle. 

In general, parallelogram arrays 
have azimuthal patterns derivable N24'  PAIR wl a ià - - 

S=225. 
from the following equation: 

PLAN 12=1.01e .22. 

AO) = Af + B12(0 - 13=1.3/-67.5•\ 
41 14=1.3/.675.  

In this equation A and B are scalar 

coefficients for the maximum field from Fig. 2.48. 

strength for the pattern of each 
pair, the other symbols being the same as those previously introduced. 

It must now be apparent that a parallelogram array degenerates into 
a three-element array as the minor axis approaches zero (a single central 
radiator). On the other hand, as $, approaches zero, the parallelogram 
again degenerates into a four-element linear array, with one pair inside 

the other if SI SI. 
The parallelogram array is composed of only two cocentered pairs. 

Obviously more than two cocentered pairs could be employed to form still 

more extensive possibilities for radiation patterns, using the same method 
of pattern synthesis as developed for the two-pair system. A fifth 

Flu. 2.4). Polar resultant pattern redrawn 
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radiator located at the geometric center of the array and at 0 reference 
phase will provide additional pattern possibilities. 

2.18. Direct Synthesis of an Array for Any Specified Azimuthal Pattern 

It is of interest to discuss a direct method for deriving the array speci-
fications that will provide an arbitrarily prescribed azimuthal radiation 
pattern. The method will always provide an exact solution, though this 
solution is not always economically practical. It is frequently of value 
to apply this general method at first because a more practical array may 
be suggested from the final results. We shall indicate only the broad 
outlines of the mathematical procedure and refer the reader to more 
detailed sources for some of the elements of the method. 

Wolf described a method of synthesizing an array for any arbitrary 
symmetrical pattern using the principles of complex Fourier analysis.'" 
In his method, the pattern from a pair of radiators supplies a term in an 
infinite series derived from the Fourier analysis of the desired pattern 
in terms of spherical harmonics, each of the form 

S. 
MO) = cos sin — </) 

2 2 

The present method utilizes the method of Wolf in the course of its 
development. 

Any radiation pattern F(0) in the equatorial plane of a multiplicity of 
parallel identical linear radiators is periodic in 2r and can therefore be 
treated with the general methods of Fourier analysis. Any arbitrary 
pattern may be ela.ssed as even and symmetric if Fe = F( —$), as odd 
and symmetric if F(tt) = — F(-3), or as uneven (asymmetric) if in 
nonconformance with both of the foregoing. An even function can be 
obtained from a linear broadside array with symmetrical Fourier current 
distributions. An odd function can be obtained from a linear end-fire 
array with a symmetric but inverted Fourier current distribution. An 
uneven function can be obtained by the combination of the even and the 
odd functions. 

Let F(4) in Fig. 2.50 represent a prescribed azimuthal radiation pattern 
for a particular application in the domain from —r to r. This is shown 
to be an uneven function with respect to the reference azimuth (3 = O. If 
we designate the function between 0 and r as X and that between 0 and 

—r as Y, it van be demonstrated that the even and odd componente of 
this uneven function are 

X + 
F.(0) = 
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and 

— X — Y 
F.(0)  

2 

and also that F.(0) + F.(0) = F(0). The even and the odd components 
of Fe are shown dotted in Fig. 2.50. It is therefore obvious that since 
we have mea,ns for generating any desired even radiation function and 
aleo any desired odd radiation function, we can apply this method and 

F(11)•Fa )• F0(0) 

x ••••• s  

•••• - 
•-• \ 

\ 
(e) 

Fe • )-1.1'-1 2 

F0(0)• 

Fin 2.50. Resolution of an asymmetric function P(0) into ita component even 
and odd F.(g) functions. 

obtain means for exactly generating any arbitrary asymmetric radiation 
pattern. 
The application of Wolf's method is straightforward mathematically, 

though it remains for the engineer using it to decide on the minimum 
number of terms in the Fourier series that will give a satisfactory approxi-
mation to the desired result. By adding terms, which means adding 
pairs of radiators, one can approach the desired result as closely as 
economic considerations will permit. 
The Fourier array, while it always provides a theoretical solution, 

frequently does not provide a practical or economical solution for an 
asymmetric pattern problem. One must then resort to the use of ran-
dom, or nonsystematic, arrays. There are no known systematic methods 
for synthesising such arrays except trial and error, reference charts of 
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patterns for nonsystematic arrays of three" or more radiators, or using 
an analog computer such as the RCA Antennalyzer.7 

2.19. Distortion of Radiation Patterns Close to an Array 

All radiation patterns are computed for distances that are very large 
with respect to the largest dimension of the array. It is assumed that 
the rays from each radiator at the point of field measurement are virtually 
parallel. The pattern is not fully " formed" at distances less than some 

/ MAX LIMIT 

2 ----
Flo. 2.51. Examination of pattern stability by vector diagmm of fields in null region. 

ten times the largest dimension of the array or greater. The region in 
which the pattern shape is a function of distance is called the " Fresnel 
region." Beyond this it is called the " Fraunhofer region." One can 
be greatly deceived in the adjustment and proof of performance of an 
array if patterns are measured in the Fresnel region. Distance is meas-
ured from the geometric center of the array plan. 

2.20. Stability of Directive Broadcast Arrays 

In almost every modern application of a broadcast directive array the 
conditions that have to be maintained are rather critical. Once adjusted 
and performance-proved, it is essential that the system maintain ite 
adjustment and its pattern with a very high degree of stability. Work 
on the several hundred broadcast directive arrays in North America, using 
from two to six radiators (and with more extensive arrays in prospect). 
has revealed some fundamental principles that should be observed to 
obtain stability. 
The commonest causes of instability include the following: 
I. Variable resistance connections between sections of steel towers 

All sections should be bonded at all corners by welding. 
2. Loose or faulty connections in the ground system. 
3. Loose or faulty connect ions in the feeder and network system. 
4. Corrosion of connections. 
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5. Destructive corrosion of the ground wires in some acid soils. 
6. The presence of flexible conduits in the field of ground wires and 

circuits of the feeder system, which causes a parasitic variation in imped-
ance sufficient to produce considerable instability in some cases. The 
safest practice is not to use any flexible conduit for any purpose near the 
antenna circuits. 

7. Static discharges over the antenna guy insulators, sometimes sus-
tained by a power are, which may be intermittently blown out by the 
wind and rekindled by static-charge accumulations. The cure for this 
condition is not always the same, but static leaks in the form of needle 
gaps across the insulators with a large-value heavy-duty resistor in series 
have given some measure of relief. 
An experienced directive-antenna engineer does not start any work on 

system adjustment until the self-impedance of each radiator has been 
measured and until the radiator resistance remains constant within 1 
or 2 per cent when the radiator is vibrated, the ground connections are 
pulled and vibrated, and all the various conduits and wiring in the 
coupling house are touched, shaken, und grounded. If there is no wind 
to shake the tower, it can be set into vibration by pounding a guy or by 
pulling on a guy with a rope. When the radiator resistance remains 
constant under these various tests, the adjusting procedure starts. 
When the network adjustments have been made and confirmed by 

field-strength measurements, permanent connectors of rigid form are 
installed and the pattern measurements are again confirmed. All con-
nections are then brazed or soldered and all variable elements locked in 
place. The phase monitors and remote ammeters, having been previ-
ously calibrated, are also bonded and sealed to prevent false indications 
of trouble. Finally, the equipment is locked up so as to be inaccessible 
to everyone except an authorized person. Tamperproofing is an impor-
tant factor in array stability. 

Until one has had the personal experience of adjusting a critioal direc-
tive array, there is small significance to the innumerable points of tech-
nique that come into notice during measurement. 
The intrinsic electrical stability of a directive array depends upon the 

design parameters of the system. In general, the greater the degree of 
radiation suppression, the more sensitive is this null to small variations 
in the phases and amplitudes of the various radiator currents. The latter 
are in turn responsive to changes in system or individual radiator imped-
ances. As the specifications for pattern stability become more stringent, 
greater attention must be given to every detail of design and construction 
to ensure constancy of impedances under all weather conditions over long 
periods of time. The stability demands of certain modern medium-



Fin. 2.52. Aerial view of a high-power broadcasting station (Radio Station Wn when 
it was lorated at Bound Brook, New Jersey), showing the station building, the 750-foot 
radiator, and the freshly furrowed ground where the ground wires were plowed into the 
soil. (Photograph rourtrog of NoEonai Broarirruding Company.) 
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frequency directive arrays with extreme suppression over wide angles are 
indeed extreme and require great ingenuity in design and skill in 
adjustment. 
The intrinsic stability of a proposed pattern can sometimes be examined 

very simply and quickly in a way which will inform the designer of the 

FIG. 2.53. Aerial portion of a 750-foot guyed broadcast vertical radiator used by 
Radio Station WJZ. (Photograph court's!" of National Broatkcuiling Company.) 

critical parameters and the tolerances he must maintain. This is done 
graphically by plotting the vectors for a null or minimum point according 
to the equation on page 148. If, for instance, a three-element array 
requires a very deep minimum at some angle, this is the angle where the 
field-strength vectors due to the three radiators add to a zero or some 
relatively small value with respect to any of the three vectors. By draw-
ing these vectors carefully to scale, with their correct relative amplitudes 
and phases for the null direction, one may then proceed to the graphic 
study of the effect on the scalar-value resultant field of varying the ampli-
tud« and phases of the individual vectors. If the resultant field must 
be kept under a certain limit, one can determine whether or not the 
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pattern stability can be maintained within the necessary tolerances in 
practice. 
An example of this sort is given in Fig. 2.51. This shows a desired 

resultant field-strength vector R, which is the sum of vectors I, 2, and 3 
from the three radiators. A circle of radius .1/ represents the maximum 
allowable field strength under operational tolerances. Vector I must be 

Fio. 2.54. Base of a guyed broadcast vertical radiator, coupling house, protective 
fence, and the 10-inch concentric transmission line suitable for 500-kilowatt service. 
Radio Station WJZ at Bound Brook, New Jersey (location now at Lodi, New Jersey). 
¡Photograph courtesy of National Broadcasting Company.) 

allowed some variation of phase and amplitude, as indicatèd by the dotted 
angular deviations and maximum and minimum amplitude limits. The 
end of vector 1 can therefore lie in a small rectangle .4 between the 
maximum and minimum amplitude limits and the maximum and mini-
mum angular limits. Vector 2 starts somewhere within this area, at, the 
end of 1, and must, of itself, have certain possible limits of amplitude and 
phase, bringing its end somewhere in a larger rectangular area R. The 
same takes place in turn with 3, and the possible area of total variation 
due to 3 with the cumulative deviations of the other two must always fall 
within the circle M. 

Mutual impedances make it impossible for any one vector to vary inde-
pendently from normal, so that a deviation in one implies a deviation in 
the others. If more than three vectors are involved, the problem is that 
much more complicated. An exploratory examination of this sort is 
qualitative only ( unless one undertakes all the labor required to recom-
pute the entire impedance network of the system with each change of 
value), but with experience a great deal of information regarding stability 
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tolerances and the degree of refinement that may be required to maintain 

operational limits can be gained by such a qualitative study. 
Array instability is due to changes in the impedances of the system 

at the frequency for which it vas designed, the impedance changes being 
caused by spurious influences. The same kind of effect occurs when the 
impedances change, not because of spurious effects, but with a change of 

Fia. 2.55. A top-loaded sectionalized guyed vertical radiator and its base detail. 
Radio Station WMAQ, Chicago, Illinois. (Photograph ronriesy of National Broadcast-
ing Company.) 

frequency, as during modulation. The impedances are different for 
each side frequency, the difference increasing with increased side-fre-
quency separation. The impedance changes cause deviations in the 
amplitude and phase of the various radiator currents with consequent 
deviations in the pattern shape. In systems with high degrees of sup-
pression, the carrier frequency may be sufficiently suppressed, but the 
side frequencies may leak out of a null during modulation and cause some 
interference. This is another reason why the bandwidth of the system 

u a whole has to be engineered to avoid or to minimize this effect. 
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2.21. Structural Details 

The photographs (Figs. 2.51 to 2.70) are included to show certain 
structural details that have been used successfully at a number of broad-

Fin. 2.56. Base of a self-supporting broadcast radiator during construction. Notice 
tractor and plow tracks in background where gro lllll I wires have been plowed into the 

SOIL (Photograph rourtrmy of National liroadlcanting ('ompany.) 

east stations. The range of variation in design of structural details is 
naturally very great, and a few examples can suggest only a few methods 

that can be used. The figures also show some of the types of radiators 
in current use—both guyed and self-supporting —together with base and 
guy-anchor details. 

Since the advent of steel vertical radiators for broadcast applications 

the radio engineer has been spared the duties of antenna mechanical and 
structural design. This is now delegated to the tower engineers, who 
have performed very creditably. Manufacturers of towers are generally 
familiar with radio requirements and often understand the electrical 
requirements as well as the structural. 



Fla. 2.57. A self-supporting broadcaat radiator during construction. 

FIG. 2.58. Anchor for guy cable for two levels, used with a guyed broadcast vertical 

radiator. (Photograph rourien of National Broodingling Company.) 
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Fin. 2.59. 'Fwo self-supporting towers used in a two-element directive array at Radio 
Station WNIW, Port Washington, New York. (Photograph courtesy of Nalianal 
Broarica3ting ('ompany.) 



mEDWPA-FREQUENCY BROADCAST ANTENNAS 

Fm. 2.60. A broadcaat vertical radiator 

of the self-supporting type with capacity 

loading at the top. (Photograph courtesy 
of National Broadcasting Company.) 
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Fia. 2.61. Base details for a 550-foot 
broadcast vertical radiator with tower-
lighting transformer and coupling-house 
entrance connection. Radio Station 
CBK, Watrous, Saskatchewan, Canada. 

FIG. 2.62. The first step in the construc-
tion of a guyed vertical radiator for 
broadcasting—setting the hase insulator. 
This photograph was taken in Peru. 
(Photograph courtesy of E. E. Lee.) 
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Fla. 2.63. A safety-core oil- filled tower-base insulator with a tower-lighting trans-
former and safety gap amenbbled. (Photograph courtesy of A. O. Austin.) 



FIG. 2.64. Base insulator of the Austin oil-filled safety-core type with the tower-
lighting transformer located inside the base insulator, at Station CKI.W. (Photo-
graph courtesy of RCA Victor Company, Ltd., Montreal.) 

FIG. 2.65. Detail of guyed tower baise with radial ground screen, toroidal tower-
lighting transformer, and very-high-frequency feeder isolation network (in box). 
This is one radiator of a six-element array at Station KTBS. (Photograph courtesy of 
W. M. Witty, Dallas, Texas.) 
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Fin. 2.63. A safety-core oil- filled tower-base insulator with a tower-lighting trans-
former and safety gap assembled. (Photograph collate', of A. O. A usiin.) 



Fie. 2.6-1. Buie insulator of the Austin oil- filled safety-core type with the tower-
lighting transformer located inside the base insulator, at Station CKLW. (Photo-
graph courtesy of RCA Victor Company, Ltd., Montreca.) 

FIG, 2.65. Detail of guyed tower base with radial ground screen, toroidal tower-

lighting transformer, and very-high-frequency feeder isolation network ( in box). 
This is one radiator of a six-element array at Station KTBS. (Photograph courtesy of 

W. U. Waiy, Dallas, Texas.) 
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FIG. 2.66. View of Station KTBS eix-element directive array. Note pylon antenna 
for frequency modulation on top of third radiator from the left. (Photopraph courtesy 
of W. M. Witty, Dew., Veras.) 
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. • wire plow for burying ground wires. The plow blade in 
cute a thin furrow. The wire in fed into the furrow as the plow 

hand plows of similar principle are often used. 

Fia. 2.68. View inside antenna coupling house, showing part of the antenna coupling-

network elements, the antenna grounding switch, monitoring rectifier, plate-glass win-
dow insulator for antenna lead, and the base of the guyed vertical radiator. Radio 
Station WTAM, Brecksville, Ohio. (Photograph courtesy of National Broadcasting 

Compoly.1 
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Fit]. 2.69. Antenna coupling-house interior for a broadcruit station WNBC) with a 

plate-glass window insulator, Austin tower-lighting transformer, a monitoring 
rectifier, and the end of a 3 t2-inch concentric feeder. ( Photographed during station 
construction. Courtesy of iValicrnal BroadenMing Company.) 
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Fco. 2.70. View of antenna coupling network for one element of four-element array 
(night pattern) and two-element array (day pattern) for Station CKI.W (50 kilo-
watts). The coupling, phasing, and monitoring componenta, with switching from day 
to night patterns, are assembled openly and located in a cabin. (Photograph courteey 
of RCA Victor Company, Ltd., Montreal.) 
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CHAPTER 3 

High-frequency Antennas 

3.1. Review of High-frequency Antenna Development 

In the earliest days of radio communication, the frequencies below about 
200 kilocycles were employed for high-power transmission. For marine 
communication, frequencies as high as about 1,000 kilocycles were used. 
It the time broadcasting was becoming established on the medium 
frequencies, about the middle of the 1920's, high-frequency transmission 
for long-distance services made its appearance. 
The fundamentals of directive antennas were developed prior to the 

high-frequency era. They provided a basis for the arrays that were 
required for the new services. The general theory of radiation from 
elements and arrays was well established among physicists and was also 

available for engineering use when the need arose, even though now, many 
years later, some of the fine points of radiation from antennas are still 
open for study and experiment. 
The use of high frequencies began at about the time of a sunspot maxi-

mum and was ushered in by some phenomenal results with low power. 
Tina provided a strong incentive to make extensive use of the high fre-
quencies. However, by the time a large-scale conversion had been 
made, the low part of the sunspot cycle had been reached and there was 
some disappointment in the results achieved during this period in the late 
1920's and early 1930's. The reason was lack of knowledge of the 
ionosphere. The relation of radio transmission to sunspot activity was 
established about 1926, but even in this field of study it was not until 
1948 that the discordance between total sunspot numbers and ionosphere 
conditions was explained. 
The importance of ionospheric study was recognized at a very early 

date in high-frequency history, and many experimenters in the field of 
pure science and in communication engineering devoted their efforts to 
this intricate problem. Measurements were made of layer heights and 
critical frequencies, and the effects of skip distances were observed. 
Multipath transmission began to be understood. There is a great deal 

195 
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of literature on this subject which emphasizes the magnitude of the 
puzzle that had to be solved. This field of research is necessarily endless 
and must be continued into the future without interruption. Great 
impetus was given this work during World War II, when the strategic 
value of ionospheric information for operational purposes led to the 
establishment of ionospheric sounding stations in many parts of the world. 
The accumulation and correlation of these data provided the kind of 
information that permitted the most effective use of frequencies on a 
day-to-day engineering basis. It is now possible to predict some months 
in advance the conditions of the ionosphere throughout the world with 
considerable exactness. After the war, this service was made available 
to everyone under the Central Radio Propagation Laboratory of the 
National Bureau of Standards. Almost all the major countries of the 
world cooperate in providing data for this service. 
The vagaries of the ionosphere posed some serious problems for the 

antenna engineer, which could not be alleviated by his backlog of theo-
' retical antenna information. It took several years to decide, from long 
experience, whether to use vertical or horizontal polarization. The 
earliest high-frequency beam antennas used vertical polarization, but 
subsequent evolution has caused the almost universal use of horizontal 
polarization. There may be a reversion to vertical polarization in the 
future for certain applications. 
Long studies were made of the best vertical beam angles and whether 

to use broad or sharp vertical beams. In point-to-point services it was 
at. first believed that very sharp horizontal beams could be used advan-
tageously with consequent gain, but rather wide deviations were observed 
in the azimuths of arrival of signals, which limit the beam sharpness that 
can be used at the receiving point. 

Finally, quantitative study of the multipath problem was possible for 
the first time with the availability of modern ionospheric information, and 
this led to the important discovery of a method for reducing multipath 
distortion by using complementary 'antennas at. both ends of a circuit, the 
right frequency at the right time to obtain selective angular penetration, 
and the need to change the antenna characteristics as ionosphere condi-
tions change by seasons and by years. Engineering practice has not yet 
made extensive use of these latest principles. 

It is Vint nally impossible to measure the complete performance of a 
beam antenna system. In the past, it was customary to obtain statistical 
performance by measuring the fields at some distant point. This required 
the interpretation of performance of a transmitting antenna, for instance, 
to he matle through a veil of uncertainty introduced by the propagation 
medium and by the receiving antenna. The difficulty can be compre-
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hended if we consider what is involved in the attempt to measure a few 
decibels difference in gain through a medium varying at random, even 
over abort intervals of time, from 20 to 80 decibels. With better prop-
agation data now available, the desired radiation patterns can be selected 
and the required array designed. If there are any direct measurements 
wanted, a scale model is made and measured using the ultrahigh-frequency 
techniques and instruments. 
The development of antennas proceeded along two main lines—those 

using standing waves and those using traveling waves. The various 
dipole and harmonic-wire arrays are of the standing-wave type, while the 
Beverage, fishbone, and rhombic antennas exemplify the traveling-wave 
type. Evolution of antenna design has included both these types for 
vertical and horizontal polarizations. 
Among antennas of the standing-wave type there were developed 

broadside and end-fire arrays. The former is the type where the beam 
is normal to the plane of the radiators, and the latter is the type where 
the beam is in the plane of the radiators. Evolution seems to have 
eliminated end-fire arrays from high-frequency practice. The nearest 
approach to the end-fire condition is the use of long-wire radiators with 
both standing and traveling waves. Such systems have their main 
radiation lobe at a small angle to the wire when their length is several 
wavelengths. 
Many of the early beam antenna designers went to great extremes to 

achieve very high directivities and gains. The passage of time brought 
the economic factors into prominence, and there followed an era of sim-
plification in design, with gradual compromise of technical perfection in 
the interests of lower capital costs. This was fully justified in one respect, 
because designs had actually been pushed far into the region of diminish-
ing returns. 
The growth of high-frequency broadcasting induced certain new studies 

of the transmission problem because there were basic differences from 
fixed point-to-point working. One of the principal differences was a 
complete lack of control over the design and location of the myriad indi-
vidual receiving stations. Listening hours were fixed not by technical 
conditions but by personal habit. The coverage of a substantial geo-
graphical region also differed from delivery of the best signal at some 
fixed point. Most receivers were naturally located in places of high 
noise level. The only engineering possible from a system standpoint 
had to be done at the transmitting end. Broadcasting antenna design 
made considerable use of radiotelegraph experience but went on from 
there to satisfy its own requirements as well as it could. 

In broadcasting there is still a need to increase power; and when very 
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high power comes into use, there will be some new antenna-design prob-
lems. Furthermore, the economics of broadcasting are completely 
different from those in the fixed services, and the amount of capital one 
is justified in investing in antennas is not wholly determined by technical 
considerations. 
The 1947 Atlantic City Conference of the International Telecommunica-

tions Union brought about two points that may have a profound influence 
on future antenna design. The first was the limitation in the number 
of frequencies assigned to fixed services (actually a considerable reduction 
from previous assignments), which means that more and more traffic 
must be handled with fewer channels. This will require the utmost 
utilization of the propagation medium by multiplexing in various ways. 
which in turn requires a better solution of the multipath problem that 
limits working speeds. 
The second point is the adoption of a plan for world-wide sharing of 

frequencies on an engineered basis as a means of more intensive utilization 
uf the available frequencies. This brings a need tu dean up some of the 
antenna patterns by elimination of large parasitic side lobes and back-
ward radiations that now cause interference without having any beneficial 
value. The presently known way to achieve this cleanup of radiation 
patterns is to adopt some of the principles that have been applied to 
ultrahigh-frequency antennas, such as neutral-screen reflectors to sup-
press backward radiation and graded current distributions to reduce side 
lobes. This will require more extensive and costly systems of the dipole 
type if these particular principles are followed. Any further influence 
on antenna design will include the newer facts of high-frequency propaga-
tion as they appear, which in turn may result eventually in low-power 
une-hop relaying on routes that have land masses at the desired relaying 
points. It is already known that in such a way very high telegraphic 
speeds can be maintained over long distances with great economy of 
power, but at the expense of using more frequencies. Relaying via the 
tropical latitudes will benefit from greater ionosphere stability due to 
large auroral-zone clearance and much higher usable frequencies, with 
lower attenuation. Refined antenna engineering will play an important 
role in the eventual achievement of better utilization of the high-fre-
luency spectrum. 

A review of high-frequency antenna engineering in the light of pres-
ent-day developments in very-high- and ultrahigh-frequency antenna 
engineering makes it evident that the former is in a very elementary 
state. The difference in the wavelengths naturally exclude.: certain 
very-high-frequency techniques from being applied to the high fre-
quencies. Nevertheless there are many techniques that can be applied 
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in the future as the pressure of circumstances justifies greater invest-
ments in new antennas for the fixed services. 
Another conclusion from such a review pertains to the significance of 

antenna gain. Gain was for many years a primary objective in antenna 
designing, on the supposition that this augmented the effective trans-
mitted power and gave the maximum received signal energy, both with 
consequently improved signal-to-noise ratios. This concept is valid only 
with an absolutely stable propagation medium. It is now recognized 
that the matching of the transmitting and receiving antenna patterns 
to the conditions of the very unstable propagation medium is the domi-
nant engineering objective, and antenna gain is actually an incidental 
consideration. 

3.2. High-f requency Propagation 

The antenna engineer must have a comprehensive understanding of 
wave propagation to adapt his antennas to the most favorable conditions 
of radiation. High-frequency propagation is a very complex field of 
study, and new facts of basic importance are appearing from time to 
time. It. is a statistical subject. The extent of this treatment must of 
necessity be limited to the barest essentials for the guidance of the 
antenna designer. 
The ionosphere is composed of layers of free electrons of heights and 

thicknesses that vary over wide limits. During the hours of darkness 
when the upper atmosphere is not in sunlight, there is a relatively per-
manent layer known as the " F layer." During daylight hours, starting 
as soon as sunlight bombards the upper atmosphere, this layer usually 
breaks into two strata, known as " F2" and " F2," the latter being the 
higher in altitude. At sunrise there is formed a lower layer of ionization 
called the " E layer," which is quite stable and constant. At sunset it 
disappears. There are transient regions of ionization called " E sporadic" 
(E,) which may exist during the day and night hours more or less at 
random. 
The virtual heights of the ionosphere layers vary with latitude, with 

the hours of the day and the seasons, and with sunspot activity. Over 
the earth on any particular day the variations of height are of the order 
of 2 to I. Monthly average heights at any one location usually follow a 
fairly constant pattern. In older texts typical heights were assigned to 
these layers, but such rough information can be misleading. For specific 
information the reader should consult refs. 1 and 2 at the end of this 
section. 

In terms of the earth's radius (6,378.4 kilometers) the various ionosphere 
layers form a thin shell around the earth. The height of the F layer 
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averages around 5 per cent of the earth's radius but in some instances 
reaches nearly 10 per cent. The E-layer height is generally of the order 
of 1.8 per cent. 
When the electromagnetic wave enters one of these ionized regions, it 

will do one of three things, depending on the frequency of the wave. If 
the frequency is above a certain critical value, the wave will pass through 
the ionized region and out into space. If the frequency is equal to or less 
than the critical frequency, the wave will be bent or reflected back toward 
earth. If the frequency is much less than the critical frequency, much of 
the energy will be absorbed in the ionized layer. Thus the critical fre-

quency is the maximum usable frequency ( 1%111F) that will be reflected by 
the ionized layer back to the earth at a given point. 

Since the maximum usable frequency is rather critical, stable operation 
in practice requires the use of a frequency near to maximum usable fre-
quency but somewhat below it. Experience has established the optimum 
working frequency (OWF) at about 85 per cent of maximum usable 
frequency. 

3.2.1. Propagation by Reflection. High-frequency propagation takes 
place between the surface of the earth and the one or more shells of ionized 

atmosphere that exhibit sufficient conductivity to reflect the waves back 
to earth. One reflection from the ionosphere is called one " hop," and the 
number of hops made by a wave before arriving at the desired receiving 

point is the number of successive reflections from the ionosphere. We 
shall use the word " ionosphere" in its most general sense, sometimes 
involving three or more distinct layers at different heights, each with its 
own relative reflectivity as determined by its state of ionization. 

Transmission over long distances takes place by successive reflections 
from the ionosphere to earth and back into upper space. There is some 
attenuation to a wave traversing the lower atmosphere during the day-

time, when solar bombardment induces a condition of ionization of the 
molecules of the air. This solar ionization causes reduction in field 
strength. During prolonged darkness, after equilibrium of the atmos-

phere has been reestablished, the neutral atmosphere acts very much as 

free space from an absorption standpoint. 
There is always some loss of wave energy at reflection from any 

boundary between mediums which are imperfect conductors, or dielectrics. 
The amount of loss is a function of the angle of incidence of the wave, 
the frequency of the wave, and the directions of the electric and magnetic 
vectors with respect to the plane of the boundary. The ionosphere is 
therefore an imperfect reflector, and there is a loss of energy at reflect ion 
which depends upon the state of ionization where the reflection occurs. 

The earth's surface is also an imperfect reflector for downcoming waves. 
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When the point of earth reflection is on a large body of water, such as the 
ocean, the reflection loss is small. When reflection occurs at a point where 
the terrain is very rugged, such as a region of mountains, the loss by poor 
reflectivity and wave scattering can be very large. 

In high-frequency communication engineering, consideration is given 
to the condition of the ionosphere and the characteristics of the earth at all 
points along the wave path. The total attenuation over a path is the 
sum of attenuations due to solar absorption in the atmosphere, all of the 
tomes due to ionosphere reflections, and all of the looses due to earth 
reflections, together with the inverse-distance attenuation due to normal 
expansion of the wavefront with distance. It is evident that a space cir-
cuit having the fewest losses at reflections and the lowest solar absorption 
will yield the highest field strength at the receiving point. 

In multihop circuits it will be recognized that successive ionosphere 
reflection points are a considerable distance apart. Therefore it is 
unlikely that the ionosphere will have the same characteristics at any 
two such points. If one point happens to be in a daylight region and 
another in a night region, the conditions for reflection of the same fre-
quency can be vastly different. The optimum working frequency for one 
reflection point may completely penetrate at another. The maximum 
frequency that can be used for the circuit is therefore the one that will be 
low enough to reflect from the point having the lowest maximum usable 
frequency at that instant along the entire circuit. 
Thus a multihop optimum working frequency may be a frequency that 

gives high losses at some reflection points; but if reflection can occur, the 
signal will be transmitted to the destination, however much reduced in 
intensity. Under such a condition, relatively high power may be needed 
for acceptable communication. 
The maximum usable frequency for any given path involving iono-

spheric reflections varies continuously. However certain days are con-
sidered typical within certain seasons, and operating frequencies are based 
on them. It is naturally impractical to have a continuous change of 
operating frequency on a circuit that follows exactly the variations of the 
maximum usable frequency, and so some compromise frequency is used 
for certain hours during which the maximum-usable-frequency changes are 
within certain limite. Then at the times when the maximum usable fre-
quency changes greatly, some new compromise frequency is chosen for a 
certain other number of hours. 

3.2.2. Ionosphere Data. Figure 3.1 is an example of how measured 
ionosphere data are presented. The curves on the left show the critical 
frequencies for the various layers compared with predictions made 
5 months in advance. At the upper right are shown the measured 
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virtual heights. At the lower right is a chart showing the percentages of 

total time that the critical frequency for E sporadic regions exceeded 
3, 5, and 7 megacycles during this particular month of observations. 
These figures are median values compiled for a month of observations. 
They should be regarded not as typical but merely as isolated examples 

because of the variability of conditions. This particular example was 
chosen because it shows clearly defined E, FL, and F2 layers during the 
daylight, a condition that does not always exist. The figure was repro-
duced from the CRPL-F publication mentioned in ref. 2 on page 217. 

Figures 3.2 and 3.3 are sample charts showing critical frequencies for 
vertical incidence (F2 zero) and for a 4,000-kilometer hop (F2 4,000) for 
the F layer in the western geomagnetic zone (which includes all of South 
America and almost all of North America) as they were predicted for 

January, 1941. Figures 3.4 and 3.5 are samples of the same sort for E 
and E sporadic layers for the same zone and the same month. These are 
reproduced from the CRPL-D26 publication of October, 1946, and are the 

type of data now available for computing the frequencies for high-fre-
quency transmission, using the methods described in ref. 4, page 217. 
The maximum usable frequency over a given path also varies with sun-

spot activity. There is no simple relationship for this effect, because 
in addition to the dominant 11-year sunspot cycle, there are others--
including a prominent one of approximately 83 years. When these two 

major cycles coincide at their maximums ( 1947) or at their minimums 
(1900), there exist the greatest extremes in sunspot numbers, with cor-
responding effect on the maximum usable frequency for any path. 

During the 11-year cycle ending with its maximum in 1943 the maximum-
usable-frequency range over the 11 years was 2 to 1, with greatest 

maximum usable frequency coinciding with maximum sunspot activity. 
3.2.3. Choosing a Working Frequency. The choice of working fre-

quency is a compromise between efficient propagation, the necessary total 
portion of time that service must be maintained, and the technical com-
plexities of operation involved. It requires skillful operation and 
coordination at transmitter and receiver to make frequent frequency 
changes without excessive lost time, but if this can be done and frequencies 
can be allocated for the purpose the very best propagation would he 
realizable. 
Figure 3.6 is a sample diurnal frequency characteristic, more or less 

typical of tropical-belt conditions at a time near a sunspot maximum. It 

exemplifies clearly some basic ionosphere properties. Just before sunrise, 
the long period of darkness has permitted a gradual reduction in ion 
density by recombination of the molecules of the atmosphere in the iono-

spheric regions of the F layer. Therefore the maximum usable frequency 
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24 

falls gradually to a minimum. When the upper atmosphere is again sub-
jected to sunlight bombardment, before sunrise is evident on the ground. 
ionization commences and maximum usable frequency shows a sharp rise 
The rate of rise is very rapid, and this phenomenon on the maximum-
usable-frequency and optimum-working-frequency curves is called the 
"sunrise wall." Ionization intensity (and accordingly the maximum 
usable frequency) rises to a maximum shortly after local noon at the place 
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of wave reflection, following which it diminishes steadily into the presun-
nse period. 
Every geophysical propagation path will have its own diurnal char-

acteristics, and this changes month by month and year by year throughout 
the sunspot cycle. There will be some daily variations that are now pre-
dictable about 6 days in advance from direct sunspot observations, as 
these spots move into a certain part of the solar disk. These transient 
disturbances cause deviations from the typical diurnal frequency char-
acteristic for any given path. 
The propagation studies that must precede a choice of working fre-

quencies can be made following the data and instructions issued by the 
Central Radio Propagation Laboratory (see refs. 1, 3, and 4, page 217). 
ince this is essential material for all modern high-frequency transmission, 

the reader should refer to the complete details and instructions in the 
application of the Central Radio Propagation Laboratory ionospheric 
data. 
Another series of Central Radio Propagation Laboratory data (ref. 2, 

page 217) includes details of the various ionosphere heights. From these 
data the necessary information is available for determining the best 
angles of radiation in the vertical plane, depending upon the particular 
layer that is controlling as to frequency at any particular interval of time. 
These data are of special interest to the antenna engineer because the 
design of the antenna radiation patterns for best utilization of the medium 
proceeds from them. More extensive application of the frequency-height 
data permits the computation of multipath delays and angles of arrival 

of various wave groups from the different layers which are of importance 
in receiving antenna design. 
The orientation of a wave path in the earth's magnetic field is another 

-ource of signal variability. Certain types of sunspots cause magnetic 
storms on the earth, and the effect on the ionosphere is greatest toward 
the magnetic poles, where the earth's magnetic field strength is greatest. 

It was found by Hallborg (ref. 9, page 217) that greatest disturbance to 

high-frequency transmission occurs when reflections take place from the 
ionosphere within or near the earth's auroral zones. Later researchers 
have established the boundaries of these zones more precisely, as shown in 
Fig. 3.7. It is therefore a rule of high-frequency propagation engineering 

to avoid all transmission through, or reflection within, these zones when-
ever possible. Where a transmission path must pass close to or into the 
auroral zone, much higher power is necessary to maintain any given 

circuit reliability. 
The angular clearance of a wave path with respect to the boundaries 

of the auroral zone is called the " auroral-zone clearance" (AZC). 
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The principles of rnultipath circuits are largely geometric, but the 
extent of layer penetrations at different angles of incidence and at dif-
ferent frequencies must be obtained from the characteristics of the 
ionosphere. Figure 3.8 is a simplified representation, on a flat-earth 

basis, of a circuit that can be worked with one hop, but there may be 
other higher-order hops present if there is a broad vertical lobe of radiant 

energy from the transmitting antenna. The angle of arrival for the one 

hop will be the lowest and will vary as the actual effective height of the 
controlling layer varies through the usual range. The E layer, when it 

exists, during the daylight hours, is at a relatively constant height and is 

C 

A 

Fi,;. 3.8. Flat-earth representation of a radio circuit from T to R by several possible 

wave paths. 

shown as a single line. The F, and F2 layers are subject to considerable 
variation in height from time to time, and arbitrary upper and lower 

limits are shown by the two lines for each. 
At a frequency that would penetrate E and F1 with also some degree 

of reflection, there can arrive at the receiver three one-hop signals, one 
from each layer. The waves from the higher layers, having traversed the 
greater distance, will arrive at the receiver with increasing delays. Then 

consider two hope from each layer as shown, giving rise to three more 
wave groups with other time delays, the longest, being that via F1. Other 

higher-order hops might also exist. 
One may eliminate E-layer reflections completely by choosing a fre-

quency high enough to penetrate the E layer. If the frequency is close 
to the maximum usable frequency and F2 is controlling, then F, reflec-
tions might be absent or very small. In such a case, there may be one-
hop and two-hop F2 waves, with their time differences of arrival. But if 

it happened that the large angle of incidence at F2(13) and F2(C), B and 
C being the reflection points on the F2 layer, caused the waves at these 

points to penetrate without reflection also, only the one-hop F2 signals 
would arrive. Under such conditions, only one wave would arrive com-

pletely free of multipath interference. At the other extreme, the operat-
ing frequency could be chosen so low that it would not penetrate the E 
layer at all, thus eliminating all Fl and F2 reflections. However, there 



212 RADIO ANTENNA ENGINEERING 

may remain multipath E-layer signals unless the antenna radiation 
patterns at transmitting and receiving locations provide very low response 
at, the higher angles at which multipath E-layer signals would be 
propagated. 
The same situation exists when the example is changed into the spheri-

cal terrestrial geometry. The known methods of attack on the multipath 
problem involve these three factors: ( 1) the use of a frequency that %% ill 
cause reflection from one layer only, as nearly as possible; (2) the use of a 
frequency near to the critical one for reflection at the point of lowest 
angle of incidence so that complete penetration occurs at other points in 
the same layer where the angle of incidence is higher; (3) the use of 
antenna directivities at both ends of the circuit that will focus the enerKv 
at the angle of one dominant wave group and discriminate against other 
multipath signals by relatively low response to all other angles. 

High-frequency signals do not always follow a great-circle path. Some 
long circuits that have their terminals in northern and southern hemi-
spheres, or in daylight and darkness, show large deviations from great 
circle in the angle of arrival of waves. The physics of this phenomenon 
are insufficiently understood at present, but it is evident that a wave 
will tend to follow a path of lowest propagational impedance when passing 
from one region to another of different propagational characteristics 
The phenomenon is believed to be due in part to tilting of the ionized 
layers. 

Angular deviations in azimuth and in the vertical plane can cause 
excessive signal variations at the receiver input if the antenna response, 
at both ends of the circuit change rapidly with the angle. The ideal 
antenna pattern is one that has uniform response over an angular sector 
in both horizontal and vertical planes and zero response at all other 
angles. Characteristics of this sort are not practically realized with 
present-day high-frequency antenna-design techniques and with present-
day economics. 

3.2.4. Signaling Speed. The maximum signaling speed, say in teleg-
raphy, is determined by the maximum delay resulting from multi-path 
signals of appreciable relative intensity. If the signaling speed is such 
that a prominent delayed wave in the multipath group surpasses 20 per 
cent of the shortest pulse in the signal, there results mutilation because of 
elongation of the pulse. It is then necessary to reduce signaling speed to 
maintain accuracy. 
On one-hop circuits it might be relatively easy to apply any one or all 

three of the forementioned principles for reducing multipath and thus 
maintaining a very high signaling speed; but on a multihop circuit, with 
different ionosphere characteristics at each point of reflection and the 
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need to use a frequency that is limiting at one of these, the best frequencies 
would be severely compromised from the standpoint of selective layer 
and angular penetration. Also, there may be multipath signals with 
considerable delays coming in at overlapping angles so that there could 
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not be angular discrimination by the antennas. As a consequence, such 
circuits have limited signaling speeds, and the amount of traffic that can 
be passed over them in a given time is reduced. 

Figure 3.9 shows calculated keying speeds versus distance for one 
particular path, using one particular pair of transmitting and receiving 
antennas. 
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The advent of teleprinters in radiotelegraph service brought with it 
the need for vastly improved standards for telegraph signal distortion 
because a relatively pure signal must be delivered to a printer to ensure 
correct response to a code character. A circuit may be performing very 
well for a certain period on four-channel time-division multiplexed tele-
printers; then a sunspot may enter the critical zone of the sun, and the 
circuit will be disturbed so that the signaling speed may have to be 
reduced to that of a single printer channel. The tape boards at the 
central office begin to fill up with delayed traffic, and one who is familiar 
with the propagation details comes to see sunspots in the form of per-
forated paper tape containing messages that are waiting for transmittal. 

3.2.5. Other Factors Affecting High-frequency Circuits. If the 
ground conductivity is high, some useful distances for communication 
can be obtained by high-frequency ground-wave propagation. From 
ground propagation curves it is evident that as the frequency becomes 
higher, the ground-wave attenuation increases very rapidly. Over sea 
water, the best conductivity that is available in nature, substantial 
distances can be covered with frequencies of 5 megacycles or sometimes 
more. This fact has often been utilized for interisland communication 
and for short-distance shore-to-ship communication, particularly in 
harbors and estuaries. In such applications, vertical polarization gives 
best results, and the station sites should be near the shore to avoid exces-
sive attenuation over land. 

In airways and aircraft communication using the high frequenciea, it 
is essential to use horizontal polarization and transmission via the iono-
sphere even for short-distance working. Ground-wave coverage over 
land is so limited that an aircraft is quickly outside the communication 
distance. Also, regardless of polarization, the signal strength on the 
horizon at the high frequencies and typical ground conductivities is 
vanishingly small by the direct wave. Experience has long proved that 
best communication with aircraft is via the ionosphere as soon as the 
craft passes out, of the range of the direct space wave. To obtain 
ionosphere reflections at nearly vertical incidence the frequency used 
must be below the vertical-incidence maximum usable frequency for the 
location of the transmitting station. 
As a consequence of the randomness of ionospheric waves in azimuth 

and vertical angles of arrival, as well as the large variations in intensity 
and the changes in polarization in transit, accurate direction finding at 
high frequencies has been difficult. Most successful high-frequency 
direction finding has been with Adcock receiving antennas responsive 
only to the vertically polarized component of the arriving signal. An 
extensive metallic ground system around the antennas eliminates wave 
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tilt in the vicinity so that the electric-flux lines of the wavefronts are 
vertical. The vertical elements of the Adcock array respond to this 
electric field with a minimum of response to other components of the 
wave, as the polarization changes from moment to moment. A carefully 
calibrated system of this type can accurately indicate the direction of 
arrival of a wave (in azimuth), though this direction may not always be 
the true bearing of the transmitting station. 

The antenna designer must recognize that high-frequency propagation 
is more complicated than can be predicted from the best available 
information. Fortunately, the accumulated information permits the 
prediction of single-hop circuits with sufficient accuracy for engineering 
use. It requires the most expert use of the available data to predeter-
mine the variations of vertical propagation angles on multihop circuits 
through seasonal and sunspot cycles. There is very little information 
to guide the antenna engineer in the range of variation of azimuthal 
angles on long circuits, though it is known from observations with modern 
direction finders that the signals may arrive from angles considerably 
off the great-circle bearing from the transmitting station (see ref. 12, page 
218). Antenna systems should be designed to utilize the optimum ver-
tical angles and suppress others that contribute to multipath delay and 
distortion. On the other hand, excessive horizontal directivity is often 
detrimental to circuit performance when the horizontal angle of arrival 
swings as far as the first null in the receiving-antenna pattern. For this 
moon, the requisite vertical directivity may have to be associated with a 
rather broad horizontal pattern. 

In using space diversity reception, the pattern for one receiving antenna 
can be turned slightly with respect to the other, giving the effect of 
broader horizontal pattern for both. Still more horizontal equalization 
of this kind can be employed in a third antenna when three-set diversity 
is employed. 

It is essential in the design of communication circuits to direct the 
beams of the transmitting and receiving antennas at the angle that is 
most favorable for the particular circuit and operating frequency. lu 
many, if not most, cases the best angle will be the same, within reasonable 
limits, at both ends of the circuit. On one-hop circuits this seems to be 
true always, and any departure from this principle seems to increase with 
the number of hops. To make the heat use of this effect, it is desirable 
to employ complementary antennas for transmitting and receiving--
antennas having the same vertical-plane patterns. Figure 3.10A, B, 
and C gives three examples of uncomplementary antennas; Fig. 3.10D 
and E two which are complementary. Example B will be recognized 
as one typical of the high-frequency-broadcasting situation; C is an 
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example of a case often found where a receiving antenna is too low to 
receive medium-angle signals and gives relatively poor resulta; and in 
A the receiving antenna is too high and presents low response to the 
angle of signal arrival. The same result would be obtained if the trans-
mitting and receiving antenna patterns were interchanged. The best 
operational resulta can be expected from D and E, assuming that the 
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angles of maximum transmission and reception are properly chosen 
propagat ionwise. 

In this discussion we have presented high-frequency wave trajectories 
on a straight geometric-ray basis, for any number of hops. Owing to 
ionosphere turbulence, wave trapping, refractions and reflections, and 
scattering in space and at reflection points on the earth, the actual 
trajectory of a wave is extremely complex and changes from moment to 
moment. However, there is a sufficient. amount of successful engineering 
experience now to justify the ray theory for engineering applications. 
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From extensive measurements that have been made of multipath delays 
and angles of signal arrival it is indicated that the geometric-ray theory 
is perhaps a statistical average condition. 

It is the utilisation of this principle that has led to the use of the prin-
ciple of complementary antennas for transmitting and receiving. When 
complementary antennas are used for a communication circuit, the 
composite radiation pattern for the circuit is the square of the pattern 
for one of the antennas and the angle of this composite pattern is chosen 
for the lowest practical order of hop for the distance, using the geometric-
ray theory and the known ionosphere heights. When noncomplementary 
antennas are used, the angle of transmission is chosen to be that of maxi-
mum response for the composite pattern for the path obtained by multi-
plying the transmitting-antenna pattern by the receiving-antenna pat-
tern. This is essential in services, such as broadcasting, where there 
is no control over the characteristics of the receiving antenna. 
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3.3. Factors Affecting Signal Intelligilibility 

Signal intelilgibility means the reception of communication signals 
in a form sufficiently unmutilated to provide complete reproduction, at 
the receiver, of the original intelligence. The amount of mutilation that 
can be tolerated depends upon the type of emission employed. For 
example, manual telegraphy can tolerate signal distortion and noise and 
spurious-signal interference to a greater extent than can automatic tele-
printer operation. The amount of mutilation and interference that will 
provide solid communication is largely dependent upon the ability of each 
operator. The same is true of telephone working, where experienced 
operators can understand signals that would appear quite garbled to a 
casual listener. 

Different standards of engineering are required for different classes of 
services. A teleprinter system must be designed to higher standards of 
performance than a manual telegraph circuit, and high-speed facsimile 
or multiplexed teleprinter circuits in turn require superior over-all per-
formance to a single-channel printer circuit.. A radiotelephone system 
intended for public correspondence requires better system performance 
than does a telephone circuit used only by professional operators as in 
air-line communication. 

In this discussion there are so many factors involved that any remarks 
must of necessity be quite general. Many of the main factors that 
control signal intelligibility vary over wide limits for intervals that may 
be from a fraction of a second to a season or a year. However, these 
considerations form an important background for the design of antennas. 
At the high frequencies, propagation is extremely complex. On any 

given space circuit, there is always a best working frequency, a best set 
of transmitting- and receiving-antenna characteristics, and a certain 
minimum transmitting power that will give the desired signal intelligi-
bility in the presence of propagation variations and other signal and noise 
interference. One cannot engineer a circuit for such optimum per-
formance because the optimum requirements may be different the 
following hour and for a high percentage of total working time. One 
cannot change working frequency, operating power, and antenna charac-
teristics from minute to minute to follow these variations, even if one 
knows exactly what to anticipate. Accordingly, a circuit is engineered 
for compromise conditions. The choice of compromise is the essence of 
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high-frequency communication engineering, and even experienced engi-
neers will not evaluate circumstances equally and select the same com-
promises. In fact, much of the existing discordance of opinions on system 
details rests on the fact that there hardly is one optimum compromise, but 
rather a compromise of compromises. 

3.3.1. Antenna Patterns. There are two main divisions of the signal 
variability to be considered—that due to the signal in space, and that 
contributed by the characteristics of the transmitting and receiving 
antennas. Customarily, both are considered as one. Actually, the 
antennae themselves may introduce a great deal of signal variation that 
may not be due to the space circuit at all. Consider, for example, a wave 
of constant field strength that is changing its azimuthal angle of arrival 
only by several degrees. If the receiving-antenna pattern is too sharp 
to have uniform response over the angle of azimuthal deviation, the 
receiving antenna introduces signal variation. If the receiving antenna 
has a deep null in its pattern 15 degrees off great-circle azimuth and the 
arriving wave swings as much as 15 degrees, the receiving antenna regis-
ters a deep fade which may not have been present in the arriving wave. 

If azimuthal variation is a factor on a given circuit, it can be seen that 
the ideal receiving-antenna azimuthal pattern is one which is uniform 
over the range of angles of signal arrival and has zero response at all 
other angles. While it, is theoretically possible to accomplish this, it is 
structurally and economically impractical to do so in present-day opera-
tions. In this case it may be the choice of the designing engineer to use a 
broader pattern, with lower gain and more wide-angle signal and noise 
pickup, to reduce signal variation caused by hie receiving antenna. 
Another design engineer may find that the opposite choice best fits the 
circumstances, although usually the beat solution is that which ensures 
the strongest and most constant signal. 
The same effect occurs in the vertical plane. There may be several 

wave groups arriving simultaneously at different vertical angles, although 
one group will dominate the others in intensity from moment to moment. 
This gives, in effect, something like a single wave that is constantly 
changing its vertical angle of arrival. If now the field strength arriving 
is constant, but changing in angle, the vertical polar pattern of the 
receiving antenna, if nonuniform in response over the range of arrival 
angles, introduces signal variations as the signal comes in on different 
portions of its pattern. If the range passes a null in the pattern, it would 
look at the receiver as though the signal had faded to a very low value. 
These effects due to the antenna response pattern occur in many cases, 

and the signal itself also varies typically over a considerable range of 
values. When the horizontal and vertical angles of arrival correspond 
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to directions of minimum antenna response simultaneously with a mini-
mum arriving signal strength, the signal at the receiver may go far under 
noise level and produce an interval of unintelligibility. Because of ail 
these causes, the signal at the receiver goes through a wide range of 
values, sometimes exceeding 80 and 100 decibels, from second to 
second. 

There is another very important aspect of the pattern of the receiving 
antenna. The fact that more than one wave group often arrives in the 
vertical plane and that the delay of the signal along each of the paths 
identified by its different arrival angle is different causes signal distortion 
even when signals may be strong. The delay is characteristically greater 
as the arrival angle becomes higher, since each wave traverses a longer 
path. Wave interference between the different wave groups at the 
receiving antenna introduces fading and elongation of signals due to the 
delays. If it were possible to select for reception only one of these wave 
groups and reject all the others, its field strength might be less variable 
and the delay differences would be eliminated. As a consequence, the 
signal intelligibility would be improved. 
On some space circuits, there is sufficient angle between the multipath 

wave arrivals so that the vertical pattern of the receiving antenna can 
select one, by suitable angular response, and reduce or suppress the 
others. The shorter the circuit, the more likely is it that substantial 
angular difference in wave arrival will exist, including the effect of angular 
changes due to changes of layer height, to permit the selective reception 
of one dominant wave group by using the appropriate receiving-antenna 
pattern. However, on longer circuits, two or three orders of hops may 
arrive at so nearly the same angle that angular selection is impractical. 
In such a case there is no possibility of improving the intelligibility of 
the signal by this method, and lower signaling speeds and greater per-
centage of lost circuit time have to be accepted. If multipath delays 
cannot be eliminated, there is very little advantage to increasing trans-
mitter power to improve signal intelligibility. 

In the same respeet as explained for receiving, the transmitting-antenna 
radiation pattern has a bearing on the situation. If one could radiate 
all the power at the one optimum vertical angle that gives the best trans-
mission path, there would be relatively little radiated at the angles that 
give rise to multipath transmission. As stated previously, the angle of 
departure for a given wave path is roughly the same as that of its arrival 
a large portion of the time. Then if one is trying to eliminate a certain 
wave group at the receiver to improve signal intelligibility, it will usually 
help to transmit less power at the undesired angle. When the trans-
mitting and receiving antennas are complementary, with maximum 
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responses at the most favorable wave angles and relatively low responses 
at all the other angles, it is possible to improve operating margins by 
using greater transmitter power and increased operating speeds in tele-
graph services. In telephony, the improved intelligibility gives greater 
speed in completing calls satisfactorily and permita more calls to be 
placed. 

It must be evident that antenna gain, of itself, is a secondary con-
sideration in antenna design. The primary objective in design is to 
produce the most favorable radiation pattern in both vertical and horizon-
tal planes from the standpoint of minimizing multipath propagation. 
Excessive directivity may be as detrimental as inadequate directivity. 
Using random patterns or patterns not expressly designed for the desired 
path can give results that are definitely bad. In these days of good 
ionospheric data, there is no longer an excuse to employ the hit-and-miss 
practices of the past. Years ago, one used high antenna gains to give 
high effective transmitting power and high-gain receiving antennas to 
receive as much power as possible—supposedly. Yet there were times 
when better communication resulted from the use of simple dipoles than 
from the superarrays. Modern propagation engineering makes this 
anomaly very clear and points the way to better performance. In years 
to come, greater and greater attention to these matters will be required 
as larger traffic volume has to be handled on fewer and fewer frequencies. 
The compromises employed today for economic expediency may well be 
intolerable in the future, when each circuit and frequency will be carefully 
engineered for peak performance, with tailored radiation patterns for 
that circuit only. A larger portion of the total investment will be in 
antennas. 

3.3.2. Noise. Signal intelligibility is always compromised by the 
presence of noise. Interference can also be regarded as noise having 
different statistical properties from receiver noise, or to the broad group 
of radiations classed generally as static, whether natural or man-made. 
Every type of communication system has a certain signal-to-noise 

ratio below which the intelligibility of the signal is insufficient for com-
munication. If the incoming signal-to-external-noise ratio is below this 
minimum value, obviously the only thing that can be done to obtain 
serviceable operation at the optimum working frequency is to increase 
effective radiated power over the path of propagation. Under some 
circumstances, advantage may be taken of the directivity of the receiving 
antenna, making it responsive to the signal and blind to the sources of 
noise. This works only when signal and noise directions are actually 
different and when suitable directivity can be obtained. We assume that, 
beyond the antenna, the receiver bandwidth is no more than necessary 
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to accept the spectrum of the incoming signal, so that no unnecessary 
extraband noise is admitted. The received signal-to-external-noise ratio 
is very often improved by directive antennas, but there are times when 
this is not at all true. In high-noise regions when signal-to-external-
noise ratios are typically low, it is difficult to do anything in the way of 
antenna engineering that will improve the ratio. Almost any antenna 
appears to give the same performance. Any reduction of response to 
the noise makes the system equally unresponsive to signal on the same 
frequency, with no change in signal-to-noise ratio. Any measures that 
increase the received power merely reduce the gain required in the 
receiver, without any net improvement in circuit performance. 

In very low noise regions there is a different set of prevailing conditions. 
Not limited by external noise, very weak signals may be utilized by 
employing adequate receiver gain. Receiver noise may then be the 
controlling factor. In this case, signal-to-noise ratio can always be 
improved by any means that will increase the signal power delivered to 
the receiver. Directivity will always be beneficial (assuming no angular 
deviations), and there is reason to be careful with antenna-feeder imped-
ance matching at the working frequency so that system loes will be 
minimized. These practices are relatively useless in regions of high 
ambient noise. 

In speaking about these extremes it is necessary to remember that the 
majority of practical cases occur somewhere in between; also, that at any 
one location it is possible for both extremes to be encountered occasionally. 
The practices adopted are then based on the percentage of time they 
occur. Tropical or arctic techniques may prevail according to which is 
most typical of the location. 

3.3.3. Transmitter Power. Assuming optimum radiation engineering 
for a circuit (frequency, antennas, noise, etc.), a certain amount of effec-
tive radiated power is necessary to maintain operating margins over a 
satisfactory proportion of time. Except for multipath propagation, the 
principal circuit requirement is that the received signal-to-noise ratio be 
above a certain minimum. When all other means to this end fail, more 
transmitter power can be used. Considering the range of variation in 
signal-to-noise ratio characteristic of high-frequency operation, especially 
on long circuits, operating economics become an evaluation of the cost of 
transmitter operation versus the increased percentage of time the mini-
mum operable signal-to-noise ratio is received. 
Sometimes enormous power increases would be necessary to make an 

appreciable improvement in the operating circuit. In such cases it 
may be far more effective to apply every possible means for decreasing 
fading range than to increase power. Diversity reception is always a 
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help in such cases, because it reduces the fading range and makes use of 
the strongest of two or three arriving signals. Too often, however, 
excessive power is employed to override other engineering deficiencies, 
incidentally causing unnecessary interference with other services. 

3.3.4. Diversity Reception. Systematic measurements have been 
made from time to time under many different operating conditions to 
determine the quantitative value of diversity reception. It has been 
known for many years, from the works of Beverage and Peterson, that 
two-set and three-set diversity reception gives greatly improved circuit 
performance in the presence of the various factors encountered in long-
distance high-frequency communication. Measurements made in 1949 
using new techniques have shown for the first time that the " gain" in 
circuit performance due to diversity reception varies with the degree of 
reliability of the circuit. 

For example, on teleprinter operation, the improvement may be of 
the order of 12 decibels for two-set diversity as compared with non-
diversity reception when errors are running at 20 per 1,000 characters. 
On the other hand, when errors are running at 1 per 1,000 characters 
with nondiversity, the improvement due to two-set diversity may 
approach 30 decibels. This means that the transmitter power would 
have to be increased by 30 decibels to reduce errors by the amount due 
to the use of two-set diversity. The use of three-set diversity would give 
even greater improvement, this again being a function of the error count. 
However, the improvement of three-set over two-set diversity is very 
much less than that of two-set diversity over nondiversity. It must be 
mentioned that these figures pertain only to telegraph operation. Com-
parative measurements on single-sideband and double-sideband telephony 
are not available yet. 

Figure 3.11 shows a set of communication conditions which are arbi-
trary but which represent in general what occurs on every path. This 
example may apply to radio communication in general, but for the 
present it will refer to high-frequency communication. The signal-to-
noise ratio (S/N) in decibels is plotted against time for a period of time 
To. This epoch may be a minute, an hour, a day, a season, or a sunspot 
cycle, according to the case. 
The short-period signal-to-noise variations lie between curves AA' for 

a power P1 transmitted, and over a longer period the envelope for the 
instantaneous variations goes through a wide range of variations. These 
variations may be due to any or all of the causes of signal variation by 
propagation, by the antennas, and to all the changes in received noise. 
Let it be assumed that a simple amplitude-modulated telephone service 
is desired, the lower limit of signal-to-noise ratio for satisfactory corn-
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munication being 15 decibels. That portion of the time m hen the sigmd 
is below this level may be regarded as lost time. 

In the epoch T1 the range of variation of signal-to-noise is almost all 
above the working limit, and those values of A' which are below the 
ri-decibel value are probably of very short duration (sometimes of 
seconds only) and represent a very small percentage of the time. This 
epoch representa the conditions for a good circuit. 
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Flo. 3.11. Illustration of communication reliability. 

In the epoch Tz the circuit begins to be marginal because a substantial 
percentage of the time the signal is below working limits. This condition 
may be acceptable for an intermittent service by taking advantage of 
those times when communication can be supported. However, for a 
commercial service this period of time would be a difficult one. 

Finally, the epoch T1 represents completely unworkable conditions 
because S/N is greater than the required 15 decibels only a very small 
percentage of the time. 
The curves BB' represent the same conditions but with a 10-decibel 

improvement in signal-to-noise ratio. This improvement may of course 
be obtained by increasing transmitter power 10 times or by somehow 
reducing noise pickup by 10 decibels. During the times when corn-
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munication is marginal or impractical, it can be seen that a power increase 

il less than 10 decibels makes only a trivial improvement in circuit per-
formance. Even though any increase in transmitter power will increase 
S ...V, it is in fact necessary to employ substantial power increases to make 
a worth-while improvement in circuit performance. 

If we assume that the circuit is properly engineered with regard to 
antennas, working frequencies, etc., and the final problem is that of the 
transmitter power to be used, the power required will be determined 
entirely by the desired circuit reliability in terme of the percentage of the 
time the circuit is workable in relation to the times when the service is 
needed. If a " solid" circuit is required, the power to be used must be 
sufficient at all times to deliver a signal that will override ambient noise 
by the amount dictated for the type of emission employed. Amplitude-
modulation telephony will require the 15-decibel value that has been used 
in the above discussion. Frequency-shift teleprinter service may be 
workable when S/N is as low as 2 or 3, and manual Morse operation with 
skilled operators may be sufficiently workable at — 10 decibels. In any 
event, the amount of power used at the transmitter may be below the 
minimum mentioned for solid service only by forfeiting reliability. In 

choosing a lower power for economic reasons (and this is typical in general 
in practical communication economics) advantage can often be taken of 
regular periods of good propagation and low noise for traffic clearance, 

assuming of course, a tolerable time distribution of these factors. 
In practice, this general situation prevails, except that the range of 

values of S/N may be much greater and perhaps even less than those 
-hown in Fig. 3.11. The range of values used in this example are repre-
entative of a fairly good circuit if the epoch To is sufficiently long to 
embrace the full range of variation encountered on a given circuit. 
The range of instantaneous variation between AA' (or BR'), if due 

mainly to variations in received signal ( if noise is relatively constant), can 
often be reduced by better accommodation of antenna radiation charac-
teristics to the propagation conditions. When this can be done, it is 

actually as good as an increase in transmitter power because the lower 
limit of the signal envelope A' will be higher, and at the same time the 
upper limit of variation A is reduced. If it were possible to eliminate 
instantaneous wide-range variations entirely, S/N would then lie midway 
between A and A'. This desirable condition is not likely to be achievable, 
but before increasing transmitter power it may be worth while to see 
what can be done to decrease the range of variation between A and A'. 

fl).. method that will reduce multipath propagation will usually decrease 
the range of signal variation from moment to moment. This will also 
Increase signal intelligibility. However, if variation in noise level is the 
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dominant cause of the variation in S/N, and if directive discrimination 
against noise is impractical, the only course left to improve the circuit 
is by a sufficient increase in transmitter power. This latter condition is 
that prevailing generally in high-frequency broadcasting service, where 
there is no opportunity to modify the conditions surrounding the receivers. 
When the conditions represented in Fig. 3.11 typify short-time varia-

tions (seconds or perhaps minutes), it is evident that diversity reception 
could be employed to equalize them, provided that the same variations 
occurred at random on a second or third receiving channel.' In such 
circumstances there is the probability that one diversity channel would 
provide a satisfactory signal-to-noise ratio at the instant that another 
experiences a fade-out. The combined output of the diversity receiver 
would therefore be relatively uniform, and the percentage of total time 
that the overall signal-to-noise ratio is below threshold value is reduced. 
The reduction of the time-loss factor due to diversity reception is a 
system gain equivalent to the power gain that would have to be used at 
the transmitter to realize the same time loas with a nondiversity system. 
This gain has been expressed set 

. 20f A , 1 
Gain = — y — logo decibels 

where m is an empirical factor of a nominal value of 2 but which may vary 
from 1 to 2.5 in practice, n is the number of diversity sets or channels used. 
and k is the permissible time-loss factor for the system. 

3.4. High-frequency Transmitting-station Sites 

The choice of a site for a high-frequency transmitting station for 
efficient radiation is determined almost wholly from considerations of the 
geometry of the wave-propagation circuits. Any site that has a horizon 
subtending vertically less than 2 degrees from level in any of the direc-
tions of transmission can be considered immediately a satisfactory site 
from the radiation standpoint. 
As a simple rule, one can say that a satisfactory horizon clearance 

exists when it subtends a vertical angle from the site that does not exceed 
one-half of the desired beam angle in the vertical plane in that direction. 
If the vertical beam angle for a given circuit is 10 degrees for the lowest-
order hop, then the horizon in that direction can be as much as 5 degrees 
in elevation as seen from the site or, more exactly, from the antenna 
location. 

• This occurs when the receiving antennas are spaced some 1,000 feet or more. 
11'hen three antennas are used, the three are best located to form a triangle. 

Jelonek, J., E. Fitch, and J. H. H. Chalk, " Diversity Reception—Statistical 
Evaluation of Possible ( ait,. Winless 24:51, February, 1947. 
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In hilly or mountainous country the choice of a site for long-distance 
transmission (requiring very low beam angles) can be a difficult problem. 
In such cases, the best procedure is to set up a transit in the middle of the 
proposed site and plot the vertical horizon angle for all relevant azimuths 
in the manner shown in Fig. 3.12. Then on this same profile the beam 
centers, determined previously from geometrical studies of the desired 
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FIG. 3.12. Horizon profile in degrees as seen from a site and three beanie from direc-
tive antennas having good horizon clearance. 

propagation paths depending upon distance, layer heights, and number of 
hops, can be superimposed. 
When the only possible site presents horizon obstructions in the pre-

ferred wave path, it may be necessary to design the antennas to use a 
higher order of hop and to direct the beam at a correspondingly higher 
angle to obtain the 2-to-1 horizon clearance. If, for example, the com-
puted vertical beam angle for a one-hop circuit was 6 degrees at an 
azimuth of 332 degrees and the horizon in this direction consisted of a 
range of mountains with a height of 8 degrees, the performance of the 
circuit would be greatly compromised by the obstruction of the moun-
tains. In such a case it might be better to work this circuit with two 
hops. Then a vertical beam angle of 20 degrees can be used instead, 
with adequate horizon clearance for the wave path. Or if the circuit 

(CENTER `. 
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required 6 degrees for a two-hop circuit 5,400 kilometers long, with the 

same obstruction cited, one could change to a three-hop circuit, which 
for the same layer heights would permit the use of a beam at 14 degrees. 
This lacks the full 2-to- I horizon clearance desired, but it may be an 

acceptable compromise and perhaps preferable to using four hops. This 
latter example is one of the problems that frequently confronts the 
engineer where a decision cannot be made in advance. 

Short-range high-frequency circuits using one-hop high-angle radiation 

give a great latitude of choice of sites. For F-layer transmission to 

distances of 500 miles and less, the beam angles are always greater than 
30 degrees. Satisfactory sites for such transmission can often be in 
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FIG. 3.13. Showing necessary cleared area for good wave reflection for a desired radia-
tion angle. 

rather deep valleys without. any compromise whatever on the circuit 
performance. 

The presence of forests on or near the site requires some consideration. 
When it is remembered that the theoretical radiation pattern is calculated 
on the basis of perfect reflectivity from the ground, as from a mirror 
surface, it can be foreseen that there are some precautions necessary to 
obtain performance substantially in agreement with that anticipated. 
Therefore, attention is directed to choosing conditions as nearly perfect 

as possible, so far as the wave-reflecting surfaces around an antenna are 
concerned, by the complete absence or elimination of trees and build-
ings on the land out to the necessary distance from the antenna. 

The point of wave reflection for the desired angle of radiation should 
be well clear, as shown by Fig. 3.13. Horizontal dipole antennas intended 
for radiation angles higher than 45 degrees should be located at the middle 

of a cleared area at least one wavelength square. If the site borders the 
sea or a lake and the surface of the water can be used as the wave-reflect-
ing surface, this is an excellent choice. One therefore seeks to have the 

wave-reflecting surface 1.9 flat as possible and of the highest possible 
electrical conductivity and at the same time clear of trees, shrubbery, 
buildings, and other impediments. 
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Sites for high-frequency transmitting and receiving stations are not 

dependent upon soil characteristics to the extent that medium- and low-
frequency stations using ground-wave propagation are. Nevertheless, 
the soil conductivity and inductivity have an important effect on the 
wave-reflection coefficient in the vicinity of an antenna, which influences 
the antenna efficiency and the pattern shape. Where a choice of soil 
exista among several possible sites, good engineering will give considera-
tion to the soils having the highest reflectivity for the frequencies 
employed, other factors being equal. 

It is not always possible to have a site that is on level ground, and 
here arise many problems of detail that cannot be formulated with preci-
sion. In undulating terrain many compromises are necessary. Rhombic 
antennas may occupy a considerable area encompassing variations of 
slope of the land. The best way to analyze such a situation is to con-
struct an accurate profile of the terrain through a contemplated location 
out to a considerable distance in the desired direction of transmission, 
using the same vertical and horizontal scales. The antenna is shown on 
this profile to scale. Then from pure geometry one considers the loca-
tions of possible wave-reflection points and tries to visualize where 
spurious reflections may compromise the radiation pattern of the system 
or where the terrain can be used to advantage to produce reinforced 
radiation at the desired vertical angle. For instance, if a rhombic 
antenna can be located on a very long uniform slope of, say, 4 degrees 
in the direction in which it is desired to transmit (or receive), and it is 
desired to produce maximum radiation at an angle of 9 degrees from the 
horizon, then the rhombic-antenna dimensions can be chosen to produce 
a normal vertical angle of 13 degrees, provided that there is nothing 
ahead of the antenna to cause spurious reflections or impede this beam. 
The 4-degree forward slope of the land then brings the beam at the deairecl 
9 degrees with respect to the horizontal. The variations of terrain 
within the area of a rhombic antenna determine whether different mast 
heights must be used to maintain the antenna in one plane or whether 
thee variations are negligible. 
Another type of problem related to sites is the layout of antennae to 

minimize interactions between them. A site of limited area may have to 
accommodate several antennas. Quantitative information of this sort 
e unavailable; yet situations of this kind are common enough in practice, 
and tolerable results have been obtained. One should distribute direc-
tive antennas in such a manner as to avoid the presence of one antenna 
in the beam of another by the largest practicable margins. Antennas 
ihould be located mutually so that each is in a position of least field 
•trengths from the others. It must. he recalled that the radiation pat-
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terns for antennas that are usually discussed are the patterns for great 
distances. Near extended systems, the field distributions are not the 
same, and one must then consider the effects of proximity to the nearest 
portions of other antennas. With dipoles and dipole arrays, minimum 
fields exist in line with the dipoles. In-line assemblies of dipole antennas 
may use common supports to good advantage. Where dipoles of various 
azimuthal orientations are to be used, it is well to locate them successively 
at the minimum angles from a common line, thus tending to form a poly-
gon layout without inverted angles. When this is done, adjacent 
antennas have minimum coupling angles; and as the coupling angles get 
more unfavorable, there is a substantial distance between antennas. 
Such a layout of antennas makes good use of supporting masts and may 
eventually form a closed circle of antennas with the station house at the 
center. 

Special problems of land utilization arise where several rhombic 
antennas are to be used and one wishes to know how close adjacent 
antennae can be without detrimental effects. The only practical advice 
that can be given with certainty is never to use more than one common 
mast for two adjacent rhombic antennas and then to have their orienta-
tions such that the nearest sides are as far from parallel as possible. The 
patterns for such antennas are derived from the assumption of an antenna 
that is completely isolated. The very large electrical dimensions of 
typical rhombic antennas imply that the radiation pattern is not formed 
for a very large distance from the system, and therefore the fields of the 
individual sides must be very strong for a considerable distance from 
each. Therefore, another antenna nearby will have some energy induced 
into it, which will cause its reradiation in some undesired manner. In 
spite of the temptation to place rhombic antennas near each other and to 
use common masts, good engineering design will provide the maximum 
available spacing. A rhombic antenna functions as a balanced system, 
and anything that disturbs its symmetry of fields from the four sides will 
disturb its performance. Furthermore, a rhombic antenna has almost 
no selectivity to discriminate against parasitic currents. 

3.5. High-frequency Receiving-station Sites 

The remarks about the choice of a transmitting-station site apply in 
exactly the same way to a receiving-station site, with two notable 
exceptions: 

I. The dominant angles of arrival of the incoming waves at the site 
are determined mainly by the characteristics of the transmitting antenna. 
Whenever possible, best results are obtained with complementary trans-
mitting and receiving antennas. If a horizon obstruction exists at the 
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optimum angle of wave arrival, a compromise noncomplementary antenna 
may be necessary. Whenever possible, the transmitting antenna had 
best be changed to be complementary with the receiving antenna when 
an obstruction is unavoidable at the receiving location on a fixed circuit. 
Figure 3.10 gives some examples of complementary and uncomplementary 
antenna patterns. 

2. The receiving site must be as free as possible from electrical noise. 
The site should be an adequate distance from a city or other populated 
place that is a source of noise. Factories and other establishments are 
to be similarly avoided. Motor highways are also a source of noise 
(from ignition systems), and a substantial distance from highways that 
have passing motor vehicles should be allowed. The amount of man-
made noise that can be tolerated at a particular receiving-station site 
depends upon the prevailing natural atmospheric noise levels. At a 
well-selected site, reception should always be limited only by natural 
atmospheric noise, which is the limitation imposed by nature. Any man-
made noise at the site should always be substantially less than the atmos-
pheric noise received during the low-noise periods. 
There is one form of atmospheric noise that can be reduced by suitable 

antenna design, and that is the kind known as " precipitation static." 
This occurs when there is wind-blown dust, sand, snow, or fog; electrical 
noise from these sources is chiefly due to their charged particles hitting 
and imparting their charges to the metallic portions of the receiving 
antenna and feeder. It has been found that this kind of interference 
can be very substantially reduced by using thickly insulated wires for the 
antenna and feeder and by not having any exposed metallic surfaces. In 
low-noise regions, precipitation static may be the cause of limiting noise, 
so that the application of this technique may be very helpful in reducing 
the noise level. 
The suitability of a receiving site will often depend upon the direction 

of arrival of noise. If, for instance, the dominant noise interference is 
always from a direction substantially different from that of desired 
signals, antenna directivity can be employed to favor the signal and 
discriminate against the noise. Another aspect of this is where man-
made noise may be at low angles and the incoming signal at a high angle, 
n which case the proper antenna pattern will give best response to the 
signal and have relatively low response to the low-angle noise. 
The suitability of a receiving-station site for optimum performance 

can be seen, from the foregoing, to depend to some extent on the charac-
teristics of the antennas that will be employed for the particular services 
to be operated and on how antenna directivity can be advantageously 
employed to obtain the best operating signal-to-noise ratios. The most 
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severe site-selection problem occurs when reception is required from SU 
directions. 
There are instances where a receiving station has to be located in 

city or other region of severe man-made noise. It may be necessary 
attempt to suppress noise from troublesome dominant sources in thr 
neighborhood of the receiving station to obtain tolerable system per-
formance. The measures that can be applied successfully depend upon 
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Flo. 3.14. Vertical radiation angles for one-hop circuits. 

the nature of the device and the kind of noise it emits, assuming that the 
source can be located. 
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3.6. Design of a Horizontal Half-wave-dipole Antenna System 

Any antenna must he designed to fit the propagation conditions and 
the geometry of the particular path required for communication. The 
radiation pattern for a half-wave dipole is therefore chosen for the best 
frequency, orientation, and vertical angles of radiation. These factors 
determine the height, length, and orientation of the antenna. Weather 
conditions encountered in the locality determine the structural specifica-
tions for the antenna. 
The required vertical angles of tire as functions of layer height and 

hop length are shown in Fig. 3.14. 

When the radiation pattern has been selected, there follow the steps 
involved in the circuital design of the system—the potentials and currents 
to be expected for the power to be transmitted, the insulation and conduc-
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tor sizes, the configuration of the feeders and the method of coupling 
antenna to feeder, the bandwidth requirements for the kind of transmis-
sion to be used, and all matters of impedances at certain points in the 
antenna and feeder system. 

Finally, with these all predetermined, there follows the mechanical 
design of the antenna, feeder, and supports, together with their layout 
on the available land. The methods of bringing the feeder to the trans-
mitter, of making bends and angles in the line without introducing 
impedance changes or unbalances, and of switching feeders must be 
studied in detail. Then there are the problems of stresses, temperature 
changes, and ice loadings and the other structural details which suit the 
system to its climatic environment. 
When all this is done, the mechanical simplicity of the system com-

pletely belies the amount of expert study that preceded its construction. 
3.6.1. Radiation Pattern for Horizontal Half-wave Dipole. The radi-

ation pattern in the vertical plane perpendicular to a horizontal dipole 
over perfectly conducting ground is given by the equation 

F (a) = sin (h sin a) 

where a is the angle to the horizon and h is the height above ground in 
electrical degrees. 
The values of a at which nulls and maximums occur can be found by 

equating this to 0 and 1.0, respectively. For heights greater than 180 
degrees there will be multiple nulls and maximums, the number increasing 
with the height. Vertical patterns from this equation are given in Fig. 
3.15, and a chart giving the angles of nulls and maximums is given in 
Fig. 3.16. 

In most cases these patterns are used for typical imperfectly conducting 
grounds such as are encountered in practice. However, to compute the 
precise pattern that will result from the antenna over ground of the type 
present at a specified location, its conductivity ff and inductivity e and 
the frequency f of operation must be determined and used in the following 
equation: 

F(a) = 1 + Re-,"•••• 

Here, R is the complex surface-reflection coefficient for horizontal polari-
zation as found from the following equation: 

—  2 a) 

sin a + - - + sin' a) 
.1 
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The phase angle at reflection from the ground is always 180 degrees with 
a horizontal dipole. The magnitude of R varies with a for fixed ground 
Constants. In this equation, e is the ordinary dielectric constant of the 
soil, a is the conductivity in electrostatic units, which is 9 X 102° times 
the conductivity in the more frequently used electromagnetic units, and 
f is the frequency in cycles. 

The effect of ground loss on the maximum field strength, in comparison 
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with perfectly conducting ground giving zero ground loss, is shown in 
Fig. 3.17. These data are approximate but show the importance of 
ground loss for small heights. 
This equation influences the pattern primarily with respect to the 

decrease in the amplitude of the maximums and the slight filling of the 
nulls due to incomplete cancellation of direct and reflected fields, 
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Fin. 3.17. Effect of ground conductivity on maximum field strength from a horixontal 
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compared with perfectly reflecting ground. The angles of maximums and 
minimum are only slightly affected and for most practical uses may he 
considered to be the same. 

If the field about a dipole in free space were uniform (spherical pat-
tern), the vertical pattern for the horizontal dipole above ground would 
he the same in all directions with respect to the antenna. But the half-
wave dipole itself is directional, its pattern in free space when center-fed 
conforming to the equation 

cos (90 cos 8) 
f(e) — sin 

where O is the angle from the antenna axis. The value of this function 
is O at O and 180 degrees (in the directions of the axis and is maximum 
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at 90 degrees (normal to the axis). Therefore, the antenna should be 
oriented so as to be perpendicular to the direction in which maximum 
radiation is desired in point-to-point applications or at the beet com-
promise orientation in broadcasting applications. 
The use of simple horizontal dipole antennas for long-distance service 

requiring multihop ionosphere transmission has serious disadvantages 
because its broad vertical pattern, or in some cases a multilobe pattern, 
contributes to multipath interference and delays. To obtain acceptable 
performance in this regard, antenna arrays are necessary to obtain an 
optimum vertical radiation pattern for minimizing multipath phenomena. 

3.6.2. Circuital Design of a Horizontal Half-wave-dipole Transmit-
ting Antenna. The desired information for the electrical design of this 
type of antenna is the following: 
Length of the antenna conductor and its cross-sectional size 
Feed-point impedance (depending upon series or shunt feed) 
Potential at the ends (for insulator-selection purposes) 
Maximum potential gradient for the power to he used 
Antenna current at the middle of the dipole 
Method of feeding 
Efficiency of antenna and feeder system 
It is assumed that the height of the dipole has been determined previ-

ously from considerations of its radiation-pattern requirements. The 

height influences the antenna feed-point impedance as shown in 
Fig. 3.18 
The tolerance on the antenna length is quite liberal if it is to be series-

fed at the renter, though the radiation resistance will change with length. 
The length can be of the order of one-half wavelength, and one can omit 
considerations of end effect of the wire and the insulator hardware. The 
reason for this is that a 5 per rent variation in length makes very little 
difference in the radiation pattern. The changes in the feed-point 
impedance are quite immaterial when impedance-matching techniques 
are applied to terminate the feeder at some point near the antenna, which 
is usually required. 
With shunt feed, as in Fig. 3.19 (if one wishes to use a chart such as 

that given in the upper portion of Fig. 3.18 for impedance matching) 

the length of the antenna should be more precise and should be one-half 
wavelength long, less about 5 per cent for end effects. The end effects 
and the capacitances of strain insulators have the effect of increasing 
the length of the antenna. 

In a typical application one uses a conductor about one-half wavelength 
long and attaches it to the suspension rigging with the type of insulator 
suited to the electrical and mechanical duty. 



238 RADIO ANTENNA ENGINEERING 

For low-power applications the conductor size will be determined only 
by the mechanical considerations. However, for medium-power inputs 
some thought must be devoted to the potential gradients, especially at 
high altitudes. The larger the conductor diameter, the lower the poten-
tial gradients for the same power input and the less possibility of pluming. 
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The calculation of the potential gradients at the high-potential point:, 
near the ends of the antenna is dependent upon the power input (on 
modulation peaks for amplitude-modulated services), the height of the 
antenna above ground. and the wire diameter. The height affects the 
radiation resistance as shown in Fig. 3.1 , and therefore the antenna 
current and the antenna potential. 
A typieal example of the procedure by which these important potential 

details may be calculated is the following. 
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Example of Computation of Antenna Operating Potential. A 5,000-watt 
amplitude-modulated transmitter for an aviation communication appli-
cation on 5,800 kilocycles requires a horizontal half-wave dipole antenna 
located three-eighths wavelength above ground. The altitude is 4,000 
feet. What antenna dimensions must be used, and what potentials will 
be encountered? 
One-half wavelength at 5,800 kilocycles is 86 feet. With end effect 

and insulator capacitance considered, we can reduce this about 5 per 
cent to 81 or 82 feet. The only important reason for doing so is to 

f17777 

3.19. Horizontal dipole antenna with shunt feed. 

decrease tower spacing, which is usually desirable for minimizing mechani-
cal loads and the land area required. The end effects make the system 
appear electrically as a full half-wavelength, and the current and potential 
distributions can be considered on that basis. 
From Fig. 3.18, we read a radiation resistance of 95 ohms at the center 

of the antenna wire, for a height of three-eighths wavelength (64 feet). 
For 5,000 watts input on carrier, the antenna current will be 

)14 (5'" Y' 7 = — .25 amperes — 95 

The current is distributed sinusoidally from the virtual end, that is, from 
a point which is extended about 5 per cent of length beyond the physical 
ends of the wire. Maximum current occurs at the center of the antenna. 
As measured from the end, the potential distribution is very nearly 

coeinusoidal, except near the center, where it departs considerably from 
this form. This departure lies in a region about 10 degrees each aide of 
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center. Beyond these points, the cosinusoidal distribution can be 
assumed. Therefore, we know the shape of the distribution but. not it› 
numerical magnitude. A simple method is now needed to establish thi:, 
magnitude within limits that are acceptable for engineering purposes. If 
we can determine the standing-wave ratin_Q_for the antenna, the voltage 
to ground at the end of the dipole willleCfr;/2, where V. is the bal-
anced voltage applied at the central feed point. V. = 12., the antenna 
current at the feed point times the feed-point impedance. 
The Q of a half-wave dipole can be determined approximately from 

transmission-line theory by considering an open-ended line of charac-
teristic impedance Zo having a length of 90 degrees. This is the same as 
studying relations of voltages and currents in the first one-half wave-
length (180 degrees) of an infinite line with attenuation, because when 
the line is open-circuited at 90 degrees, the reflected wave will be the 
same as that between 90 and 180 degrees on the infinite line. • By com-
bining the direct wave and the reflected wave from the open circuit, the 
potential and current distributions can be obtained, and the standing-
wave ratio. It will be assumed now that the half-wave dipole has a 
length such that, with its end effects, Z. -= R. JO. If the system 

losses are due entirely to radiation, R. -= R„ the radiation resistance. 
which can be read from Fig. 3.18 as a function of the height of the horizon-
tal dipole from ground. 

Applying this method, we first obtain a factor ni which is the ratio of 
the attenuated voltage 180 degrees from the generator on the infinite 
line to the generator voltage. This is found to be 

Zo — 
m = - 

Zo 

and 

— 1 in 
— iii 

Reference to Fig. 3.20 will clarify the derivation of these equations. The 
dipole antenna, as a balanced transmission line, has a characteristic 
impedance 

Zo = 276 log,, -1 

where / is the total length of the dipole in the same linear units as used 
for its radius p (from ref. 71, Chap. 5). 

For low-power and receiving applications the conductor size for the 
dipole is chosen for its mechanical requirements only. In this example. 

• See also Si''. 2.3. 
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it is desirable to see that the maximum antenna potential is below the 
critical corona potential for the altitude and temperature of the site, to 
ensure safe operation. To do this, we first choose a preferred arbitrary 
sire site and compute the potential that would exist at rated power input. 
Then the maximum safe operating potential is computed. The ratio of 
the latter to the former is the safety factor and is greater than 1.0. 
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Fie.. 3.20. Geometry for com put ing the approximate Q of the dipole. 

Assume that we select a wire for the antenna with a radius of 0.102 inch. 
Then 

I 100 — 
m = ' - = 8-1 

1.100 ± 'J5 
„ 1 -I- 0.8.1 

= 11.4 

The balanced antenna driving voltage 

V. = .• 7.25 X 95 = 690 volts root-mean-square unmodulatrd 
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center. Beyond these points, the cosinusoidal distribution can be 
assumed. Therefore, we know the shape of the distribution but not it, 
numerical magnitude. A simple method is now needed to establish thi-
magnitude within limits that are acceptable for engineering purposes. lf 
we can determine the standing-wave ratio Q_for the antenna, the voltage 
to ground at the end of the dipole l', willlieffr:/2, where l'o is the bal-
anced voltage applied at the central feed point. V. = 12., the antenna 
current at the feed point times the feed-point impedance. 
The Q of a half-wave dipole can be determined approximately from 

transmission-line theory by considering an open-ended line of charac-
teristic impedance Zo having a length of 90 degrees. This is the same as 
studying relations of voltages and currents in the first one-half wave-
length (180 degrees) of an infinite line with attenuation, because when 
the line is open-circuited at 90 degrees, the reflected wave will be the 
same as that between 90 and 180 degrees on the infinite line. • By com-
bining the direct wave and the reflected wave from the open circuit, the 
potential and current distributions can be obtained, and the standing-
wave ratio. It will be assumed now that the half-wave dipole has a 
length such that, with its end effects, Z. = R. + j0. If the system 
losses are due entirely to radiation, R. = R,, the radiation resistance. 
which can be read from Fig. 3.18 as a function of the height of the horizon-
tal dipole from ground. 
Applying this method, we first obtain a factor m which is the ratio of 

the attenuated voltage 180 degrees from the generator un the infinite 
line to the generator voltage. This is found to be 

Zo — R, 
m = — 

Zo + 
and 

1 -1- m • 
Q 

Reference to Fig. 3.20 will clarify the derivation of these equations. The 
dipole antenna, as a balanced transmission line, has a characteristic 
impedance 

Zo -- 276 login -1 

where lis the total length of the dipole in the same linear units as used 
for its radius p (from ref. 71, Chap. 5). 

For low-power and receiving applications the conductor size for the 
dipole is chosen for its mechanical requirements only. In this example, 

•Se aleso See. 2.3. 
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it is desirable to see that the maximum antenna potential is below the 
critical corona potential for the altitude and temperature of the site, to 
ensure safe operation. To do this, we first choose a preferred arbitrary 
wire size and compute the potential that would exist at rated power input. 
Then the maximum safe operating potential is computed. The ratio of 
the latter to the former is the safety factor and is greater than 1.0. 
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for computing the approximate Q of Ole dipole. 

Assume that we select a wire for t he antenna with a radius of 0. 102 inch. 
Then 

, 1,100 — 95 
Ift = 1,1-00 95 = "'"' 

A 1 0.84 Q _ = 
— 0.84 

11.4 

The balanced antenna driving voltage 

V. --,-- .R. = 7.25 X 95 = 090 volts root-mean-square unmodulated 
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The potential from one end of the dipole lo ground is then 

Ql>„ 11.4 X 690 
= - 3,950 volts •-/ 

2 

To allow for 100 per cent positive modulation, this value must be doubled. 
to 7,900 volts root-mean-square. This is the working potential for the 
strain insulators that ‘vill support the dipole. 

3.6.3. Feeder Characteristics and Feeder Arrangements. Figure 
3.21 shows a typical arrangement for a center-fed horizontal dipole having 
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Fin. 3.21. Iforizontal dipole antenna center-fed by a balanced feeder. 

a length of the order uf one-half wavelength, where the design is for one 
frequency only. However, it will be shown in Sec. 3.10 that such an 
antenna can be used for a considerable frequency range if adequate 
measures with respect to impedance matching are taken. In such case 
the computation of antenna voltages would proceed from different con-
siderations, which are more involved than the foregoing example. 

In general, a half-wave dipole antenna need not be cut to one precise 
length but may be of the order of one-half wavelength. Small deviations 
in length will not. modify the radiation pat tern appreciably, and because 
in most print ical applications the antenna impedance may be considerably 
different front that of the balanced two-wire feeder that will ordinarily 
be employed, we can ignore its actual value and prepare for making 3 
proper impedance match in the feeder. ILS near to the antenna as prac-
ticable. by means u if a stub section, a ciatpled section, or a lumped ream-
am* of the proper value at the proper place on the feeder. Standing 
waves will exist on the feeder on the antenna side of the matching device 
and substantially t raveling waves only will exist between this device and 
the transmitter. 
A satisfactory impedance match can often he made by shunt-feeding 
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the antenna, using the Y match which is so well known (see Fig. 3.19). 
This method is an approximate match in impedance only but can be 
sufficiently exact to have a low standing-wave ratio on the feeder. The 
theoretical adjustment, for a single half-wave horizontal dipole in terms 
of its height above ground is shown in Fig. 3.18 (upper curve). Actual 
conditions cause the exact adjustment to depart slightly from these 
values in each case, for optimum impedance match. 
The calculation of the impedance at the center of a horizontal half-

wave dipole cannot usually be accomplished with an accuracy of better 
than 10 per cent, because of the empirical factors of end loading, conduc-
tor diameter, and the complex dielectric constant of the earth underneath. 
Theoretical computations can be made from the usual idealized assump-
tions for an infinitely thin wire, together with the mutual impedance 
with its image in the case of a perfectly conducting ground. Mutual 
impedances can be read from Fig. 3.61. Idealized values are the starting 
point for practical adjustment. 

In the foregoing remarks it has been assumed that, for transmitting, 
a two-wire balanced feeder would be used. The common characteristic 
impedance value of 600 ohms for such a feeder is a matter of convenience 
only. Values of characteristic impedance as low as 450 ohms may be 
used with two-wire feeders, and lower values still by using four-wire 
feeders. • The choice is usually determined by mechanical and cost 
considerations. 
Precautions must be taken to prevent coupling between the antenna 

and the feeder. This requires exact. symmetry of arrangement of the 
two. The feeder must be perpendicular to the antenna for a distance of 
several wavelengths, and the feeder connections at the antenna must be 
symmetrical. When there is radiation coupling between antenna and 
feeder, currents of the same phase are induced into both sides of the feeder 
circuit. These induced currents add vectorially at all points along the 
feeder with the normal feeder currents, causing an unbalance which 
manifests itself as unequal standing waves on the two sides of the feeder 
and a displacement of the minimums in the standing-wave patterns on 
the two sides. The induced currents exist as parallel currents in the two 
sides of the feeder to ground. This effect makes impedance matching 
difficult and also causes radiation from the feeder. Parallel currents can 
be eliminated by using parallel-wave drains, described in Chap. 4. It is 
better to avoid the condition by proper initial design. 

3.6.4. Power Losses in the Antenna System. A horizontal half-wave 
dipole depends, for its radiation pattern, upon reflection of waves from 
the surface of the ground in the vicinity of the antenna (image radiation). 

' For receiving antennas, various kinds of twisted or fist pairs of much lower 
impedance can be used for feeders. 
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The potential from one end of the dipole to ground is then 

V... = QV' — 11.4 X 690 _ 3,950 volts 
2 2 

To allow for 100 per cent positive modulation, this value must be doubled. 
to 7,900 volts root-mean-square. This is the working potential for the 
strain insulators that will support the dipole. 

3.6.3. Feeder Characteristics and Feeder Arrangements. Figure 
3.21 shows a typical arrangement for a center-fed horizontal dipole having 
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Fm. 3.21. Horizontal dipole antenna renter-fed by a balanced feeder. 

a length uf the order of one-half wavelength, where the design is for one 
frequency only. However, it will be shown in Sec. 3.10 that such an 
antenna can be used for a considerable frequency range if adequate 
measures with respect to impedance matching are taken. In such cases 
the computation of antenna voltages would proceed from different con-
siderations, which arc more involved than the foregoing example. 

In general, a half-wave dipole antenna need not be cut to one precise 
length but may he of the order of one-half wavelength. Small deviations 
in length will not modify the radiation pattern appreciably, and because 
in most practical applications the antenna impedance may be considerably 
different from that of the balanced two-wire feeder that will ordinarily 
he employed, we can ignore its actual value and prepare for making 
proper impedanre match in the feeder. as near to the antenna as prac-
ticable, by means of a stub section, a coupled section. or a lumped react-
ance of the proper value at the proper place on the feeder. Standing 
waves will exist on the feeder on the antenna side of the matching device. 

and substantially traveling waves only will exist between this device and 
the transmitter. 
A satisfactory impedance match can often he made by shunt-feeding 
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the antenna, using the Y match which is so well known (see Fig. 3.19). 
This method is an approximate match in impedance only but can be 
sufficiently exact to have a low standing-wave ratio on the feeder. The 
theoretical adjustment for a single half-wave horizontal dipole in terms 
of its height above ground is shown in Fig. 3.18 (upper curve). Actual 
conditions cause the exact adjustment to depart slightly from these 
values in each case, for optimum impedance match. 
The calculation of the impedance at the center of a horizontal half-

wave dipole cannot usually be accomplished with an accuracy of better 
than 10 per cent, because of the empirical factors of end loading, conduc-

tor diameter, and the complex dielectric constant of the earth underneath. 
Theoretical computations can be made from the usual idealized assump-
tions for an infinitely thin wire, together with the • mutual impedance 
with its image in the case of a perfectly conducting ground. Mutual 

impedances can be read from Fig. 3.61. Idealized values are the starting 
point for practical adjustment. 

In the foregoing remarks it has been assumed that, for transmitting. 
a two- wire balanced feeder would be used. The common characteristic 
impedance value of 600 ohms for such a feeder is a matter of convenience 
only. Values of characteristic impedance as low as 450 ohms may be 
used with two-wire feeders, and lower values still by using four-wire 
feeders. • The choice is usually determined by mechanical and cost 
considerations. 

Precautions must he taken to prevent coupling between the antenna 
and the feeder. This requires exact symmetry of arrangement of the 
two. The feeder must be perpendicular to the antenna for a distance of 
several wavelengths, and the feeder connections at the antenna must be 
symmetrical. When there is radiation coupling between antenna and 
feeder, currents of the same phase are induced into both sides of the feeder 
circuit. These induced currents add vectorially at all points along the 
feeder with the normal feeder currents, causing an unbalance which 

manifests itself as unequal standing waves on the two sides of the feeder 
and a displacement of the minimums in the standing-wave patterns on 
the two sides. The induced currents exist. as parallel currents in the two 
sides of the feeder to ground. This effect. makes impedance matching 
difficult and also causes radiation from the feeder. Parallel currents can 
be eliminated by using parallel-wave drains, described in Chap. 4. It is 
better to avoid the condition by proper initial design. 

3.6.4. Power Losses in the Antenna System. A horizontal half-wave 
dipole depends, for its radiation pattern, upon reflection of waves from 
the surface of the ground in the vicinity of the antenna (image radiation). 

• For receiving antennas, various kinds of twisted or flat pairs of much lower 
impedance can be used for feeders. 
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The higher the antenna, the greater is the area directly concerned. In 
applications for short-distance operation, the angles of radiation are 
high, and the ground area involved in efficient wave reflection is rather 
small and almost directly beneath the antenna. For high dipoles used 
for low-angle radiation or reception, the ground should have maximum 
reflectivity out to a distance somewhat greater than that for the ray 
which will be reflected into apace at the desired angle of radiation. This 
was illustrated in Fig. 3.13. 

For the same reasons, the topography and characteristics of the terrain 
are important to achieving optimum results on point-to-point circuits. 
The area of dominant reflection should be as flat and of as high conduc-
tivity as possible. The locations of reflecting areas near the antenna 
can be determined by simple geometrical considerations. 
Power losses at reflection from the ground are the most important 

encountered in ordinary high-frequency applications, even when t he 
site is clear, flat, and of good conductivity. The effect of such losses is 
evident in Fig. 3.17. 

In relation to the foregoing power losses, the loss in insulators and 
metal of the antenna can be quite negligible. Nevertheless, attention 

to design of insulation, especially for high-power use, is necessary to 
prevent mechanical failure due to heating, even though the amount of 
power lost is immaterial. In intermittent operation this is much leas a 
matter of concern than in continuous service such as broadcasting or 
frequency-shift telegraph transmission. Insulation specifications should 
anticipate the most extremé weather conditions likely to be encountered 
and t.he possibility of constant reduction of surface resistivity with the 
accumulation of soot. water, ice, perhaps salt spray, and the deterioration 
of the glaze. 
The gradual accumulation of corrosion on the surface of the wires can 

eventually increase the resistance of the antenna enough to become a 
cause of undesirable power loss. Corrosion, especially in salt-spray 
regions, can be retarded by painting the antenna and feeder conductors 
with glyptol when they are new and dean. There will be a small power 
loss in the glyptol but it will be less than with later heavy corrosion. 

For a free-spare half-wave dipole made of wire and having no end 
loading except its own natural end effect, the reactance at its center is 
zero when its physical length is 172 degrees instead of the theoretical 
180 degrees. The attachment. of insulators produces end loading in an 
amount that is empirical, so that. further shortening is necessary to 

eliminate all reactance from its center impedance. When this dipole 
is near the ground, mutual impedance with its image again induce 
reactance into the center impedance, the amount depending upon its 
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height above ground and the electrical constants of the ground. Some 
arbitrary length adjustment is then required to reduce the reactance 
component of center impedance to zero. The impedance is then restored 
to a pure resistance. 

This resistance R. can be matched with a balanced feeder of charac-
teristic impedance Zo by using a quarter-wave section of line of charac-
teristic impedance Zoo, which is the geometric mean of R. and Zo. 
The reason for eliminating the reactance by adjustment of antenna 

length is because it may have an appreciable value in relation to the 
antenna resistance and thus interfere with a correct match using the 
quarter-wave matching section. When the reactance is small with 
respect to the resistance, the resulting mismatch can usually be tolerated 
in practice, as in the case of the Y method of shunt feed. It is assumed 
that there is no coupling whatever by radiation between the antenna and 
the feeder. 

3.6.5. Horizontal-dipole Antennas for Receiving. For receiving 
applications, certain points of design covered in the foregoing discussion 
will not apply. There will of course be no problems of potential gradients 
and high-voltage insulation. Conductor sizes and insulation will be 
determined almost solely by bandwidth and mechanical considerations. 

In some locations precipitation static is serious at times. Sandstorms, 
dry snow, and wind-blown fog are well-known causes of precipitation 
static interference. A substantial reduction in such noise can be realized 
by embedding all metallic parts of the antenna and feeder system in a 
low-loss dielectric so that the charged particles hitting the antenna cannot 
discharge directly to the metal. The antenna and feeder wires can be 
rubber- or plastic-covered and the metal of insulators and fittings com-
pletely incased in paraffin, gutta-percha, polystyrene, or other conven-
iently cast material. With such precautions to prevent exposure of the 
metal of the antenna and feeder to the flying charged particles, several 
decibels reduction in noise level can be realized during conditions of 
precipitation static. 

It must also be recalled that, in the receiving rase, energy is flowing 
from the antenna to the receiver. This requires that the feeder be 
correctly terminated in an impedance match at the receiver end so that 
as much as possible of the received energy will be delivered to the receiver 
input. 
Several receivers can be operated from a single antenna and feeder 

system if precautions are taken for proper impedance match of the feeder 
over the full range of frequencies to be received. Decoupling resistors 
can be used in the inputs to the several receivers provided that the power 
losses they introduce do not require extreme receiver gain and give rise 
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to intolerable receiver-tube noise. In many regions of the world, atmos-
pheric noise levels are at all times high enough so that one can never 
use all the intrinsic gain in a modern communication receiver. In such 
regions, decoupling resistors in the receiver inputs have no detrimental 

85011 
RECEIVER 

200 AT F, 

RECEIVER •2 

200 AT F2 

FIECEivER 53 
200 AT F3 

85041. 

Etc. 3.22. Example of feeder impedance matching using three receivers. 

effects on the realizable signal-to-noise ratios. Figure 3.22 shows a 
method of using three receivers with balanced 200-ohm inputs on a 
600-ohm feeder termination. 

3.7. Effect of Off-center Feed on Radiation Pattern of Dipole 

The radiation pattern for a half-wave dipole is always spoken of as 
symmetrical about the normal to the antenna axis. This is true only 
for strictly symmetrical feed at the center. One that is end-fed has it› 
maximum field strength pushed about 20 degrees away from the normal 
in the direction away from the end that is fed. 
When two collinear dipoles are end-fed from a common balanced 

feeder, the tilt effects of the two patterns are equal and opposite so that 
they quite thoroughly neutralize each other and produce a combined 
pattern that is again normal to the axis of the dipoles. 
When several collinear cophased dipoles are end-fed one from the other 

in series, the attenuation of the feed current tilts the resultant pattern 
away from the normal, toward the free end. l'nsymmetrical feed alwayt, 
produces an unsymmetrical pattern. Figure 3.23, abstracted from ref. 
1020, illustrates this effect. It is desirable in all cases to employ sym-
metrical systems of radiators with symmetrical feed in broadside arrays, to 
obtain symmetrical radiation patterns. 

3.8. Bandwidth of a Horizontal Half-wove Dipole 

A dipole antenna, like any resonant circuit, has a certain natural selec-
tivity. The selectivity is increased by any influences that reduce its 
radiation resistance, such as proximity to ground or other reflecting 
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F10. 3.23. Comparative effects of center feed and end feed. (After (leekner.) 
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object. The selectivity is decreased by increasing the cross-section area 
of the dipole. 
The bandwidth is defined as that band of frequencies enclosing the 

frequency fo (for which the system has matched impedances), where the 
feeder standing-wave ratio Q does not exceed some prescribed value, such 
as•>r, which is the limit for 3-decibel response for the maximum side 
frequencies. The actual tolerance in standing-wave ratio throughout the 
bandwidth required for the emission employed governs the quality of the 
emission. The standards of performance desired must be taken into 
account in designing the antenna to accommodate the necessary band-
width of emission. 
The fundamental bandwidth of a straight cylindrical dipole antenna 

in free space at first resonance is given in Table 3.1. First resonance is 
defined as the lowest frequency at which the impedance at the feed gap 
in the center of the dipole is a pure resistance. Owing to end effects, the 
length of the dipole at first resonance is somewhat less than one-half 
wavelength, and in the table the exact electrical lengths in degrees are 
given for various values of the parameter lid, the ratio of the end-to-end 
length of the dipole to its diameter. The bandwidths were computed for 
the condition 

iilv 2(fo  — f) 
fo 

where fo is the resonant frequency where the dipole reactance is zero 
and fl the frequency below fo at which the reactance of the dipole equals 
its resistance, taking into account that both resistance and reactance are 
changing with frequency. This gives the point at which the response to 
the lower side frequency is down 3 decibels. The 1-decibel response 
values shown in Table 3.1 were interpolated. 

TABLE :IL FREE-SPACE DIPOLE CIIA KM, ERISTICIS 

Dipole lid . 
Electrical length for X = 0, degree 
Bandwidth, 3-cleeihel response   
Bandwidth, 1-cleriliel response   

. 200 
168.3 

0.112 

0.056 

400 1,000 

170.0 171.8 

0.100 0.088 
0 050 0.042 

2,000 10,000 

172.8 176.5 

0.076 0.052 
0.038 0.026 

The rate of change of reactance with frequency for a center-fed hori-
zontal half-wave dipole is much greater than the rate of change of resist-
ance with frequency. For this reason, any means that will reduce the 
reactance variation rate will increase the intrinsic bandwidth of the 
dipole. Large-diameter conductors or a cage of small conductors will 
give increased bandwidths. 
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Another method of broad-banding a dipole is to use the hiconical cage 
(Fig. 3.27) or its two-dimensional analog, triangular sheets, or simulative 

wire arrangements. 
A cylindrical cage of wires is less effective than a continuous cylinder 

of the same diameter, as shown by Fig. 3.24, though for large diameters 
the cage is much the most practical to construct. Using Table 3.1 or 
Fig. 3.24 in conjunction with Figs. 2.15 and 2.16 (the resistances and 
reactances read from the latter must be doubled when applied to balanced 
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no. 3.24. Relation between cylindrical cage and continuous cylinder. (After W 

dipoles), one can predict the dimensions to be used for a given bar 

specification. 
The use of a short-circuited stub of the order of one-quarter • 

long connected across the terminals of a center-fed dipole will ase 
its bandwidth. This stub should have a characteristic sub-
stantially equal to the characteristic impedance of the ' dipole. 
This combination constitutes an open-circuited qua' .me (the 
dipole) in parallel with the short-circuited quarte ab. Since 
both parts have the property of virtually opposit, af reactance 
with frequency, the stub compensates the dipc a way as to 
maintain a more uniform terminal impedance ader line over a 
range of frequencies enclosing the frequenc . a the system has 

optimum impedance match. 
To center-feed a cage dipole, the inner die side cages can be 

brought to a point, by a conical taper. ' 1 of the taper is impor-
tant in ite effect upon the impedance .ed point. An optimum 
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compromise is to make the length of the taper about 75 per cent of th, 
diameter. 
Many dipole arrays use half-wave dipoles end-fed from a balanced 

feeder. If the dipole impedance is to be resistive, the dipole must Ix-
shortened as its diameter is increased, owing to end effect. Figure 3.2.". 
shows the proper length of a dipole which is a continuous cylinder, 
a function of its diameter in electrical degrees for the case where the 
resistance is maximum and reactance is zero at one end. The ratio of 
electrical length to electrical diameter for maximum end resistance is 
given in Fig. 3.26. 

It is misleading to place any general values on the bandwidth of any 
antenna and feeder system. Bandwidth must be carefully computed or. 
preferably, measured (using scale models if necessary) for each particular 
application. The empirical conditions can then be accounted for 
more precisely. Hence, we only call attention to the means that can be 
employed to broad-band antennas for applications where bandwidth is 
a special consideration in the system design. 
The power-handling capacity of an antenna is increased by the same 

methods that increase bandwidth, and the two characteristics are inter-
related. The bandwidth is increased as the potential gradients at the 
surface of the conductors decrease and as the peripheral charge density 
is decreased. Since the power-handling capacity of an antenna is limited 
primarily by pluming potentials, the reduction in potential gradients 
permits greater power input. 

In dipole arrays the total power input to the system is divided among 
several dipoles in some manner so that the power input to any one dipole 
is correspondingly lower. In high-frequency broadcasting it is some-
times desired to use a single dipole antenna or a pair of collinear dipoles 
for large power input. In such cases a cage dipole of large diameter or a 
biconical cage is a suitable antenna design, as shown in Fig. 3.27. In 
both cylindrical cage and biconival cage antennas it is desirable to use a 
ring connection to all of the wires at the end. Both types have relatively 
large bandwidth und power-handling capacity. 

For the same reasons, a folded dipole usually has greater natural band-
width than a single-wire dipole. The folded dipole is an elementary cage 
antenna of two or three wires. 

3.9. Folded Dipoles 

The folded dipole is a radiator with a controllable resistive impedance 
at the feed point. It. can therefore be des:gned to match a particular 
balanced feeder impedance. To control the feed-point impedance by 
controlling the current division in the wires of the folded dipole, the 
number, spacings, and radii of the conductors can he varied if necessary. 



HIGH- FREQUENCY ANTENNAS 251 

E
L
E
C
T
R
I
C
A
L
 
L
E
N
G
T
H
 
.
 
(
D
E
G
R
E
E
S
)
 

18 

17 

17 

16 

16 

15 

15 

14 

135 

130 

125 

12 

1 I 

1 

- 

t 

0 I 1 0 10 

DIAMETER, ( DEGREES ) 

Fu;. 3.25. Electrical length of end-fed dipole for maximum reaintance and zero react-

ance. ( After Brown.) 

100 

10 20 30 40 50 100 200 300 500 i000 
LENGTH/DIAMETER 
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ratiatance of end-fed dipole. (After Brown.) 
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The simplest folded dipole is one with two wires of equal radii, straight 
and parallel, and connected together at their outer ends. The total 
antenna current is equally divided between the two wires, and by feeding 
into the middle of one of them, the input resistance is four times that of a 
single-wire dipole at the same height and with the same cross-sectional 
configuration. In the case of three equal-radius wires placed at the 

RING SPREADER 

NALyARD ( INSULATOR CruNDRICAL 
IN EACH WIRE 6- WIRE CAGE 

INSULAT0P 

RING  CONNECTIOtI 
TO ALL WIRES 

HALYARD 
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TO PREVENT TWISTING 

CROSS SPREADER 

( INSULATORS BICONICAL 6-VARE CAGE 

RING CONNECTION 

SPREADERS 

FEEDER 

/ INSULATOR 

- 

e - FEEDER 

FIG. 3.27. Constructions for cylindrical and hiconica rage antennae. 

corners of an equilateral triangle tu assure equal current division among 
three wires, the feed-point resistance is nine times that of a simple dipole 
of the same geometry and height. The radiation patterns are the same 
as for a simple dipole. 

It is easily demonstrated by logarithmic-potential theory (for example. 
see Chap. 6) that, for a folded dipole of the type of Fig. 3.28A having two 
parallel conductors of radius pi and pi and a center-to-center spacinga 
(all in the same units of measurement), the ratio of the currents It and 
/2 in these two conductors is 
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The total antenna current is divided between the two conductors in this 
ratio. 

A three-wire folded dipole of the type of Fig. 3.28B provides an endless 
number of possible combinations of conductor radii and mutual spacings. 

— — -•-••-••• 
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FIG. 3.28. Folded-dipole radiators (resistance limits shown are those due to height of 
antenna above ground). (From RAF Shortwave Communication Handbook.) 

If conductors 1, 2, and 3 have radii pi, pi, and pa, respectively, and mutual 
renter-to-center spacings of a between 1 and 2, b between 2 and 3, and c 
between 3 and 1, the current ratios between fa, h, and h are given in the 
following equations : 

c b a . p 
I a , _ log ic — log go -c — logio p—g logic 

—c i   Pt  

/1 , , b , b 
logo i' logic e! — Jogio - iogio - a c a c 

logia —a log -I/ — logis —c logio e-2- 
/s _ Pa a Pi a 

logic log10 — logic) - g» lo a c a 

The total antenna current for the folded dipole comprises the sum of the 
Component currents .11, /2, and Ia. 

If la is the total antenna current and I I is the relative portion of this 
current in the fed wire of the folded dipole, then the feed-point impedance 
Z1 is related to the center-point impedance Z. of the same dipole as a 
simple (nonfolded) system in the following way: 

— 
1f2 
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When half of a folded dipole is used as a vertical antenna operating 
against ground, the system is called a " folded unipole" or sometimes a 
"folded monopole." The same principles of current distribution among 
the conductors will apply as for the folded dipole. The impedances of 
the unipole will be exactly one-half of those of the equivalent dipole 

when the ground plane is perfectly conducting. A folded unipole is a 
form of multiple tuning, and the principle has been discussed in Chaps. 
1 and 2. 

In high-frequency applications it is practical to use equal-radius wires 
for the construction of folded dipoles. The types of folded dipoles 
suitable for high-frequency applications include those shown in Fig. 3.28. 
The fact that a folded dipole has generally a larger cross section than a 

simple dipole gives it a greater intrinsic bandwidth; but this effect is 
derived wholly from its equivalence to a cage antenna. The bandwidth 
of a folded dipole depends upon exactly the same geometrical factors as a 
simple dipole. The direct match between the folded dipole and its 
feeder adds a further increment to the bandwidth of the system because 
there is then no excess energy storage to produce selectivity in the 
impedance-matching circuits. 

Figure 3.28A shows the elementary two-wire folded dipole. Experience 
has shown that its adjustment to match precisely a balanced feeder is 
facilitated by making the outside length slightly greater than one-half 
wavelength and then placing short circuits between the two wires a small 
distance in from their ends to obtain the correct center-point resistance. 
This adjustment should be made for the height at which the dipole will 
operate. because the impedance will be dependent upon height above 
t he ground. 

Figure 3.28 shows five other possible versions of folded dipoles, adapta-
ble to various feeder impedances. 

All of the folded dipoles shown, constructed to the indicated dimen-
sions, have a single-lobe pattern with its maximum normal to the antenna 
axis. Those with lengths greater than one-half wavelength will have 
sharper lobes. 

The three- wire forms are best made in the form of a triangular cage. 
as shown in Fig. 3.29. A simpler construction but having unequal 
division of current among the three wires is to place all wires in one plane. 
The form shown in Fig. 3.28F has an input, resistance which is adjusta-

ble by varying the length of the stub in the second leg of the antenna by 
the movable short eircuit (see ref. 42, page 365). A construction to 
utilize this principle is given in Fig. 3.30. The directivity of this type of 
folded dipole is also adjustable by means of the stub line. 

Folded dipoles may be used as elements in directive arrays when 



HIGH- FREQUENCY ANTENNAS 255 

treater bandwidths and great for power-handling capacities per dipole are 
required than are feasible with single-wire dipoles. For very high power 
arrays, where potential limitations become a governing design factor, 
folded dipole elements provide a means for using matched feeders 
throughout the system, thus avoiding the excessive potentials common 
to standing-wave feed systems. 
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Fin. 3.29. Construction of folded dipole.. 

3.10. Universal Antennas 

There are circumstances where only one antenna must serve for a 
number of high frequencies. On shipboard and on buildings, for example, 
not only must one antenna suffice, but there may be physical limitations 
in the form and arrangement of the antenna. Obviously in such cases 
severe compromises in performance must be accepted. One antenna 
used for a number of different operating frequencies means first of all 
that the radiation pattern for each frequency will be different—often 
vastly different. At some frequencies the radiation patterns may be 
very unfavorable for communication in the desired direction. Some 
users make up for this radiation deficiency by employing relatively high 
Power. As spectrum space becomes more valuable, this inefficient 
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expedient will become less tolerable, because it causes more interference 
than a properly engineered system. 
A single antenna used for a number of frequencies also has the charac-

teristic of widely different input impedances so that there cannot be a 
universal impedance match. This necessitates the switching of indi-
vidual impedance-matching networks for each frequency or the readjust-
ment of the coupling circuits for each frequency. 

SPACING INSULATORS----,..., 

TYPE OF FIG 3 28 F 

N -̀• STRAIN INSULATOR 

STUB 

LENGTH -ADJUS .TNG 
SHORT CIRCUIT - 

MAIN FEEDER - 

Flc. 3.30. AcIPoitable two-wire folded dipole. 

When service to a fixed point or along a fixed direction is wanted, the 
double dipole is useful because at least the maximum field strength is 
always radiated in the same direction as the frequency is changed over 
a range of more than 2 to 1. However, the vertical beam angle will 
change with frequency if the physical height remains fixed. 

Figure 3.31 represents a very useful form of simple antenna which can 
be used over a range of frequencies of 21¡ to 1. A different matching 
stub or other impedance-matching device can be used for each operating 
frequency within this range, if necessary. The merit of the system is 
that the radiation pattern maintains a constant direction normal to the 
antenna over the entire range, though the beamwidth of the pattern 
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changes. Where one antenna must be used for day and night frequencies 

over a given fixed path, this antenna is useful. 
It is dimensioned to have a length each side of center of about 225 

degrees at the highest desired working frequency which gives the current 
distribution and pattern shown in Fig. 3.31C. At a slightly lower fre-

quency the length each side of center will be one-half wavelength, and 
the system, as shown in Fig. 3.318, is two collinear cophased dipoles 

cos (90 sinfl) cos (112.51in/1) 

cosp 

cos (90 sing ) 
cosfi 

- - - 

"...CURRENT DISTRIWIONS • '''''  1. -  

11 11 ir. 

, 00.2190 sin/7)  
cosfl 

DIPOLE CENTER FED 2- DIPOLES END FED 2 EXTENDED DIPOLES 

(le LONG) 

A e 
Fm. 3.31. Double dipoles and approximate patterns. 

At a frequency one-half this last value, the system becomes a single 

center-fed half-wave dipole as shown in Fig. 3.31.4. At a still lower 
frequency, the antenna would be electrically shorter than one-hall wave-

length, and its pattern would become a tangent. circle. 
Antennas of the traveling-wave type, such as rhombics and inverted 

V's, can be adjusted to have a relatively uniform input impedance over a 

wide range of frequencies, but the radiation pattern varies with frequency. 
In applying these antennas, care must be taken to determine that the 
variation in the pattern varies with frequency in an acceptable manner, 
to provide the desired service without excessive compromise and without 
demanding the use of excessive power. 

3.11. Simple Directive High-frequency Antennas 

In point-to-point communication over fixed circuits it is usually desira-
ble to employ varying amounts of directivity for transmitting or receiv-

ing. The reasons for using directivity are: 
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Transmitting. Power gain in the preferred direction in order to 
I. Economize on transmitter power 
2. Increase the signal-to-noise ratio at the receiver 
3. Increase the margins of reliable operation 
4. Reduce interference in other directions 

5. Reduce signal distortion due to multipath transmission 
Receiving. 

1. To obtain better signal-to-noise and signal-to-interference ratios 
when the disturbances come from other directions than the desired 
signals 

2. To discriminate against multipath signals arriving at different 
vertical angles 

3. To give a larger signal input voltage at the receiver 
Additional directivity over that which is typical of a single horizontal 

dipole can he obtained with director and reflector elements associated 
with the dipole and fed directly or parasitically. 

Broadside dipole arrays have a valuable property—their horizontal 
and vertical patterns can be separately controlled. The vertical direc-
tivity is controlled by the height and the number of radiators in the 
vertical stack, their spacings, and their current distributions. The 
horizontal directivity in controlled by the number of radiators in the 
horizontal line, their spacings, and their current distributions. End-fire 

and long-wire radiators and arrays lack the feature of independent con-
t rol of vertical and horizontal patterns. 

3.11.1. Dipole with Passive Screen Reflector. One of the simplest 
directive antennas is a single half-wave dipole associated with a reflecting 
screen of tantuned wires, simulating a continuous metallic sheet, to give 
essentially unidirectional transmission or reception. Passive screens of 
tar:laical dimensions give good gains in the forward direction and con-
,;iderable suppression of backward radiation, as can be seen from Fig. 3.32. 
The arrangement of Fig. 3.33 is often of great utility. Assuming the 
screen to be in its principal vertical-plane pattern is 

f(a) e- sin (h sin a) sin (d cos a) 

In the horizontal plane, a half-wave dipole with reflector has the pat tern 

ens  = (90 sin ell sin f((Icos e) fld) ---• _ 
vox d 

All dimensions are in electrical degrees. 

A value of cl bet wren 40 and 80 degrees is desirable for good reflector 
art ion with limited screens and without excessive screen loss. 
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3.11.2. Horizontal Dipole with Parasitic Elements. This type of array 
1, composed of two parallel horizontal dipoles, one of which is fed and the 
other is self-resonant and excited by the field of the radiator. Maximum 

PATTERN 
I NORMAL TO DIPOLE 

0 2 
Fie, 3.32. Relative field strength from a half-wavelength dipole parallel to and one-

quarter wavelength in front of a sheet reflector 0.85X square. Wala by Carter.) 
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DIPOLE 
MAST 

/ //////// / /A/ /// 
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FIG. 3.33. Horizontal dipole with passive screen reflector for unidirectional radiation. 

radiation takes place in the direction of the director. When the spacing d 
ii 36 electrical degrees and the height above ground h is about 0.65 wave-
length (height at which the mutual impedance with the images is resistive 
only), the currents in both elements are very nearly equal and the vertical 
pattern is 

f(cu) 
d 

n - (•Us cx) sin (h sin a) 
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With changes in height it is possible to make small adjustments to 
maintain a maximum field strength on the beam. A gain of 4 to 6 

decibels is available in the arrange-
RADIATOR i.—  d•— •; 

f.---17 : ment shown in Fig. 3.34. 
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The pattern can be inverted and 
Fia. 3.34. Geometry of horizontal 
dipole with parasitic reflector, the director changed to a reflector by 

tuning the parasitic element off self-
resonance on the side that will give it a positive reactance. This can be 
done by inserting inductance at the center or by adjusting the length of 
the parasitic element. Figure 3.35 shows the relations between two radi-

6 

4 

.2 - 1--

'o 
o 

Ce  0 a i- • 

06 

0.4 

02 

r\ 

\ ----

R0! 

1 
EH RH . 732 OWNS 

d 

 1_ 
0 

CONSTANT RADIATE 

thce.41 

51 REN,0 " 

lo a 

Ti 

POWER 

---

0.1 02 03 04 05 06 07 09 09 10 

FIG. 3.35. Effect of parasitic dipole. (After Brown.) 

ation-coupled dipoles in free space when their lengths are such as to have 
zero self-reactance. 

3.11.3. Horizontal Director-Reflector Array. Additional gain can be 
obtained with two parasitic elements, one a director and the other a 
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reflector, on opposite sides of the active element. The plan and side 
views and one eet of essential electrical dimensions are shown in Fig. 3.36, 
together with the horizontal pattern. The vertical pattern for the array 

( DIAMETER OF CONDUCTORS 0.87%000242 \ 
 REFLECTOR 0.542 X LONG 

F. F SPACING 00917 X ( cENTERs) 
RADIATOR 0.490X LONG 

SPACING 011a ). ( CENTERS) 
•   DIRECTOR 0.460 X LONG 

ft BALANCED FEED AT F-F 

DIRECTION OF BEAM 

Fin. 3,36. Director-reflector array. (Data by Brown.) 

over ground at a height h would be derivable from the measured hori-

zontal pattern by the relation 

f(js) cos a sin (h sin a) 
(a) cos (90 sin a) 

The empirical characteristics of this type of antenna make it necessary 
tu follow closely the principle of similitude in attempting to reproduce a 
prescribed design. The cross-sectional scale must also be retained 
faithfully. 
This type of antenna can also be used as a single-mast rotary beam for 

the higher frequencies. 

112. Vertical Directivity of Stacked Horizontal Dipoles 

It was seen from Fig. 3.15 that increasing the height of a single hori-
zontal dipole above the earth lowers the angle of the first lobe, but only 
at the expense of forming other higher-angle lobes after the height sur-
passes one-half wavelength. In practical communication it is necessary 
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With changes in height it is possible to make small adjustments to 
maintain a maximum field strength on the beam. A gain of 4 to 6 

decibels is available in the arrange. 
ment shown in Fig. 3.34. 

Using rigid members and operat-
ing at a sufficiently high frequency, 
this array can be mounted on one 

a support, which can be rotated to any 
azimuth. 
The pattern can be inverted and 

the director changed to a reflector by 
tuning the parasitic element off self-

resonance on the side that will give it a positive reactance. This can be 
done by inserting inductance at the center or by adjusting the length of 
the parasitic element. Figure 3.35 shows the relations between two radi-
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ation-coupled dipoles in free space when their lengths are such as to have 
zero self-reactance. 

3.11.3. Horizontal Director-Reflector Array. Additional gain can be 
obtained with two parasitic elements, one a director and the other a 
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reflector, on opposite sides of the active element. The plan and side 
views and one set of essential electrical dimensions are shown in Fig. 3.36, 

together with the horizontal pattern. The vertical pattern for the array 

( DIAMETER OF CONDUCTORS 0.67%0.00242x 
REFLECTOR 0.542 X LONG 
0 0917 X ( CENTERS ) 

RADIATOR 0.490 X LONG 
SPACING 0.118 X ( CENTERS) 

DIRECTOR 0.460 X LONG 

/1 BALANCED FEED AT F-F 

DIRECTION OF BEAM 

Fin. 3.30. ()1 r tor-reflector array. (I)ata by Brown.) 

over ground at a height h would be derivable from the measured hori-
zontal pattern by the relation 

f(i3) cos a sin (h sin a) 
f(a) = cos (90 sin a) 

The empirical characteristics of this type of antenna make it necessary 

to follow closely the principle of similitude in attempting to reproduce a 
prescribed design. The cross-sectional scale must also be retained 
faithfully. 
This type of antenna can also be used as u single-mast rotary beam for 

the higher frequencies. 

3.12. Vertical Directivity of Stacked Horizontal Dipoles 

It was seen from Fig. 3.15 that increasing the height of a single hori-
zontal dipole above the earth lowers the angle of the first lobe, but only 
at the expense of forming other higher-angle lobes after the height sur-
passes one-half wavelength. In practical communication it is necessary 
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for long-distance transmission and reception to focus the energy at low 
angles and also to suppress partially, if not completely, all higher lobes to 
reduce fading and multipath signals of long delay. This can be done to a 
certain extent by increasing the number of cophased dipoles as the height 
of the lowest dipole is increased. The directivity of two cophased dipoles 
spaced something of the order of one-half wavelength is such as to reduce 
the magnitude of the higher lobes that form as the height of the system is 
increased. Eventually, the second vertical lobe angle is low enough so 
that two dipoles do not appreciably reduce it, but the third and fourth 
lobes are effectively reduced. It is then necessary to increase the number 
of stacked dipoles to achieve the desired reduction of the second lobe. 
By the time the lowest lobe has been deflected to 5-degree horizon clear-
ance, the lowest dipole is two wavelengths above ground, and if four 
cophased dipoles spaced one-half wavelength above each other are used. 
the second lobe has been reduced to 65 per cent of the first in field strength 
at 15 degrees and the third, fourth, and fifth to 17, 24.5, and 25.5 per 
cent at 25, 40, 54 degrees elevation, respectively. In order to reduce the 

second lobe still further, a vertical 
6 

stack of six or more dipoles would ism 
4--- 5 have to be used. 
OW • This process can lead to very high 

1, r, 
spared at half-wavelength intervals Fia. :le. Vertirol Mark of equal-cur-

rent et-phased dipoles. wit h equal currents. The principal 
vert irai pattern, using the method 

of adding the patterns for individual pairs formed by each dipole and 
its image (see Appendix V-A), using the geometry of Fig. 3.37, is 

f(a) --- (sin (h sin a) -1- sin Rh ± 180) sin al + sin Rh + 300) sin al \ 

+ • • • sin : lh + (n — 1) 180] sin al) A. 

where .V is a normalizing fart or and n the total number of dipoles in the 
stack. Each dipole in the stark introduces a term irt this equation. 
When h is a molt iple of 180 degrees, quick computation ran be made with 
the aid of Appendix V-A. 

The principal vertical pattern can also lie written in another form when 

-1--- 4 
'r-.• and expensive st ructures. Yet such 
-1-- 1.3 is the problem of obtaining a high 
ocr . 
4---- 1 2 convent ration of energy at very low 
RV - angles. 

In the following equation, h is 
A I the electrical height of the lowest 

• dipole above perfect ground. The 
l other dipoles are assumed to he 
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the number of dipoles is an integral power of 2. For an array of four 
staeked dipoles, but otherwise the same geometry as Fig. 3.37, the pattern 

can be written 

f(a) = cos (90 sin a) cos ( 180 sin a) sin [(h + 270) sin allfi(a)] 

The first cosine factor is the pattern for the uppermost pair of dipoles. 
The second factor is the free-space pattern for two cophased pairs of 
dipoles. The third factor is the effect of the height of the array above per-
fectly conducting ground to the middle of the dipole system (not to the 
lowest dipole as in the preceding example). The fourth factor is the 

CURRENT DIRECTIONS 

0 625 X 

FEEDER 

••••••• ••••• 

Flo. 3.38. Array with two parallel rows of dipoles arranged vertically hut spaced 
0.625 wavelength, cophased. 

dipole orientation factor, which is unity when the dipole is horizontal and 

when it is vertical is the familiar dipole-pattern factor 

cos (90 sin a)/cos a = fl(a) 

In a two-stack array, advantage can be taken of the additional gain 
that results from a spacing of 0.625 wavelength, the optimum spacing 
from a gain standpoint. This requires a symmetrical feed arrangement 
similar to that shown in Fig. 3.38. For an array of this type, the vertical 
pattern through the main beam, assuming perfectly conducting ground, is 

f(a) = cos ( 112.5 sin a) sin [(h -I- 112.5) sin a] 

Vertical stacks of dipoles are most conveniently fed in cascade from 
the bottom upward. It is preferable to use half-wave spacing between 
dipoles so that the dipoles can be equally excited by the standing waves 

on the vertical feeder. 
It must be remembered that ordinary cascade feeding includes the 

attenuation that occurs from bottom to top, which means that there is a 
consequent tapering of the dipole currents upward along the stack. 

Mutual impedances tend to equalize this somewhat.. The reduction of 
current in successive dipoles causes the pattern to be tilted upward more 
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than that for equal currents. This effect increases with an increase in the 
number of stacks. 

This upward tilting of the pattern can be corrected by feeding the stack 
from its center and propagating the currents equally upward and down-
ward from the feed point. Since the expense of high structures is 
incurred to obtain low angles of radiation, attention to this effect is 
important in obtaining maximum effectiveness from this height. 
A curtain of parasitic (or energized) reflectors or a passive screen 

reflector of untuned wires influences the vertical pattern because of the 
additional interference of the fields due to the depth of the array. This 
effect is used to obtain further suppression of high-angle lobes as well 
as to suppress backward radiation. A passive reflector of adequate area 
is a very effective device for suppressing backward radiation. When the 
reflector wires, parallel to the active radiators, are spaced one-tenth 
wavelength or less, very little energy is radiated backward and most of 
what does leak backward is due to diffraction around its edges. The 
backward-diffraction field is reduced as the directivity of the active cur-
tain is increased. With a highly directive active curtain, the area of 
the passive reflector can be made equal to the area of the active curtain 
with relatively small diffraction leakage. 

When a stack of four horizontal dipoles spaced 180 degrees is placed in 
front of a passive reflector, the vertical pattern in the principal vertical 
plane normal to the forward curtain becomes, assuming perfect. earth and 
perfect infinite reflector, 

1(a) = cos (90 sin «) cos ( 180 sin «) sin (h sin a) sin (d cos a) 

The first two factors account for the active curtain, the third for the 
height of the middle of the curtain, and the last the passive reflector 
spaced d degrees from the curtain. The application of this equation to 
a system of two lines of horizontal dipoles spaced 180 degrees with a mid-
height of 450 degrees and spaced 36 degrees from a passive reflector, with 
equal cophased currents in the active dipoles, is shown in Fig. 3.39, step 
by step. The curtain factor, the height factor, and the reflector factor 
are all shown, as well as their evolution to the final pattern, shown shaded. 
When an identical curtain of parasitically excited dipoles is used for the 

reflector, the pattern is indeterminate because of complicated mutual 
effects similar to those shown in Fig. 3.35. The maximum forward 
field strength is not coincident with minimum backward field. The 
system is quantitatively so complex that any analysis must be regarded 
a9 empirical, although most large dipole arrays used to date have been of 
this type. It is therefore useless to formulate the pattern shape in the 
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backward direction, but in the first quadrant of the forward direction one 
may use the approximate relation, for four stacked cophased dipoles, 

f(a) cos (90 sin a) cos ( 180 sin «) sin(h sin a) cos (45 cos a — 45) 

In this equation the commonly used spacing of one-quarter wavelength 
between radiator curtain and reflector curtain was assumed in the values 
used in the last factor. 
A simple form of cubical array can be illustrated by the following case: 

It is desired to obtain a radiation pattern, substantially unidirectional, 

siii(450 sin aa 
sin(450 Sin a) sin ( 36 cos cl) 

(90 sm«.) 

1.0 

, ( 90'sin ra sin (450sna) sin ( 36 cos ) 

Fm. 3.39. Array pattern derived by multiplication by successive factors. 

giving a moderately low angle of radiation in the forward direction in the 
vertical plane and maximum suppression of other radiation lobes in for-
ward and backward directions consistent with a minimum number of 
radiators and economical design. Such a need often arises in directive 
broadcasting on the tropical broadcast frequencies where arrays of large 
electrical size are uneconomical or impractical. 

If we examine the chart of pair patterns, we shall find that a pair with 
225 degrees spacing and a phase difference of 45 degrees has a pattern 
with a submaximum along the line of the radiators in one direction and 
zero in the other. Two other large lobes occur almost normal to the 
array axis. This pair has the pattern 

cos ( 112.5 cos a + 22.5) 

which has zeros at 37 and 180 degrees. 
If now we place the axis of this pair parallel to ground at a height of 

one-half wavelength, the height factor will have the equation 

sin (90 sin a) 
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which has nulls at 0, 90, and 180 degrees. The zero at 90 degrees will 
split the major lobe from the radiator pair. What, remains is still very 
large at about 120 degrees (60 degrees above the horizon in the backward 
direction), and further suppression is desired. 

The pattern chart is examined again, and it is noted that a cophased 
pair spaced 0.75 wavelength has a zero at 42 degrees each side of the line 
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Fin. 3.40. Vertical-plane pattern for the array shown. 

normal to the pair. This suggests that cad' of the original radiators 

may be replaced by such a cophased pair of radiators centered on the 
location of the original dipoles, with their axes vertical. Thus the array 
as seen from the side consists of four dipoles at the corners of a rectangle. 

with a height of 0.75 wavelength (270 degrees) and a width of 0.625 
wavelength (225 degrees) and with an average height of 0.5 wavelength 
from ground ( 180 degrees). This brings the two lower radiators 15 
degrees above ground, the upper ones 315 degrees. In the vertical plane. 
with this configuration, the last pair has the pattern 

Cos ( 135 sin a) 

In the vertical plane this entire array of four dipoles will have the 
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pat tern 

f(a) = N cos ( 112.5 ros a + 22.5) sin (90 sin a) cos (135 sin a) 

When this is computed and plotted we obtain Fig. 3.40. In this 
figure, the pattern has been " normalized" to restore its maximum value 
to unity. There are now zeros at 0, 42, 54, 90, 138, and 180 degrees. The 
maximum field strength occurs at 16 degrees, at which angle the unnor-
malized maximum value of the above equation is about 0.4. To bring 
this to 1.0, a normalizing factor of N = 2.5 is applied to the equation, 
which merely enlarges the pattern. A normalizing factor larger than 1.0 
means that the radiation resistance of the system has been reduced below 
normal value, and to obtain normal fields, relatively large currents will 
be necessary in the radiators. Large currents will result in high system 
potentials. Both these facts caution the engineer to be considerate of 
system losses, or low radiation efficiency may result. This condition is 
characteristic of all radiating systems that give theoretically large gains 
in relatively small space. This will be confirmed if one makes the com-
putations for the radiator impedances, taking into account all the mutual 
impedances between radiators and images. A normalizing factor of 2.5 
is not excessively large, indicating that with provisions for minimizing 
conductor and insulation losses, and also ground losses, good working 
efficiency may be realized. The proximity of the lower radiators to 
ground suggests the need for improving the effective conductivity of the 
ground, which can be done by using a surface ground screen of wires 
spaced 0.05 or 0.1 wavelength and parallel to the dipoles. 

If the radiators of this array consist only of single horizontal half-wave 
dipoles, the horizontal pattern will have the formula 

cos ( 112.5 cos )3 -1- 22.5) cos (90 sin (3) 
= — cos 

If additional horizontal directivity is wanted, each radiator may consist 
of two or more collinear half-wave dipoles. 

3.13. Horizontal Directivity of Lines of Cophased Dipoles 

The radiation pattern in any plane passing through a half-wave dipole 
has the equation 

- cos (90 sin 0) 
f 10) cos ft 

where et is measured from the normal to the dipole. A horizontal line of 
collinear cophased dipoles has a pattern that can be computed on the 
basis of isotropic radiators located at the renter of each, with a magnitude 
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proportional to the dipole current, and multiplied finally by the dipole 
factor ft(8). Thus, for n collinear dipoles with half-wave spacing center 
to center, the field-strength pattern for equal dipole currents can be 
computed from the following equations: For n even: 

f(0) ji(6) kola (90 sin 13) cos (270 sin i9) 

-F • • • cos [(n — 1) 90 sin el 
For n odd: 

1(8) = f1(3)11 A- cos ( 180 sin 13) -1- cos (360 sin 13) 

+ • • • cos [(n — 1) 90 sin 011 

A set of such patterns is shown in Fig. 3.41. Appendix V-B can be 
used in the synthesis of such patterns. The space-time reference point 
for these equations is the geometrical center of the system. 
Another form in which these patterns can be expressed is 

cos (90 sin ti) cos ( 180n sin /1) 
I e = cos fi coa ( 180 sin /1) 

These collinear half-wave dipole patterns are for free-space conditions. 
When they lie parallel to ground, the pattern becomes what is com-
monly called the horizontal pattern, though actually it is a horizontal 
plan view of the pattern. When an identical line of radiators is located 
at the same height above ground, spaced one-quarter wavelength from it. 
and the system excited so that their currents are equal but differ in phase 
by 90 degrees, the horizontal pattern is the free-space pattern for one line 
of radiators multiplied by the couplet factor 

12(0) .• cos (45 cos fi — 45) 

Patterns of this type are shown in Fig. 3.42. 
When the system of collinear half-wave dipoles is parallel to a perfectly 

reflecting plane, the pattern foe in the plane through the radiators and 
their images will be the same as for the original line of dipoles, multiplied 
by the reflector factor he -- sin (d cos 0). Then 

fo(0) fidgi(0) 

When the electrical distance d from the reflector is less than 30 or 40 
degrees. 13(0) = cos very nearly. Of course 13 must lie in the plane 
through the dipoles and their images. 

Figures 3.43, 3.44, and 3.45 show the patterns for two, four, and six 
collinear half-wave dipoles with equal currents when placed in front of a 
perfectly reflecting surface. 

Arrays of parallel vertit•al half-wave dipoles spaced one-half wave-
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length have patterns in the horizontal plane specified by 

fo(d) f_La1313) 

Patterns for straight rows of vertical dipoles each having unit current, 
cophased, are shown in Fig. 3.46. 

1.0 

UNIDIR ECTIONAL PATTERN 

USING REFLECTING 
SCREEN SPACED DIX 

BIDIRECTIONAL PATTER N-
2 COPHASED DIPOLES 

90* 60 3e O 3e 60 9Cf 

FIG. 3.43. Radiation pattern for two cophased dipoles with and withinA reflector 
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O laTO REAR 

HORIZONTAL PATTERN 

Fto. 3.44. Radiation pattern for four cophased dipoles with reflecting screen. 

3.14. Beam Slewing for Broadside Arrays 

Beam slewing is a practice often used where one array can serve for two 

azimuths having a small angular difference The main beam can he set 
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off of the normal a few degrees by giving a small phase difference to the 
currents in the two halves of the array. The method for doing this is 
indicated in Fig. 3.49A, where a phase lag is introduced into the right-
hand half by having an extra length of matched feeder on that side. 
The horizontal pattern for a slewed unidirectional beam from a hori-

zontal array of four half-wave spaced elements follows the relation 

MO) = cos (90 sin fi) cos (180 sin fi -I- 0 

The appearance of the constant phase-difference angle in the last 

6 COPHASED%DIPCLES 

NEUTRAL 
REFLECTING SCREEN 

0.1)TO PEAR 

HORIZONTAL PATTERN 

6e 

Flo, 3.45. Radiation pattern for nix eophased dipoles with reflecting screen. 

rusine factor of this equation accounts for the tilting, or stewing. It can 
be seen from this factor that its maximum will always be to one side or 
the other of the normal to the array when elt is other than zero. It is also 
evident that a null is going to appear on the off side of a stewed beam. 
which, when 0 becomes sufficiently large, causes a split in the pattern. 
It is this split that sets a practical limit, to effective stewing, both from 
loss of gain on the main beam and the growth of the secondary beam to 
objectionaable size. 

The most effective form of beam slewing is to introduce an equal phase 
difference in the current of each dipole in succession. The more uni-
formly the phase difference is distributed across the array, the greater is 
the stewing angle before the beam splits. 

Fig. 3.47 exemplifies two values of beam slewing for an array of four 
dipoles in line. 
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3.15. Radiation Patterns for Dipole Arrays 

The pattern for a dipole array in the main vertical and horizontal direc-
tions of interest can be computed separately by the methods outlined in 
the preceding pages. These patterns are all in terms of relative field 
strength. If it is desired to compute the radiation patterns in terms of 
relative power, the field-strength values are to be squared everywhere. 
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Fin. 3.47. Stewed beam patterna for a row of four horizontal dipoles. 

The particular patterns desired ha. II high-frequency service, such as 
broadcasting. are chi sell after a stutly of the getigraphy of the service 
areas to he readied anti an analysis of the propagation conditions to be 
encountered. In broadeasting serviee it frequently happens that a 
rather broad pattern in azimuth is required to cover an extended area of 
population: yet a high concentration of energy is necessary in the vertical 

plane. Most of the power gain of such a system will come from its verti-
cal directivity. 

Directivity is desired in two major planes, called generally the " hori-
zontal" (plan view) and the " vertical" (side view). At times the pat-
terns at other angles may he necessary. Any desired directivity 
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obtained by separately utilizing the interference obtained by ground and 
from reflector-image radiations for the vertical patterns and the inter-
ference between the linear current distributions together with any reflec-
tor action for the horizontal pattern. The independent control of the 
pattern in the two major planes is a valuable property of dipole arrays and 
often dictates their adoption for certain applications. Such antennas are 
classed generally as broadside antennas, since the main beam is virtually 
normal to the plane of the dipole curtain. 

EARTH 

WITH REFLECTOR 
SCRE EN FOR 

UNIDIRECTIONAL PAT TERN 

CS) 

3.48. antennaâ. 

One of the simplest arrays with radiation control in the two major 
planes is the Lazy H, shown in Fig. 3.48A. In Fig. 3.48B it is shown 
with a passive reflector of wires for a unidirectional pattern. It consists 
of four horizontal half-wave dipoles, 2 by 2, voltage-fed from a central 

feeder. 
Using larger numbers of elements, the size of a dipole array can become 

very large, especially when very low angle radiation and a very sharp 
beam in the horizontal plane are required. Figure 3.49.4 shows the 

dipole arrangement for a 4 by 4 curtain with separate feed for each half 
and provisions for slewing the horizontal beam by changing the relative 
phases in the two halves. Figure 3.49B shows a 6 by 4 curtain with 
center feed. 
The patterns for all extensive dipole arrays using equal currents in 

the individual dipoles are characterized by secondary lobes of moderate 
size. This is illustrated in Figs. 3.50, 3.51, and 3.52, except that in these 
figures the complete pattern for the forward half is displayed in terms of 
relative power distribution, instead of the usual field-strength distribut ion. 
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3.16. Suppressing Secondary Lobes 

In the formulas for radiation patterns use can be made of the fact that 
a null in any one factor of the equation produces a null in the final pattern 
at the same angle. By placing the nulls in one factor at the angles of 

secondary lobes in the other factors, these secondary lobes can be split 
and reduced in amplitude almost as desired. This principle was used in 
Chap. 2 and will be illustrated here by an example. 

H 

MATCHING 
STUB 

FEED 'Is I 
4 ( PARALLEL- WAVE DRAIN 

EARTH )  
l,7.77 W , ..7.7://1/2 ,7/7777/77777-, ////.7.7.7,77//////., 

Flo. 3.49. Arrays of horizontal half-wave dipoles and typical feeder connections. 

Let it be desired to produce a vertical pattern on the main beam from 

an array of horizontal dipoles that will have a maximum between 6 and 
8 degrees with minimum amplitudes for the secondary lobes. 
A single horizontal dipole and its image form an antiphased pair whose 

pattern has nulls located as shown in Fig. 3.16. For the maximum to be 
between 6 and 8 degrees the first null must be at about 15 degrees. From 

Fig. 3.16 we find that the height of the dipole must be 1.94 wavelengths 
above ground (700 degrees). In addition to the null at 15 degrees there 
will be other nulls at 31 and 50 degrees. 

A cophased pair of dipoles, centered at 700 degrees, can now be aub-
stituted for the single dipole. For this pair the spacing can be made 

such as to bring another null midway between 15 and 31 degrees, where a 
large secondary lobe should exist. A cophased pair with a null at, say. 
22.5 degrees has to have a spacing of 480 degrees. The pair pattern with 
this spacing has only this one null. So far it is known that the combina-

tion pattern has nulle at 15, 221 . 31. and 50 degrees. 



60 

50 

20 

60 

50 

, 
1%, 

MISS 

OPPling LoWNOSLIall"70 

1 0 
£IMW18/10.4: St_•WAN. 

2/4/ AWWWWWWWiit --  40   ."." -iiMMEMUMMIL  

4 v  
/ffeAW LI I I 0, ,0 Valk laNt 407/11 

30/-04,  e  sTrommerarirmannvok 
30 

Nagging' igahlbegibeemlealtM4 
  beamm e muft llepla"2.11 13 I 0 5 

20 

amnia nwrincirrias 10 
BMW 

90 80 70 60 50 40 30 20 10 0 10 20 30 40 50 70 90 
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It is now noted that there is a large angle between 31 and 50 degrees 
in which a large lobe can exist. The next step is to substitute for each 

of the former two dipoles a pair of cophased dipoles centered at 700 
degrees plue and minus 240 degrees. The patterns for these two pairs 
are identical, and a spacing is chosen that will bring a null at about 40 
degrees. The null-angle chart shows that this would result from a pair 
spacing of 280 degrees. 

1.0 

09 

0.8 

07 

06 

05 

04 

03 

02 

0. t 

o 

-0 I 

-02 

-03 

-04 

WITHOUT REFLECTOR 

40. 
SHEET 

1.480*- r -4b 2a01 I 
1 

7.0• _L 

REFLECTOR 

,WITH REFLECTOR 

I • Ito. 1 

0 10 20 30 40 50 60 70 80 90 

Fin. 3.53. Vert ¡nil pat lern obi: •rl by splitting aveondary lobes. 

The array now ri inNis1 s of four dipoles, with equal cophased currents. 

arranged vertirally at heights of 320, 600, 800. and 1.080 degrees. The 
vertical pattern for this array bus nulls at 13. 22 1¡. 31, 40, and 50 degrees. 
The geometry now permits a computation of the full pattern for examina-
tion. The result is shown in Fig. 3.53, wit h and wit bout a screen reflector. 
As a first approximat ion the seeontiary lobes are suppressed 16 decibels 

or more at all angles that would cause mull ipath delays. If the suppres-
sion of the uppermost lobe had to be inereased. a further extension of the 
method to put a null at about 60 degrees would provide a passible solution. 

Obviously. this characterist iv tit the pattern equations in factor form 
adapts itself more readily to the solutions of problems of this kind than 
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would the form having a series of terms added together. The latter 
form, however, lends itself more conveniently to binomial, Fourier, and 
Tchebysheff polynomial distributions, where the current amplitudes 

across the curtain are graded in some systematic manner to produce 
prescribed pattern shape. 

3.16.1. Binomial Current Grading. It has been shown that a system 
of identical radiators with equal currents with specified unequal spacings 

can be made to produce a main lobe, together with almost any desired 
degree of suppression of side lobes, by judicious placing of the nulls in 
the pattern factors. Theoretically this method could be carried so far 
as to result in almost complete suppression of all side lobes in either the 

electric or the magnetic plane of a radiator system. The practicality 
of the principle is limited by the relative difficulty of feeding such an 
array and by the size and cost of the structures for high-frequency broad-
casting or communication. 

In order to retain the simplicity of half-wavelength elements with 

half-wavelength spacings between centers, a method of side-lobe sup-
pression can be used where the current amplitudes are adjusted sys-
tematically along a line or a stack of dipoles. The simplest of these 
current-grading methods is that of symmetrical binomial current ampli-
tudes. Figure 3.54 shows how these amplitudes are derived, using half-
wavelength spacings, for a row of parallel dipoles. 
With a fundamental pair of identical parallel radiators with cophased 

and equal current amplitudes, and spared one-half N%avelength. 

fie = ros (90 sin 41) 

By overlapping two such pairs by one-half wavelength, there is the 
equivalent of three radiators in line with currents of 1 to 2 to 1 having the 
pat tern 

f2(d) = cos, ( 90 sin a) 

By continuing this procedure for n successive steps there results a row 
of n 1 radiators with symmetrical current tapering from the center 
outward in each direction, the amplitudes being proportional to the 

values shown in Fig. 3.54. The array pattern will be 

fn(e) = ros^ (90 sin a) 

Any basic pair pattern may be used, and the principle is not limited to 
half-wavelength spacings as used in this equation. 

If the fundamental pair pattern is free of lobes, the patterns correspond-
ing to successive powers of this pattern function must also he free of 
lobes and the beam increases in sharpness as the length of the array 
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increases. The same effect takes place in a string of collinear dipoles. 
with center-to-center spacing of one-half wavelength, but the pattern 
has the additional directivity of the basic dipole pattern. In this cue 

— cos' +'  (90 sin 0) 
/(19)  

cos d 

The principal disadvantage of binomial distributions in practice ie 
that the arrays become relatively large for a given beam width. This 
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is because of the very low current in the outer radiators, which have 

the greatest electrical spacing and normally contribute most to beam 

sharpness when uniform currents are employed. The reduction of 

currents in the outer radiators decreases their effectiveness from a gain 
standpoint so that a binomial array is much larger than a uniform array 

for the same sharpness of main beam. The latter, however, is attended 

with side lohes, as was seen from the study of such systems. 
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An example of the application of the binomial current grading to a 

vertical pattern is the following: An antenna consisting of two stacked 
dipoles spaced 230 degrees, with a mid-height of 450 degrees and located 
36 degrees from a passive reflector, has a secondary lobe at 32 degrees 
having a magnitude 40 per cent of that of the main lobe. How can this 
lobe be reduced substantially? 
This vertical pattern has the equation through the main lobe 

f(a) = cos ( 115 sin a) sin (450 sin a) sin (36 cos a) 

where the first cosine factor is that of the pair of stacked dipoles, the 
second sine factor that for the height of the mid-point of the array, and 

the third that for the screen reflector. All factors are functions of a; 
hence any reduction in the value of any of these factors at any particular 
angle results in a proportional reduction in the value of the entire function. 
What would happen if the first factor, for the pair, were squared? A 

quick test can be applied for a = 32 degrees by comparing 

cos ( 115 sin 32) = 0.485 
cos' ( 115 sin 32) = 0.235 

According to this, squaring the pair factor reduces the lobe at 32 degrees 
to 48.5 per cent of its present. value, or to a value of 19.4 per cent that 
of the main lobe, or better than 14 decibels below the field strength of the 

main lobe. This improvement may be very desirable. 
The next step is to determine the antenna configuration and current 

distribution that will give such a pattern. It is obtained by overlapping 
to identical pairs, giving a total of three dipoles in the stack, with their 
center located at the same point as the center of the original pair, and 
having a 1-to-2-to- 1 distribution of current amplitudes, all cophased, and 

-paced 230 degrees between successive dipoles. The comparative vertical 
patterns for this array are shown in Fig. 3.55. 

It is instructive to interject at this point the application of binomial 
current grading to a type of array not heretofore discussed. It is a 
horizontal array of parallel dipoles arranged to give a desirable vertical 
pattern for low-angle concentration by spreading the array horizontally 
rather than vertically. At frequencies between 4 and 8 megacycles. 
vertical stacking of dipoles for a given low-angle beam quickly runs to 
great heights and becomes relatively expensive. The example to be 
discussed is an economical alternative, using more land but less height for 
it certain type of pattern suitable for long-distance transmission or 

rtreption. 
Consider the pattern for a pair of parallel radiators spaced 0.75 wave-
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length (270 degrees) and having a 45-degree phase difference. The 
equation for this pair is 

f (a) = cos ( 135 COS a + 22.5) 

This pattern can be read from the chart, Appendix IV-A, and the precise 
location of the nulls can be found from Appendix IV- B. It can be seen 
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pattern. 

at once that this pattern, when squared, becomes unidirectional in the 
plane of the array with a narrow beam of large amplitude at high angle 
in the opposite quadrant. It is now possible to introduce a height factor 
of such a value as to split this large, parasitic, high-angle lobe. As an 
exploratory step, let. it be assumed that the height of the dipole plane 
(parallel to the ground) is one wavelength. The height factor therefore 
has nulls at 0, 30, 90, 150, arid 180 degrees. The pair factor, raised to 

any power, has nulls at 59 and 141; degrees (counting the full semicircle 
from horizon to horizon in the vertical plane). 



HIGH-MOUENCY ANTENNAS 285 

Therefore, let the equation take the parameters mentioned so that it 

becomes 
f(a) = cos2 ( 135 cos a 22.5) sin (360 sin a) 

The pattern for this equation in rectangular coordinates is shown in 

Fig. 3.56. 
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This type of antenna is an end-fire array of three elements obtained by 
squaring the pair factor. The synthesis of the radiators and current 
distribution for obtaining this pattern results in the following: 

Number of horizontal radiators 3 
Spacing between radiators 270 degrees 
Current distribution, progressing in the direction of the main lobe: 

1.0 at angle 0 degrees 
1.82 at 22 degrees 
1.0 at 45 degrees 

The horizontal pattern for such an array includes the pair factor squared 
and the directivity factor for the number of dipoles used in line. The 
height factor is of course not involved in the horizontal pattern. An 
interesting fact to mention in connection with end-fire arrays generally 
i3 that their vertical and horizontal patterns are interdependent, and 

not separately controllable as with broadside dipole arrays. 
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3.16.2. Suppressing Secondary Lobes by Splitting. It is possible to 
suppress side lobes in a broadside pattern from a linear arrangement of 
horizontal dipoles by using successive pair combinations that split the 
side lobes resulting from the geometry of the original pair. In this 
method, the currents in all the dipoles are equal and cophased. The 
side-lobe suppression is obtained entirely by the geometrical spacings of 
the dipoles. 

Let it be desired to produce a broadside beam that has its first nulls 
at plus and minus 15 degrees from the main beam, with all side lobes less 
than 0.1 in strength compared with the main beam. 
The equation for a pair of horizontal dipoles that produces first nulls 

at plus and minus 15 degrees is 

cos (90 sin 0) S 
M (, O) — — cos i• sin 0 = 

cos 

Spacing Si is found to be 700 degrees. This spacing also gives a second 
pair of nulls at plus and minus 51 degrees. 

It is evident that a large secondary lobe exists between 15 and 51 
degrees, and because this is a rather large angular interval, and because 
we desire a considerable degree of suppression, we can now replace each 
of these dipoles with a pair of dipoles spared a distance .S2 between centers 
such that we bring a null at 27 degrees. The equation for the linear 
combination is now 

f2(0) = f($) cos G- sin = 0 

From the last factor, SI is computed to be 400 degrees. This pair has 
but one null. Our nulle are now at 15, 27, 51, and 90 degrees, the null at 
90 degrees resulting from the dipole factor. It can be assumed that side 
lobes will exist about halfway between these nulls. 
The angular space between 27 and 51 degrees is a large one, and a large 

side lobe must exist between these nulls. Thus we can pair the radiators 
again and get 

.s2 . 
/3(3) -= f2(0) ros. (7  sin = 0 

A value for S3 is now computed that will bring a null at the middle of 
this side lobe, at about 39 degrees. The center spacing of a pair of 
dipoles that will achieve this is when S3 is 290 degrees. 

At this stage there are nulls in the patterns at. 15, 27, 39, 51, and 90 
degrees, and maximums exist at 0, 21, 33, and 45 degrees; and, due to the 
diminishing value of the dipole factor at the large azimuth angles, we 
estimate the last lobe at perhaps 65 degrees. 
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We can now make a quick calculation of the values of the pattern at 
these angles corresponding to side-lobe maximums to see how we are 
progressing. We find the following values from the equation above: 

0 1.00 
21 —0.101 
33 0.047 
45 —0.048 
65 0.345 

The desired degree of suppression is obtained in all side lobes except 
the last. This one can be split up by pairing the radiators in another 
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step, obtaining the pattern equation 

SI . 
f4(13) = f3(19) COS (7  sin = 0 

The value of S4 that will bring a null at 65 degrees is 210 degrees. With-
out further computation we call plot the known points and, with accept-
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able accuracy for exploratory purposes, sketch in the pattern between 
these points, as is done in Fig. 3.57. From this we are certain that the 
specification has been met in principle. 

It now remains to synthesize the final arrangement of the dipoles in 
this linear array. This process is indicated in Fig. 3.58. The resulting 

arrangement is complicated because we find that the radiators in the 
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Fia. 3.58. Synthesis of current distribution that gives the horizontal pattern 

of Fig. 3.57. 

successive pairing operations overlap to a considerable extent. Never-
theless, the realization of such a current distribution by this arrangement 
of dipoles will actually produce the desired pattern. This particular 

example was chosen at. random to describe the application of a useful 
principle, but the attainment of such an array is not necessarily practical. 

Greater practicality of application can be assured in this method if 
the pair spacings are confined to integral multiples of half wavelengths. 
Then all the overlapping dipoles will be exactly superimposed in the 
synthesizing process. It is worth while to test this principle with another 
example. 
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Let it be desired to produce a broadside pattern that has its zero at 
about 10 degrees, and let all secondary lobes be suppressed as much as 
possible by using the half-wave spacing technique. Following the same 
procedure as in the preceding example, it is found that the first pair, with 
a spacing of 1,080 degrees (six half wavelengths) will give nulls at 9.5, 29, 
and 57.5 degrees. The next pair with five half wavelengths spacing will 
give nulls at 11.5 and 37 degrees. The third step with four half wave-
lengths spacing gives nulls at 14.5 and 49 degrees. The fifth step places 
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Fro. 3.59. Array horizontal pattern. 

another null at 20 degrees, and in the sixth step, when the pair spacing is 
one-half wavelength, there is another null at 30 degrees. The major 
side lobes are split by a total of 10 zeros between 9.5 and 90 degrees. 
The resulting pattern will have the equation 

f(fi) cos (540 sin /3) cos (450 sin ft) cos (360 sin /3) cos (270 sin /3) 
cos ( 180 sin fi) cos (90 sin 09) (dipole factor) 

The computation of this pattern is easy with the aid of Appendix V-B, 
where each pair pattern has already been tabulated. It is necessary 
only to multiply across the six columns of cophased pains together with 
the column for the dipole directivity pattern. The result is shown 

in Fig. 3.59. The pattern has a half-power beam width of 13 degrees, 
and none of the side lobes exceed 4.5 per cent of the field strength of the 
main beam. There are two lobes of this intensity, at 25 and 42.5 degrees. 
.111 the others are 1 per cent or less over the entire range. If a passive 
reflecting screen were to be used, these would he reduced somewhat more. 
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The synthesis of the array to give this pattern with half-wave-spaced 
horizontal dipoles is given in Fig. 3.60. From this we find that the array 
would require a horizontal width of 22 half-wave dipoles. The loop 
currents end to end are found to be the following: 1,1,1,2,2,3,4,4,4,5,5.5,5. 
4,4,4,3,2,2,1,1,1. 
A linear array of this distribution is physically practical to construct 

and to feed. 
The same technique may be applied in the vertical-plane pattern. 
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3.17. Power Distribution among the Half-wave Dipoles of an Array 

Certain unique rurrents must be established in the various dipole 
of an array to obtain a specified radiation pattern. The mutual imped-
ances of such a system cause the resistive components of impedance of 
the various radiators to differ. When fed to provide the specified cur-
rents in radiators of different resistances, the power inputs will not he 
equal. In many systems, this requires that the feeder system divide the 
power in the specified manner among the different radiators, using appro-
priate power-dividing circuits and impedance-matching networks, while 
maintaining control of phase differences within the feeders so as to eorne 
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out with the correct phases as well as amplitudes of the various radiator 
currents. All the techniques of transmission-line transforming and 
coupling sections are employed in one way or another for this purpose. 
Chapter 4 outlines some of the common methods that have proved prac-
tical. The application of these techniques must be made without intro-
ducing couplings between feeders and radiators, and with a high degree of 
balance when balanced feeders are used. 
High-frequency dipole arrays in use at the present time are almost 

universally of the elementary half-wave-dipole half-wave-spacing type 
that are intrinsically simple to feed by employing standing waves on the 
feeders for either current or voltage feed. It is possible that future 
engineering may tend to more complicated systems, the feeding of which 
may approach the complexity of the arrays used for directive medium-
frequency broadcast transmission. 
The simplest type of array of parallel half-wave dipoles is that using 

half-wavelength spacing and half-wavelength feeders that are unmatched. 
The currents in the several dipoles of the array are assumed to be equal 
since presumably they are all fed with equal driving potentials. This 
implies the further assumption that all the radiators have equal imped-
ances. A simple computation of the driving-point impedance of each 
radiator in such an array, using mutual impedances between all radiators 
and their images, reveals that when the desired currents exist in the 
system the individual impedances are not equal, owing to the effects of 
radiation couplings with all the other radiators and images in the system. 
Those on the perimeter of the curtain have the greatest differences from 
anything that can be called a common value. Proximity to ground and 
to reflectors has a major influence on the operating impedance of each 
dipole. 
When the radiators are spaced at arbitrary distances, and when specific 

current amplitudes are required in the various radiators to obtain a 
specified radiation pattern, the system has then to be fed so that each 
radiator is correctly excited. This requires a knowledge of the self-
impedance and all the mutual impedances in order to determine the 
driving-point impedance of each radiator. The feeder system must then 
provide for the correct power, potential, and current phase at each radia-
tor, which are determined by its impedance and its position in the array. 
The computation of mutual impedances may be very laborious since 

the only available precomputed figures are for parallel half-wave dipoles, 
with their ende opposite each other, and for collinear dipoles (see Figs. 

3.61 and 3.62). The echelon dispositions are too numerous to compute 
for all cases and only a small number of data are published.'"2.'"'• IOU 
Therefore one must compute the impedances according to the rirettm-
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stances of each problem. Unfortunately it is necessary to take into 
account the most remote dipoles of the system, so that the labor cannot 
be avoided. 

In order to design properly a radiating system with a specified current 
distribution, the exact impedance of each radiator must be known and 
the feeder system designed to provide exactly the required excitation 
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lin. 3.61. Mutual impedanee between two parallel nonstaggered half-wave dipoles 
with sparing S. (Aftcr Carter.) 

before the system is constructed. Unless the complete project is done 
in this manner, its objective may not be realizable because it is always 
impractical, and usually impossible, to cut and try here and there to 
correct for errors in the system design. There are too many inter-
dependent variables involved to permit adjustment by manipulation. 
even if the critical locations were accessible after the array is in place. 
The system must therefore be built precisely to the final dimensions. 

and it, must work the first time. This requirement is the same as for the 
medium-frequency broadcast directive systems discussed in Sec. 2.7.3: 
but there the feed terminals of the various radiators were physically 

accessible. and it was therefore possible to trim the adjustments slightly 
to obtain the final degree of correct operation. This is usually impossible 
in high-frequeney antennas. 
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l'in. 3.62. Mutual impedance between two collinear thin half- wave dipoles. ! d is 
the distance between dipole centers.) (After Carter.) 

3.18. Feeding Power to Dipole Arrays Using Half-wave Spacings 

The attainment of a desired radiation pattern depends upon the realiza-
tion of certain specified spatial current distributions. The radiators are 

located in a prescribed geometrical arrangement and have current ampli-
tudes and phases that are derived from the design of the radiation pat-
tern. The circuital design of a radiating system starts with a study of 
ways and means to obtain the prescribed currents in the various radiators 
id the entire system and to bring the correct impedance at the main feed 
point to terminate the power transmission line. The other aspects of the 

eircuital design for a system include a determination of the potentials 
and currents which will exist when the system is energized at specified 
power input, and the specifications for the conductors and the insulators 
are based on these. 

Feed-system techniques are as varied as the types of systems that 
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may be used. Considerable inventive ingenuity may be required to 
design a feed system for one of the more complicated arrays. The 
simplest feed method occurs in systems where several identical half-wave 
radiators with equal cophased currents are used in a symmetrical array 
with half-wave spacing. The properties of a half-wave section of feeder 
have special utility in such applications, tending to equalize small irregu-
larities in impedances and currents among the various elements. Large 
beam arrays of the type shown in Fig. 3.100 are constructed for operation 
on a specified frequency by cutting the radiators to a length slightly less 
than one-half the free-space wavelength to account for end effects and 
end capacitance due to insulators and attachments, the feeders being 
cut to one-half wavelength. If the dipoles are to be end-fed from stand-
ing waves on the feeder, the dipoles are located at potential-maximum 
points on the feeder. Balance of the feeder is maintained by attaching 
dipoles on opposite sides, which makes a pair of dipoles thus fed have equal 
cophased currents. The next pair of dipoles is located one-half wave-
length along the feeder, where equal potentials, of opposite phase, are 
located. To cophase this second pair of dipoles with the first., the feeder 
is transposed 180 degrees. In this way a vertical stack of dipole pairs 
can be fed. If the number of pairs of such dipoles is very large, the 
attenuation in the feeder, due to its distributed loading, begins to be a 
factor to consider, as it will cause the outermost dipoles to have lower 
current amplitudes than those nearest the source. This effect is usually 
negligible until the number of pairs of radiators exceeds four. Beyond 
this number, it is desirable to bring the main power feeder up to the 
middle of the dipole feeder and branch symmetrically from this point. 

In order to transpose a balanced feeder of the two-wire type, it is 
necessary to use insulators to maintain constant spacing through the 
transposition. The presence of these insulators can reduce the velocity 
of propagation in the feeder and change its electrical length. If the 
velocity reduction is more than 2 or 3 per rent, it may be necessary to 
reduce the spacing of the dipole pairs along the feeder by an equivalent 
amount or there will be a cumulative phase discrepancy in the currents 
in the successive dipole pairs. 
The feeding of collinear dipoles from one end, as in Fig. 3.38, requires 

the employment of means to connect them in series through quarter-
wavelength balanced feeder stubs to cophase and equalize currents in 
the dipoles not directly attached to the main feeder. Figure 3.428 is a 
schematic example of a fi by 4 array with one ventral feeder, using series 
excitation in the three dipoles each side of the renter. 

Nearly uniform currents can be obtained throughout. an array of the 
larger sizes by the method of Fig. 3.49.4. where each vertical feeder has 
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but one pair of dipoles attached at each level. The main power feeder 
is branched into the desired number of vertical feeders, taking the neces-
sary precautions to excite the resulting sections of the array uniformly in 
current and phase. However, if there is a phase difference between the 
two sections of an array of the type of Fig. 3.49A, the main beam is 
deflected away from the broadside position, one way or the other, depend-
ing upon the polarity of the phase difference. Use is made of this fact 

to slew a beam a few degrees. 
The feed-point impedance of a pair of end-fed radiators will depend 

upon the characteristic impedance of the conductors comprising the 
dipoles, upon their electrical exact length, and upon the radiation cou-
plings to all other dipoles, ground images, and reflector images. The 
impedance of a pair will change with any change in its position in the 
system with respect to other dipoles. The dominant element of mutual 
impedance from other dipoles will of course be from the nearest parallel 
pair(s) or from the ground images for very low antennas. The nearest 
collinear pair has a mutual impedance that is relatively small compared 
with that from the parallel pair. Other echelon pairs will have inter-

mediate effects. 
Mutual impedances decrease as distance between dipoles increases. 

In arrays requiring systematic current distributions it is necessary to 
compute as accurately as possible, in advance, the impedance at every 
feed point and to provide the proper excitation at each such point to 

realize the desired performance. 
A broadside array of the horizontal half-wave-dipole type with half-

wave spacings is often built. to use a second identical curtain of dipoles 
in a close-spaced parallel plane to obtain reinforcement of fields on one 
aide and partial suppression on the other. One curtain is energized by 
feeder and the other energized parasitically from the field of the first. A 

short circuit is placed at the proper point in the main feeder for the 
reflector curtain to obtain optimum unidirectivity. The radiator and 
reflector curtains can be interchanged by switching to reverse the direc-
tion of the main beam. Unidirectivity can also be obtained, and much 
more effectively, by using an untuned, passive reflector. 

3.19. Input Impedance to Any Radiator in an Array of Dipoles 

To excite a radiating system properly, each radiator must have a 
current of the proper phase and amplitude. Except in the simplest 
cases, this requires a knowledge of the input impedance of each radiator, 
due to its self-impedance Zkk and the mutual impedance with all other 
radiators and images of the system. In practice, certain mutual effects 
can be neglected when it is known that they are of trivial magnitude 
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compared with certain dominant ones. A complete solution, however, 
must account for the total of all these effects, especially if the currents 
are to be unequal. 
When the elements of an array are half-wave dipoles, prepared data 

given in Figs. 3.61 and 3.62 may be used for the mutual impedances for 
parallel and collinear dipoles. Echelon and angular configurations must 
be computed from basic forrnulas.'°°2 Most data of this sort are referred 
to a current antinode for a half-wave element having sinusoidal current 
distribution. When half-wave elements are end-fed, the antinode values 
of impedance must be transformed through one-quarter wavelength of 
the characteristic impedance of the element used. Such transformations 
lead to approximations that are of tolerable engineering accuracy. 
Mutual impedance is defined as the negative ratio of the induced 

electromotive force at a current antinode in radiator 2 due to the antinode 
current in radiator 1.'°" By reciprocity, the effects both ways are equal. 
Thus 

V2I 
Z12 - Z21 - - 

When the values of self- and mutual impedances are known, the system 
can be computed according to network theory, using the complex form 
for both currents and impedances. It is emphasized that a vector mutual 
impedance can lie in any one of four quadrants, and due care must be 
observed in the computation to account for the most general conditions. 
When all the currents are equal and cophased, the computations are 
relatively simple. When the various radiator currents are unequal in 
amplitude and phase, computations are more complicated. 

The equations used to compute the input impedances are as follows: 
(All V's, /'s, and Z's must be in complex (vector) form, indicating mag-
nitude and phase.) 

VI = 11Z11 /2Z2, 4- /3Z3, -1- • • • f.Z„, 
V2 = I1Z pi + /au hZ32 + • • • laZw2 

v i1z1. -1- 12Z2„ 13Z3,, + • • • 

for n radiators numbered in order from 1 to n, having self-impedances 
Z11, Z22, Z33, etc., and mutual impedances between elements as indicated 
by the subscripts. Imam in the earth and in reflector screens are 
treated as discreet radiators, taking into account the proper relative 
directions of currents in corresponding images. 
The symmetry characteristic of high-frequency arrays reduces the 

labor of computation because the computation does not have to be carried 
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out for every radiator in the system. Unsymmetrical arrays require 

the full treatment. • 
An element of the system that is parasitically excited from the radia-

tion field of some other element has its potential equated to zero. 
The impedance of any radiator k, when properly functioning in the 

system to give the required radiation pattern, is then the ratio Zk = V5/1,„ 
where in general all values are complex. With a knowledge of the feed-
point impedance in each radiator of a system, the feeder requirements 
ran be developed for impedance, amplitude, and phase matching of all 
the currents back to the main power feeder. 
Figure 3.18 gives the impedance at the center of a half-wave horizontal 

dipole, taking into account the mutual impedance with its image, assum-

ing perfectly conducting earth. 
If a horizontal dipole is located a distance h degrees above a perfectly 

conducting earth and a distance d degrees in front of a vertical infinite 
reflecting plane, there will be inverted images of the dipole a distance h 
below the surface of the earth and another a distanced behind the reflect-
ing screen. In addition, there will be a third image having the same 
polarity as the radiator, and located below earth level at the corner of 

the rectangle 2h X 2d formed by the radiator and its two primary images. 
The impedance of the radiator in this arrangement is 

ZI = Zu — Zn Z14 

where Z,2 is the mutual impedance with the earth primary image, Z,, is 

the mutual impedance with the screen primary image, and Zi4 is the 
mutual impedance with the earth secondary image. 

In all cases where there are two or more primary images there may be 
one or more secondary images. A radiator located in a corner between 
intersecting 90-degree planes has two primary images and one secondary 
image. When the radiator is located between two planes intersecting at 
60 degrees, there are two primary images and three secondary images, the 
polarity of successive images being reversed. For intersecting planes at 
random angles that are not equal fractions of a circle, there may be an 
infinity of secondary images. Such cases seldom arise in practice except 
with the corner-reflector type of system or when a radiator is located 
between parallel and near-parallel conducting planes. One can study 
the complex images in such cases with mirrors placed at proper angles, 

as in a kaleidoscope, using a dot to represent the end of the radiator. 
Two identical parallel radiators having equal cophased currents have 

equal input impedances computed from 

ZI = Z2 = Z -4- 
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In the case of equal antiphased currents, 

21 = Z1 = Z — Z„, 

This condition explains why a radiator parallel to and with very small 
spacing from a conducting plane has its input impedance greatly reduced 
by the effect of the relatively large value of Thus, for a given power 
input, the current must be large, and the potentials on the radiator are 
relatively large as a consequence. Both these factors contribute to 
increased losses beyond a certain proximity where losses neutralize 
theoretical gain. This is an example of a general practical fact that high 
gain in limited space is always attended with limitations due to losses. 
since all such systems have low input resistance and low radiation resist-
ance. Bandwidth is also reduced in such systems. 
Curves of mutual impedance between parallel and collinear half-wave 

dipoles are given in Figs. 3.61 and 3.62. For formulas for the mutual 
impedance between dipoles in echelon and at an angle to each other in 
common plane, consult Carter (ref. 1019), Brown (ref. 4, Chap. 2, page 
192), Kraus (ref. 1002), and Terman (ref. 1005). 

It is seen from Fig. 3.61 that the magnitude of mutual impedance 
between parallel half-wave dipoles does not fall to one-tenth of the self-
impedance of such a dipole until their sparing is greater than two wave-
lengths. This indicates that mutual impedance should be included in 
computations for parallel dipoles at. least two wavelengths away, and 
preferably to about twice this distance. For collinear dipoles, Fig. 3.62 
shows that the mutual impedance diminishes rapidly as the distance 
between adjacent ends is increased, so that. practical computations for 
radiator impedances can neglect collinear mutuals when their ends are 
spaced one wavelength or more. Using these two limits as a guide, we 
may conclude that practical computations of sufficient engineering 
accuracy can be obtained by neglecting mutual impedances less than 5 
per rent of the self-impedance in eases where there are uniform currents. 
Since current amplitude is a coefficient for mutual-impedance terms, a 
system having currents of widely differing amplitudes cannot he simplified 
in this manner. 
The input. impedance of a half-wave dipole with a parasitic identical 

dipole in its field is computed from 

= Zn k7, 12 
O = Zi2 kZ22 

in which k is the complex ratio of /2//i. In such a rase, with but one 
parasitic element, the system is determinate and can be computed from 
known self- and mutual impedances. With more than one parasitic 
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element, the system is indeterminate because there is insufficient informa-
tion for a complete solution (see Figs. 3.63A and 3.638). Systems using 
two or more parasitic elements are empirical and must be designed experi-
mentally, though some success by computation can be obtained in simple 

systems by the method of successive approximations. 
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Fisher.) 

The block of simultaneous equations (page 296) applies to any system 
of radiators having any arbitrary current distributions and any geometri-
cal relationships. The reference points at which the impedances are 
computed may also be arbitrary. However, the values of self- and 
mutual impedances will be different in every such case and must usually 
be computed individually according to the conditions of the case. Equa-
tions for most conditions of practical interest have been developed and 
published for sinusoidal current distributions which are approximated 
by standing-wave systems. Mutual impedances between radiators 
carrying traveling waves have to be computed from basic electromagnetic 

theory. 1"1 
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3.20. Fourier Current Distributions1"7•"" 

By the Fourier analysis of a specified radiation pattern, it is possible 
to find a combination of pairs of radiators with current distributions in 
accordance with the Fourier coefficients which will produce that pattern. 
as discussed in Sec. 2.18. When applied to broadside arrays of dipoles 
with half-wavelength spacings the analysis is made very simply by the 
well-known methods of alternating-current harmonic analysis, except 
that in this case the harmonic term is the spherical harmonic, which is 
the pattern for a symmetrical pair of radiators. Therefore 

AO) = even function = .4, cos (90 sin 0) + A2 cos (270 sin 0) 
+ A2 cos (450 sin 0) ± • • • + 21.1(2n — 1)90 sin $1 

Ç° A. = f(t3) cos [(2n — 1)90 sinfil tift 
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Figure 3.64 shows the manner in which the Fourier coefficients are 
applied to the cophased currents in a symmetrical series of radiator pairs. 
The special advantage of Fourier distributions is that a distribution 

can be found which will produce a pattern of any specified symmetrical 
shape, the number of pairs used determining the degree of realization 
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Flo. 3.64. Fourier current distributions for broadside patterns. 

of the specified pattern. The above equations apply only to the case 
where f(t3) is an even function, though the method may be applied to odd 
functions or to asymmetric functions that are combinations of both types. 
One specified characteristic of the desired pattern may be the suppression 
of secondary lobes over certain ranges of angles and a specified shape of 

pattern within those angles where radiation is wanted. 

3.21. Long-wire Antennas 

The simplest high-gain antennas (structurally) are those using elec-
trically long wires in various configurations. The length of the wires may 
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be from one to eight wavelengths or more, and several of these wires may 
be used, according to the particular performance desired. Long wires 
may be excited so as to support standing waves or traveling waves. 
Practical circumstances of construction and feed, however, are of a 
compromising nature so that a standing-wave system always contains a 
substantial component of traveling wave, and vice versa. 

It is one of the paradoxes of engineering in this field that the simplest 
antennas are the most difficult to analyze. Long-wire antennas, which 
permit the simplest structures for a given performance, involve an 

enormous amount of computation to determine their performance. 
Furthermore, an accurate analysis is virtually impossible because of the 
several empirical factors present. 

In view of the importance of long-wire-antenna technology and the 

difficulties of precise analysis, it is necessary to examine in some detail the 
principles of long-wire systems of both standing-wave and traveling-wave 
types. 

3.21.1. Long Wires with Standing Waves. If it were possible to excite 
a long, straight wire so as to have several successive nodes and antinodes 
of current along its length in the form of a pure standing wave, such a 
wire, in free spare, would have a radiation pattern of the form shown in 
Fig. 3.65. Such patterns, in general, have the following properties: 

Each lobe is actually a cone of radiation, the largest being that between 
the axis of the wire and the first node in the pattern. The pattern is 
symmetrical about the normal plane passing through the middle of the 
wire. Each side of this plane there is a lobe, or cone of radiation, for 
each full wavelength of wire. 

If the amplitude of current at each antinode is identical throughout 
the wire, and if the wire is an integral number of half wavelengths, then 
the envelope for the field-strength pattern for the system is a line (or 
cylinder) parallel to the wire itself and tangent to the main lobe. This is 

illustrated by the right-hand pattern of Fig. 3.66, which represents the 
pattern of an eight-wavelength wire with sinusoidal standing-wave cur-
rent distribut ion. 

If the wire is of arbitrary length, then the various minor lobes are 

irregular and do not. extend as far as the tangent to the main lobe. The 
left-hand portion of Fig. 3.66 shows the radiation pattern for a n.4,-wave-
length antenna to illustrate this effect. 
When the wire is end-fed. as is often the case in practice, the radiation 

losses for a long wire cause a substantial traveling wave to exist, which 
causes the amplitude of successive current maximums to taper off toward 
the free end. This causes the pattern for a system to become intermedi-
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ate between that of a pure standing-wave system and a pure traveling-

wave system. This effect is shown in Fig. 3.23. 
The shape of the field-strength pattern for a pure standing-wave sys-

3 5 7 

2 4 6 8 

Fin. 3.65. Idealized polar patterns for straight wires with an integral number of half 
waves of pure standing-wave current diotribution. 

tern an integral number of half wavelengths long is specified by the 

relation: 

si n(rrir 
cos -2 cos e) 

f(8) --= - sin 0 

in which m is the number of half wuvelengt hi; in the length of the straight 
wire bearing a pure standing wave. When in is an even number, the sine 

is used; the cosine is used when in is odd. 
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I'm. 3.66. Comparison of pure standing-wave radiation patterns for current distribu-
tions of 7?:4 wavelengths and 8 wavelengths. (After Carter.) 

3.21.2. Long Wires with Traveling Waves. If it were possible to 
excite a long, straight wire in free space so that there would exist on it a 
pure traveling wave of constant amplitude and uniform phase differenre 
for all elements of length, the radiation pattern would possess the follow-
ing general characteristics: 

The largest radiation lobe would lie between the wire (in the direction 
of the traveling wave) and its first null. All suceessive lobes decrease 
rapidly and regularly in amplitude following the law sin 0.,./(l — cos 0.). 
where the 0„, are the angles at which the successive maximums occur in 
the pattern. There is a lobe for each half wavelength of length. Half 
of these lobes are tilted in the direction of wave travel in the wire, and 
the other half, which are of relatively smaller amplitude, are tilted away 
from the direction of wave travel in the wire. The pattern of lobe 
amplitudes is therefore not symmetrical about the plane normal to the 
wire and passing through its mid-point. but the angles of nulls are sym-
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metrical to this plane when the wire is an integral number of half wave-

lengths long. 
AB the length of the wire increases, the direction of the main lobe is 

pressed closer to the direction of the wire. It cannot ever approach the 
direction of the wire and in practice is never used closer than 15 or 17 

degrees from the direction of the wire. 
The complete pattern for a pure traveling-wave current distribution 

in a straight wire in free space can be quickly constructed with the aid 

90 
til 

80 
o 
o 70 

▪ 60 
4 
w so 

40 
o 
ft 30 

LU 
-J 20 
o 

4  • lo 

• o 

NULLS ,' 

\ 

6 
_ 

\\\ 
—1.....\ 

... 
4 

_ 

3 

2' 
-._ 

— MAXIMUMS 
NULLS 

2 3 4 5 
LENGTH OF STRAIGHT WIRE IN WAVELENGTHS 

FIG. 3.67A. Angles of maximums and nulls in long wires carrying pure standing 
waves (SW) and pure traveling waves (TW) for the forward half of pattern. (The 

differences appear only in the direction of the first maximum.) 

of Figs. 3.67A and 3.67B. Figure 3.67A provides the angles of the maxi-
mums and nulls; Fig. 3.67B provides values for the successive maximums. 
When these points are plotted in rectangular coordinates, the function 
can be sketched with a fair degree of accuracy through these points. 

The accuracy is increased if cognizance is taken of the fact that the 
direction of the field is reversed in successive lobes, using positive and 

negative values alternately to represent their amplitudes. 
The shape of the field-strength pattern for a straight wire in free space 

carrying an unattenuated traveling wave of current may be found from 

the equation 

sin 0 sin vers O 

AO) =  vers O 

where versine O 1 — ens 8 and G is the electrical length. Some pat-
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terns from this equation for lengths from X/2 to 4X are exhibited in 
Fig. 3.68. 

With the exception of the angle of the maximum in the dominant lobe 
for a wire less than three wavelengths long, the angles of nulls for both 
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standing-wave and traveling-wave distributions are the same. The 
difference between the patterns for the two different types of waves rests 
wholly in the amplitudes of the successive lobes. It is seen from Fir. 

3.68 and 3.69 that the pattern for the traveling-wave tends to be uni-
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directional, since the envelope for the successive lobes is eardioidal. This 
fact gives special value to the use of traveling waves for excitation of 
long wires where a unidirectional characteristic is desired. Otherwise, 
the number of lobes and nulls being the same for both fundamental forms 
of excitation of long wires, there is the common characteristic of a radia-
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FM. 3.68. Field patterns due to a straight wire rarrying traveling waves. (Front 

RAF Signal Manual.) 

tion lobe for each half wavelength of wire. The multiplicity of lobes 
inevitably present when the wire is sufficiently long to give extreme 
directivity in the main lobe is one of the principal disadvantages of long-
wire antennas. When long wires are used as elements of radiating sys-
tems, as in rhombic and V harmonic-wire antennas, there are many 
parasitic lobes extending in many directions. These parasitic lobes 
limit the directivity of an array made up of long wires. However, the 
economy and structural simplicity of long-wire antennas have given them 
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great popularity, in spite of their faults with regard to parasitic lobes. 
These faults must be kept in mind in applying them practically. 

Figure 3.66 also suggests that, in a practical system having some travel-
ing wave and some standing wave, the angles of the nulls would remain 
constant but that the nulls would degenerate to minimums and the 
maximums would tend to asymmetry as the ratio of traveling wave to 
standing wave increased. Also, the angle of the first maximum would be 

• tilted more and more toward the 
wire as the amount of traveling 
wave present increased. Indeed. 
this was already evident in Fig. 
3.23. 

3.21.3. Long Wires as Directive 
Antennas for High Frequencies. 
The intrinsic directivity of a single 
long-wire radiator makes it useful 
for some elementary applications 

The presence of ground beneath the 
antenna modifies its pattern, of 
course, the extent of modification 
depending on the height. above 
ground and its orientation with 
respect to ground. In such appli-

cations, the main lobe resulting 
from direct and image radiations 
is focused in the direction of opti-
mum propagation to the desired 
distant receiving point, and the 
other lobes fall where they will. 
Interference between direct and 
image radiations causes some of the 

parasitic lobes to be reduced or canceled and others to be reinforced. 

The orientation of the wire with respect to the propagation path and 
ground determines the polarization of the wave transmitted (or received) 
on the main lobe of the pattern. 

Figure 3.70 shows how a tilted long wire with standing waves can be 
constructed for vertical polarization of the main lobe. In this arrange-
ment, the plane through the antenna and its image is oriented directly 

toward the distant communication point. The angle 80 between the 
wire and ground is usually of the order of the angle between the wire and 
its first maximum for the electrical length of the wire employed. In some 
cases the angle of tilt may be as large 8.9 the angle of the first null. The 
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Fin. 3.69. Field pattern for a straight 

antenna eight wavelengths long with pure 

traveling wave. 
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choice is determined by the desired elevation of the beam. The sym-
metry of lobes in the radiation pattern from a standing-wave antenna 
gives a bidirectional radiating system. The system is excited unbalanced 
against ground, and for this reason a radial ground system of wires 
slightly above, on, or beneath the ground is necessary to avoid terminal 
ground losses. 

oEstsED Def-c11°H 
• 

ho. 3.70. Tilted long wire for directive transmission using standing waves. 

An equivalent form of antenna using a traveling-wave current dis-
tribution is shown in Fig. 3.71. This is in all respects the same as Fig. 
3.70 except that the end of the wire is terminated so as to suppress reflec-
tions from the outer end and thus to suppress standing waves. A free 
end that is one-quarter wavelength long gives an impedance at its inner 
end that is very low with respect to the characteristic impedance of the 
system at some chosen frequency of operation. This permits 1 he inser-

.rel s̀•• 

ho. 3.71. Tilted long wire for directive transmission using traveling waves. 

Lion of an impedance Z, which is given a value equal to the characteristic 
impedance of the system. This termination must dissipate all the power 
that would otherwise be reflected if the system were not so terminated. 
The radiation pattern for this system is essentially unidirectional. 
The presence of the terminating impedance naturally decreases the 

selectivity of the system, because the impedance of the open-ended 
quarter-wave projection will remain low with respect to the impedance 
Z, over a band of frequencies on each side of that at which it is resonant. 
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By making the characteristic impedance of the quarter-wave projection 
lower than that for the remainder of the system, the bandwidth of the 
system as a whole can be increased further when necessary. 

If still wider bandwidth termination is wanted, two or three mutually 
perpendicular projections can be used at the end which are resonant to 
different frequencies within 3 or 5 per cent of the mean frequency. 
Resonating in turn over the band, the projections serve to maintain a 
low impedance at the outer end of the impedance Zs and so maintain a 
more constant termination impedance over a band of frequencies. 
As in all traveling-wave systems, it is advantageous, for improved 

transmitting radiation efficiency, to use a low characteristic impedance 
so that the antenna current will be a maximum for a given power input. 

Experiment has shown that the correct termination of a long wire in 
this mariner requires a complex impedance and not solely a resistance. 
The terminal impedance for suppressing standing waves is not a constant 
value but varies with the length of the wire. The terminal impedance is 
of the type R jX. The inductive reactance can be obtained from the 
extension wire by making it longer than one-quarter wavelength. This 
means that the correct resistance, determined by experiment, must also 
be located in the correct place along the wire, and that the correct loca-
tion is more than one-quarter wavelength from the end of the wire. The 
resistance has an order of magnitude of 400 to WO ohms in many cases. 
and 500 ohms is suggested as a starting value for the trials when the 
antenna consists of a single wire. The reactance values required usually 
lie between j150 and j250 ohms, so that, with a thin wire, the extension 
would he somewhere around 105 degrees long. 

Correct termination is best indicated by measuring the current dis-
tribution in the wire with inserted ammeters or a sliding ammeter induc-
tively coupled to the wire. The distribution is complicated until the 
final correct termination is obtained; hence observations of current dis-
tribution should be made at several points along the entire length of the 
' antenna. 

Horizontal polarization is generally preferred in high-frequency trans-
mission. The same techniques described in the two preceding cases can 
be applied to systems that transmit or receive horizontally polarized 
waves. The same long wires are then placed parallel to the ground, but 
at an angle to the desired direction of propagation equal to that shown in 
Fig. 3.1;7A for the angle 0„, between the wire and the first lobe maximum 
The same lobe on the other side of the wire will also be present when a 
single wire is used this way, and this is a major disadvantage. If 
standing-wave excitation is used, there will also be two main backward 
lobes. This explains why antennas of this form are %•ery seldom used. 
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However, it is possible to use two parallel horizontal wires carrying 
traveling waves to cancel one major lobe and reinforce the other. The 
radiation pattern then contains one main beam and the usual multiplicity 
of minor lobes. The plan view of an antenna of this type is shown in 
Fig. 3.72. The two wires are excited in phase opposition, so that they 
are balanced to ground. The same end details are used as in Fig. 3.71, 

Fia. 3.72. Elementary two-wire traveling-wave antenna. 

to suppress standing waves. The ends of the wires are staggered so as 
to form an angle 90 — 8„, with the direction of the two parallel wires, in 
order to eliminate the other major lobe. The distance between wires as 
measured between the staggered ends is made equal to 

1 
S = 

2 ens (90 — 28-) 

For example, if the lengths of the wires inside of the terminating resistors 
Z, were 5 wavelengths, the angle 8_ would be 22.5 degrees. The stagger 
in the ends of the two wires would be 67.5 degrees with respect to the 
wire direction, and the spacing would be 0.707 wavelength. 

3.22. V Antennas 

The V antenna uses two long wires in a balanced arrangement parallel 
to ground, with a mutual orientation which causes the main lobe from 
the two sides to add along the axis of the V at some desired elevation 
angle. The tilt of the horizontally polarized beam depends upon the 
length of a side, the angle formed by the sides, and also upon the height 
above ground. 
V antennas have the following characteristics: 
L. The structural design is simple and economical. 
2. The electrical circuitry is simple, when they are fed from the apex. 
3. High gain is secured at relatively low cost. 
4. They use low supporting structures but require large areas. 
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fen:. 3.74. Traveling-wave V antenna. 
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3. The horizontal beam width and the elevation of the point of the 
main beam are not separately controllable but are mutually dependent 
un the geometry of the array. 

Figure 3.73 shows a plan view of the electrical parts of a simple hori-
zontal V made up of two wires, end-fed from a balanced feeder. In this 

Fin. 3.73. Staniting-wave V antenna. 

form, there would be standing-wave excitation due to reflections from 
the open outer ends of the radiating wires. This system would therefore 
be bidirectional. The apex angle has a value somewhat less than twice 
the angle between the wire and the maximum of the first cone of radiation 
(9.,) for the electrical length of the wire, as determined from Fig. 3.67. 
To obtain a unidirectional V antenna, the principle shown in Fig. 3.7! 

1  

can be applied to each side, as shown in Fig. 3.74, so that traveling waves 
result. 

It must be recognized that the geometry of long wires that causes the 
first radiation cones to add along the axis of the V is not that which fully 
cancels these same cones on the outer sides of the wires. There is charac-
teristically a residual outer lobe of considerable amplitude at an angle of 
28,„ each side of the axis. It is possible to reduce these unwanted lobes 
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by employing the principle indicated in Fig. 3.72, where a second parallel 
wire placed on each side, properly spaced, staggered, and excited, will 
do the necessary canceling at the angle W. from the axis. For a travel-
ing-wave system, this resulting configuration is shown in Fig. 3.75. 
Traveling waves can be obtained by other methods of terminating the 

wires so that the excess energy arriving at the ends is dissipated. One 

Fol. 3.75. Double traveling-wave V antenna. 

such method is to continue each wire outward for a considerable distance 
very near to ground, after tilting them downward toward the ground 
from the antenna proper. This is a compromise measure, so devised as 
to permit very little radiation from the extension wire and at the same 
time to increase its attenuation rapidly by proximity to ground. The 
extension wires may be several wavelengths long but are necessarily of 
such a length that there is some 20 decibels of attenuation. The outer 
cods may be grounded (providing static drain) or left open-circuited. 
The extension wires may also be of iron to increase attenuation. In some 
Put applications, the entire antenna has been tilted. using one high 
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5. The horizontal beam width and the elevation of the point of the 
main beam are not separately controllable but, are mutually dependent 
on the geometry of the array. 

Figure 3.73 shows' a plan view of the electrical parts of a simple hori-
zontal V made up of two wires, end-fed from a balanced feeder. In this 

FIG. 3.73. Standing-wave V antenna. 

form, there would be standing-wave excitation due to reflections from 
the open outer ends of the radiating wires. This system would therefore 
be bidirectional. The apex angle has a value somewhat less than twice 
the angle between the wire and the maximum of the first cone of radiation 
(6.„) for the electrical length of the wire, as determined from Fig. 3.67. 
To obtain a unidirectional V antenna, the principle shown in Fig. 3.71 

Fin. 3.74. Traveling-WRVe V nntenna. 

can be applied to each side, as shown in Fig. 3.74, so that traveling waves 
result. 

It. must be recognized that the geometry of lung wires that causes the 
first radiation rum's to add along the axis of the V is not that which fully 
cancels these same cones on the outer sides of the wires. There is charac-
teristieally a residual outer lobe of considerable amplitude at an angle of 

28„, each side of the axis. It is possible to reduce these unwanted lobe, 



HIGH-FREQUENCY ANTENNAS 313 

by employing the principle indicated in Fig. 3.72, where a second parallel 
wire placed on each side, properly spaced, staggered, and excited, will 
do the necessary canceling at the angle U., from the axis. For a travel-
Mg-wave system, this resulting configuration is shown in Fig. 3.75. 
Traveling waves cantle obtained by other methods of terminating the 

wires so that the excess energy arriving at the ends is dissipated. One 

Fm. 3.75. Double traveling-wave V antenna. 

such method is to continue each wire outward for a considerable distance 
very near to ground, after tilting them downward toward the ground 
from the antenna proper. This is a compromise measure, so devised a.s 

to permit very little radiation from the extension wire and at the same 
time to increase its attenuation rapidly by proximity to ground. The 
extension wires may be several wavelengths long but are necessarily of 
such a length that there is some 20 decibels of attenuation. The outer 
ends may be grounded (providing static drain) or left open-circuited. 
The extension wires may also be of iron to increase attenuation. In some 
past applications, the entire antenna has been tilted, using one high 
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5. The horizontal beam width and the elevation of the point of the 
main beam are not separately controllable but are mutually dependent 
on the geometry of the array. 

Figure 3.73 shows a plan view of the electrical parts of a simple hori-
zontal V made up of two wires, end-fed from a balanced feeder. In this 

Fue. 3.73. Standing-wave V antenna. 

form, there would be standing-wave excitation due to reflections from 
the open outer ends of the radiating wires. This system would therefore 
be bidirectional. The apex angle has a value somewhat less than twice 
the angle between the wire and the maximum of the first cone of radiation 
(8.) for the electrical length of the wire, as determined from Fig. 3.07. 
To obtain a unidirectional V antenna, the principle shown in Fig. 3.71 

4etS 

4 
3.74. Tractling-wave V antenna. 

ran be applied to each side, us shown in Fig. 3.74, so that. traveling waves 
result. 

It must be recognized that the geometry of long wires that causes the 
first radiation cones to add along the axis of the V is not that which fully 
rancels these same cones on the outer sities of the wires. There is charac-
teristirally a residual outer lobe of considerable amplitude at an angle of 
20„, each side of the axis. It is possible to reduce these unwanted lobes 



HIGH- FREQUENCY ANTENNAS 313 

by employing the principle indicated in Fig. 3.72, where a second parallel 
wire placed on each side, properly spaced, staggered, and excited, will 

do the necessary canceling at the angle 20- from the axis. For a travel-
ing-wave system, this resulting configuration is shown in Fig. 3.75. 

Traveling waves can be obtained by other methods of terminating the 
wires so that the excess energy arriving at the ends is dissipated. One 

FIG. 3.75. Double traveling-wave V antenna. 

such method is to continue each wire outward for a considerable distance 
very near to ground, after tilting them downward toward the ground 
from the antenna proper. This is a compromise measure, so devised as 

to permit very little radiation from the extension wire and at the same 
time to increase its attenuation rapidly by proximity to ground. The 

extension wires may be several wavelengths long but are necessarily of 
›.uch a length that there is some 20 decibels of attenuation. The outer 
ends may be grounded (providing static drain) or left open-circuited. 

The extension wires may also be of iron to increase attenuation. In some 
past applications, the entire antenna has been tilted, using one high 



FIG. 3.76.4. &lime of the RCA Model I) antenna. 
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support at the apex of the V and sloping both sides toward ground to 
the point where the extension wires can continue onward just above the 
ground. The simplicity of such a structure is very attractive from a cost 
standpoint, but its use must depend upon the radiation pattern in relation 
to propagation requirements. 

Figure 3.76A is an isometric sketch of the arrangement of the RCA 
Model D antenna of the unidirectional V type excited by standing waves. 

INSULATORS 

-#4 

RADIATOR FEEDER 

UPPER E LOWER VUS 
CONNECTED 
IN PARALLEL 

REFLECTOR 
FEEDER 

One V acts as the reflector for the other to obtain unidirectivity horizon-
tally polarized along the axis in the direction of the open end of the V. 
In this design, two wires are employed in each side of each V one above 
the other, cophased and spaced one-half wavelength. The length of each 
wire is an odd number of quarter wavelengths, which provides appreciable 
reduction of the amplitudes of some of the minor lobes, as shown in Fig. 
3.66. The reflector is excited in quadrature-phase relation with respect 
to the inner V. 

A unidirectional V antenna can be made by combining the fields from 
two standing-wave systems in close proximity, one obtained from a cosine 
distribution and the other from a sine distribution in quarter-phase 
relationship. This is an embediment of the familiar Argand principle 
expressed by 

COR e j sin -= 
(standing wave) (standing wave) (traveling wave) 

The geometrical parameters are shown in Fig. 3.768, together with the 
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elementary circuitry. The lower V, consisting of two wires longer than 
the driven V and using an adjustable stub section at its apex, is parasit-
ically excited by the field of the driven V. The correct phasing to 
achieve the quadrature relation between the driven V and the parasitic 

op 

4IA 

e?e.4  

INSULATORS 

VERTICAL SPACING 3 FT 

RADIATOR LENGTH 1 

PARASITIC REFLECTOR 

LENGTH 
•cosy 

FEEDER 

REFLECTOR 
ADJUSTING 

STUB 

Fi 3.768, Scheme of the ItC1 ki U antemis. 

V is obtained by adjusting the stub section at the apex. This system is 

known as the RCA Model G antenna. 

3.23. Horizontal Rhombic Antenna 

The commonest practical form of high-frequency antenna using the 

traveling-wave principle is the horizontal rhombic antenna, constructed 

as shown in Fig. 3.77. It is widely used in high-frequency applications 
for both transmitting and receiving. It has some marked advantages 

and disadvantages. 
The advantages include simple construction, low-cost supporting 

structures, low cost of material, relatively high gain for the cost, broad 

frequency response from the impedance standpoint, minimum antenna 
potentials and currents for the power transmitted, inconspicuousness. 

easy maintenance and repair, almost no field adjusting required after 
installation, and the ease with which the height can be changed to obtain 
the optimum vertical angle as layer heights change through the sunspot 

cycle. 
The disadvantages include large amount of land required; loss of power 

in the terminating load; a multiplicity of lobes of radiation in almost all 
directions, in addition to some rather large secondary lobes under the 

best conditions of design; compromises necessary from a propagation 
standpoint as the radiation pattern changes with frequency; limitation 
of gain and signal-to-noise ratio due to the multiplicity of radiation lobes; 
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difficulty of predetermining its complete performance due to the com-
plications of computation and to the effects of attenuation and partial 
standing waves always present in practice; and inability to control the 
horizontal and vertical patterns separately. 

For optimum performance, a rhombic antenna should be designed for 
use at one frequency or a very small band of frequencies, the pattern 

t. 

/ ;YFEEDER 
A. 'FROM .4. 

TRANSMITTER 
Flo. 3.77. Horizontal rhombi(' antenna (eommon three-wire form). 

for which is best suited to the propagation conditions of the space circuit. 
Usually about all that a designer attempts to compute about this system 
is the characteristic of the main lobe. The enormous labor of computa-
tion has obscured its complete radiation characteristics. 
There has been widespread confusion between the radiation perform-

ance of the horizontal rhombic and its circuitry. The input impedance 
may be uniform over a frequency range of 8 to 1 but its radiation charac-
teristics are seldom satisfactory over more than 2 to 1 range. 
The patterns (ref. 14, page 364) shown in Figs. 3.78 and 3.79 give an 

idea of the complete radiation patterns for typical rhombic antennas 
having parameters near the optimum for a frequency within a band of 
2.25 to 1. The conditions are for a fixed structure as the frequency 
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(90 -0) 

(90-e) 

190-0) 

o ‘0 

(a) 

(b) 

(c) 

Flo. 3.78. Directive patterns for a rhombic antenna with an apex angle A 22 
degree,: (a) I — 3.33X, h 0.8X; (b) I = 5 OX, h I.2X; (c) 1 7.5X, h I.8X. 

(After Chrialianaen.) 
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Fla. 3.79. Directive patterns for rhombic antenna same as Fig. 3.78 except that apex 
angle A 18 degrees. (After Christiansen.) 



NIGH-FREQUENCY ANTENNAS 319 

is changed over this range. The outer periphery of each chart is the 
horizon of a flat earth, and the center is the zenith. The contours are 
in 3-decibel steps, the smallest shown being only 18 decibels below the 
amplitude of the main beam. There are many others below this value 
in the forward half of the hemisphere and also in the rear half, which 
is not shown. Imperfect construction undoubtedly accentuates these 
spurious lobes beyond the relatively ideal theoretical conditions repre-
sented in these figures. Christiansen has described methods by which 

FEEDER 

SWITCHING 
POINT 

r-

FEEDER 

GUY 1, 
\ POLE 
COUNTERWEIGHT 

Flo. 3.80. Horizontal rhombic antenna with feeders arranged for reversing pattern. 

these patterns can be improved, using tiered, broadsided and overlaid 

rhombic elements. 
3.23.1. Radiation Characteristics. The horizontal rhombic antenna 

is pictured in Fig. 3.77 (unidirectional) and Fig. 3.80 (reversible). This 
construction, using two or three wires per side, is the preferred form 
for both transmitting and receiving. The original single-wire type is 
suitable only for receiving. The multiwire type has a flatter impedance-
frequency response curve and lower characteristic impedance, which is 
of great importance for transmitting, and smaller pickup of precipitation 
static when used for receiving. The latter can be improved further by 
using insulated wires to prevent charged particles from coming in direct 
contact with the metal of the antenna and feeder system. 
Each leg of a rhombic antenna has a radiation pattern which is the 
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result of an attenuated traveling wave, as indicated in Fig. 3.68. The 
length per leg 1 is usually great enough to cause its pattern to have many 
secondary radiation lobes (one for each half wavelength of length, if the 
main lobe is included). The over-all pattern is that due to interference 
between the radiations from the four legs and their images. The height 
above ground h, the ground constants, the length of the legs, and their 
included angles are the parameters that control the pattern for each 
frequency. These parameters are optimum for only one frequency. 
With fixed physical dimensions, the elevation of the peak of the main 

lobe, which is directed along the major axis of the array, is lowered as 
the operating frequency is raised. If the frequency is increased too 
much, the main beam will split. At the same time, the horizontal width 
of the main beam decreases, and there is an increase in the number of 
secondary lobes of appreciable amplitude appearing near the main lobe. 
In extreme cases, the main beam is broken into several beams of almost 
equal amplitude and spread over a considerable range of horizontal and 
vertical angles, as is seen in Fig. 3.78c. 

Radiation along the major axis of the array is horizontally polarized. 
Radiations off of this axis contain both horizontally and vertically 
polarized components, the proportion of the latter increasing with angle 
from the axis. 

There is one other parameter that can be varied in addition to those 
named. That is the plane of the rhombus, which can be tilted out of 
the horizontal plane about the minor axis. The principal effect of tilting 

i8 to increase the vertical beam width of the main lobe. The value of this 
characteristic depends upon propagation conditions, and under some 
propagation circumstances it can be a disadvantage. 

The rhombic antenna is best suited for long-distance circuits where 
low-angle transmission or reception is wanted. When the beam angle 
is higher than 30 or 35 degrees, the gain is low and the desired performance 
can usually be obtained more economically with dipoles. 

Figure 3.81 shows the optimum parameters for horizontal rhombic 
antennas for one frequency only. These data were compiled from 
stereographic charts which will be described later. The parameters were 
computed for the condit ions that maximize the main beam and minimize 
the first side lobes to obtain best gain, using idealized factors for the 
system, including perfect ly et inducting ground. 
The data represent about as much information as can be dependably 

presented in one figure for the gitidanee of the designer of a rhombic 

antenna. The main beam is less sensitive t u the influence of variation> 
in tlie genmel rie lairameters anti in Ilie several PITIpIrival factors than are 
the other lu 
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It is always desirable to know the complete radiation pattern for an 
antenna for every application. While it is very seldom that this pattern 

is exactly what it is supposed to be, one may at least have an idea of the 
true state of affairs. This is difficult with rhombic antennas because 
one must submit to a great amount of labor to compute a single array at a 
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FIG. 3.81. Optimum parameters for the horizontal rhombic antenna, for maximum 

gain and minimum side-lobe amplitudes. 

'ingle frequency. As a consequence, rhombic-antenna performances are 

customarily taken for granted far more frequently than they are known. 
This naturally has led to many errors of judgment in rhombic-antenna 

applications. 
If one wishes to compute rigorously the radiation pattern from a 

rhombic antenna, taking into account the attenuation of the traveling 
waves of current in the system and the complex reflectivity of the soil. 
the formulas of Cafferata (ref. I l, page 3641 are perhaps the most corn-
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plete. Harper provides formulae (ref. 25, page 364) which allow for the 
earth reflectivity but not for the attenuation of the currents in the wires 
The method of Foster (ref. 18, page 364) permits location of the main and 
all the minor lobes of a rhombic-antenna pattern relatively quickly by 
a graphical method which is very useful in forming an idea of the over-all 
pattern without excessive labor. The original sources should be con-
sulted for details of formulation and method. 

3.23.2. Stereogrophic Charts for Rhombic Antennas. The rhombic 
antenna, in common with all long-wire antennas, has an intrinsically 

90' go. 

Fla. 3.82. Ileinisidwrit•itl roordinnten derived by stereographie projection. 

complicated radiation pattern that. is difficult, tu visualize without very 
extensive and laborious computation for each working frequency. To 
obtain a main beam of desired orientation and desired width and height, 
and to minimize undesired lobes in many other orientations, it is neces-
sary to have a method for observing quickly the effects of varying any 
single parameter in relation to all the others. This is obviously impos.si-
ble by any system of numerical computation but is practical, and in fact 
easy, by the graphical method described by Foster (ref. 18, page 364). 

This is such an important aid to the designer of a rhombic antenna that 
we shall give a brief review of the method here merely to reveal its 

possibilities and encourage its use. The original source should be con-
sulted for full details and the development of its principles. 
The method makes use of the principle of stereographie projection to 

obtain a plan view of a hemispheric pattern on a plane. Figure 3.82 
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demonstrates the definition of stereographic projection and illustrates 

how the azimuth and altitude angles of a hemisphere are represented in 

two dimensions, in 10-degree intervals. 

Each lobe of radiation from each leg of a rhombic consists of a cone of 

revolution around the wire. The stereographic projection of the maxi-

mum value of one of these cones is a portion of a circle. There will be 
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Flo. 3.83. Stereographie map of the radiation pattern for a four-wavelength straight 
wire in free space with a traveling wave. The maximums for the stareemeive (-ones of 

radiation are in broken lines, and the intervening zeros are in solid lines. The altitude 

angles for the enclosing hemisphere are marked along the axis. 

one such cone of radiation for each half wavelength of the length of 

each leg. 

Between successive lobes of radiation are cones which show the locus 

of intervening nulls. The stereographic projection of a four-wavelength 

leg of a rhombus is shown in Fig. 3.83. The cones of maximums (shown 

as broken lines) and the cones of nulls (shown as solid lines) appear in 

sequence with half of the maximums in the forward half of the hemisphere 

and the other half in the rear quadrant, reckoned with respect to the 

direction of current flow in the wires. In other words, in the forward 
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half of the hemisphere there is one maximum per wavelength of each leg. 
The same is true of the rear half, when each leg is an integral number of 
wavelengths long. 
This chart locates the stereographic coordinates of the cones of maxi-

mums and nulls but does not show the magnitudes of the successive 
maximums. 

Fm. 3.84. Stereographir map of the pattern for a free-spare rhombus four wave-
lengths per side, with an acute angle of 42 degrees. There are lobes of radiation where 
maximums of different orders intersect, and the main beam is formed at the inter-
section of the two first maximums. 

Two such charts can be overlaid and set at an angle equal to that. of 
the acute angle of the rhombus to show the pattern for the entire rhombus 
in free space. Figure 3.84 shows such a combination when the acute 
angle is 42 degrees with a leg length of four wavelengths. 

This figure reveals all the null regions in the three-dimensional pat tern 
because each null line for each leg produces a null in the final pattern. 
Any radiation that occurs must be a lobe of radiation peeking out. through 
each area enclosed by the solid null lines. Strongest radiation occurs 
where the first maximums (.1/1) for the two sides cross. This becomes 
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the main beam and occurs along the major axis of the rhombus, which is 
the angle that bisects the acute angle of the antenna. 

Figure 3.67B shows that, for a traveling wave on a straight wire, the 
field strength of each successive lobe diminishes in magnitude. There-
fore successive maximums for each aide of the rhombus diminish • in 
magnitude, so that the lobe formed where two second maximums (3/2) 
cross will be less than for the main beam, and likewise where the first 
maximum for one leg intersects the second maximum for the other leg 
the resulting lobe will also be smaller. The relative magnitudes of these 
other lobes where successive maximums intersect, with respect to the 
main beam, are given in Table 3.2. 

TABLE 3.2. FREE-SPACE Ititostaus 

(Relative magnitudes of secondary lobes, in decibels, below the magnitude of the 
main beam; 

order of maximum for one aide 
Order of maximum for other side 

I 2 3 4 5 

1 

2 
3 

4 

5 
6 

0 
5.28 11.7 
7.52 28.2 50.6 

900 42.8 653 

10.1 53.8 76.2 
11.0 62.1 

79.7 

91 120 

When the rhombus is placed with its plane parallel to ground, its 
height produces another interference pattern with the image in the same 
manner as a horizontal dipole. Figure 3.16 shows where the nulls and 
maximums occur as a function of the height above ground. In stereo-
graphic projection, each such maximum and each such null will appear 
as a circle concentric with other altitude circles as discussed in con-

nection with Fig. 3.83. 
As an example consider the rhombus of Fig. 3.84 and place it 1.18 

wavelengths above ground. Figure 3.16 shows that. this will put maxi-
mums of relative magnitude 1.0 in the height factor at vertical angles of 
12.5 and 39.5 degrees and nulls at angles of 25 and 57 degrees. When 
these values are applied to Fig. 3.84, we obtain Fig. 3.85. This latter 
figure is marked to show the locations of the maximums of the main beam 
and several minor lobes. The azimuth of each lobe from the rhombic 

axis can be measured with a protractor, and the elevation angles are 
represent ed stereograph Wally. 
The design represented in Fig. 3.85 is an optimum for a horizontal 
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rhombic antenna having four wavelengths per leg. The term " optimum" 
is based on the following considerations: The crossing of first maximums 
for the legs coincides with a maximum in the height factor. The crossing 
of the first maximum for one leg with the second maximum for the other 
leg coincides with a null in the height factor, so that these lobes are split 

I.4n 

n.11Eln 
A.42 . 

Fin. 3.85. Stereographie map of the radiation pattern for a horizontal rhombic 
antenna four wavelengths per side, with an acute angle of 42 degrees and a height 
above ground of 1.18 wavelengths. The successive maximums and zeros in the height 
fartor are shown by the broken-line and solid-line circles, respectively. The main 
beam and the various secondary lobes are indieated. This pattern is an example of 
the optimum design. 

and redueed to small residual pairs of lobes. The first maximum for one 
leg intersects with the third maximum for the other leg at zero degrees 
elevation, where it is canceled by a zero in the height factor. Smaller 
residual lobes at higher angles do exist, however. 

It will be seen that at the lowest angles the higher-order lobes do not 
meet so that their magnitudes are greatly reduced compared with those 
which would result from a different apex angle which would permit them 

to intersect. The intersections of maximums at higher angles cannot be 
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suppressed, but they are intrinsically of small magnitudes. The inter-
section of second maximums along the array axis is at a relatively high 
angle (47 degrees) and is reduced from normal magnitude by the diminish-
ing value of the height factor at this angle. Therefore the pattern for this 
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Flo. 3.86. Stereographic map of the radiation pattern for a horizontal rhombic 
antenna seven wavelengths per side, with an acute angle of 42 degrees and a height 

of 2.06 wavelengths, obtained when the antenna of Fig. 3.85 is operated at 75 per cent 
higher frequency. The main beam is split, and the dominant secondary lobes are very 
large. 

system is an optimum because all spurious lobes are minimized and the 
main beam is maximized. 

Let it be assumed that this optimum-design antenna for the frequency 
corresponding to these electrical parameters is to be constructed; but 
now it is desired to investigate the performance of this same antenna at 
another frequency for which the horizontal rhombic antenna has a leg 
length of 7 wavelengths. The physical dimensions therefore remain 
fixed, while the frequency is increased in a ratio of 7 to 4. The electrical 
height at this frequency will he 2.06 wavelengths. 
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The result. is shown in Fig. 3.86, from which it is obvious that a very 
unsatisfactory pattern is obtained. The main beam is split, and some 
of the spurious lobes will have magnitudes as great as, perhaps even 
greater than, the main lobe. Also, the main beam is excessively sharp 
horizontally; yet in spite of this sharpness the gain must necessarily be 
very low. The energy of the system is leaking out through other lobes 

Fin. 3.87. Stereographie construction simplified for the determination of radiation 
loies of first and second orders for a rhoinbie antenna with five wavelengths per side. 

in other direet ions rather than being concentrated in the main beam. It 
might be difficult to discover this situation by arithmetrical computa-
tions, but it. is quickly observed by the use of stereographic charts. 

The data for Fig. 3.81 were derived on the basis of conditions corre-
sponding to Fig. 3.85. 

Abbreviated charts of this type can be prepared very quickly if infor-
mation is wanted only for the first two or three maximums, instead of 
for the entire pattern. With the aid of Fig. 3.67:1, a pair of stereo-
graphic charts can be drawn on tracing paper in a few minutes. These 
may then be used directly to ascertain the antenna parameters for opti-

mizing the main beam or manipulating the spurious lobes of major 
importance, as shown in Fig. 3.87. 

The same design charts can he used for horizontal-V and inverted-V 
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antennas. A single chart can be used to determine the patterns for other 
forms of long-wire antennas parallel to ground. 
Table 3.2 shows that the magnitudes of secondary lobes formed by 

intersections with the first maximum for one side diminish slowly. Such 
lobes usually occur at the lower altitude angles in the forward half of the 
hemisphere and are bunched around the main beam. When these large 
secondary lobes occur at angles higher than that of the main beam, the 
height can be adjusted to diminish or split them. Unfortunately these 
large lobes often occur at the sides at altitude angles the same 88 or 
lower than the main beam 80 that the adjustment of the height factor 
has no selective controlling influence. 
The application of the stereographic charts for the rhombic antennas 

enables one to select, easily an optimum design for one electrical size uf 
antenna. One can see how the main beam may be broadened, narrowed, 
raised, or lowered and how the height may be used to control the vertical-
plane pattern along the major axis, and in fact in many other directions. 
When the geometry and height are thus determined for one frequency, 
the same geometry may be used with corresponding changes in electrical 
length (using other charts) for other frequencies and the performance 
studied. If -the pattern is found to be undesirable at some frequency, 
trial and error is used until acceptable compromises are found for a series 
of working frequencies. Such graphical computations show the con-
ditions to be expected as different charts are used for different leg lengths 
corresponding to different working frequencies. 
One of the dangers associated with blind formulas and design charts 

for rhombic antennas is that they usually give insufficient information 
for an optimum selection of parameters and do not indicate reasonable 
working frequency limits. Figure 3.81 was computed using stereo-
graphic charts where the most important secondary lobes were considered. 

The optimum design minimizes the first side lobes for maximum gain 
and gives the cleanest horizontal and vertical patterns. 

In regular engineering practice a series of charts are drawn on tracing 
cloth, following Foster's method. These may be, for example, for two, 
three, four, five, six, and seven wavelengths per leg. Those who have 
a great deal of rhombic-antenna designing to do may want charts for 
intermediate lengths. Charts carefully constructed in a circle of 10 centi-
meters radius are of a very convenient size. Positive transparency films 
can then be made from the originals by photographic contact printing 
with cut film sheets or by various copy processes that make direct posi-
tives on clear plastic sheets. A pair of positive transparencies for each 
leg length are then set together at the angle chosen for best performance. 
A pair may he set together at a chosen angle with transparent adhesive 
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tape and the combination reproduced by black-line, blueprint, or photo-
graphic contact printing to give a work sheet for a thorough analysis 
of the pattern, as well as for record purposes. 

It, must be mentioned that all the foregoing is based on idealized 
conditions—that is, no attenuation of the traveling waves in the antenna, 
no standing waves whatever due to reflections from the far end or from 
the side corners, no effects from supports—and it assumes perfectly con-
ducting ground. Because there is radiation from the system, there will 
be attenuation of the traveling waves. Attenuation causes the nulls to 
become minimums and the relative values of the maximums to be modi-
fied somewhat. However, attenuation does not alter the angles of the 
maximums and the minimums in the pattern. Then, it is practically 
impossible to eliminate some small amount of standing wave from the 
system, either at the termination or at the side corners. The presence 
of standing waves causes the magnitudes of the smaller lobes, especially 
those in the rear half of the hemisphere, to be increased. An appreciable 
amount of reflection may give some of the backward lobes, usually 
negligible, a considerable magnitude. The effect of imperfect ground 
fills out the nulls in the height factor and diminishes the maximums. 
However, all these effects are regarded qualitatively among other 
unavoidable imponderables and tolerances. 

It is especially important to emphasize at this point that the remarks 
made here concerning " optimum" rhombic-antenna designs mean opti-
mum only in the sense of the best intrinsic radiation performance as an 
abstract matter. It would obviously not be an optimum antenna from an 
application standpoint if the antenna pattern was not optimum for fitting 
the propagation conditions. To make this perfectly clear, consider the 
following situation: 

You have made an analysis of the requirements for a given radio path 
from the ionospheric data and find that the optimum working frequency 
(or the nearest available assigned frequency) will permit communication 
over a sufficient number of hours per day if the angle of fire is 4 degrees; 
and it is further found that, for the same path, angles of fire higher than 
12 degrees will penetrate the ionosphere and be lost during a substantial 
percentage of the time. The antenna that must be used for this path 
therefore is one with the main beam aimed 4 degrees above the horizon. 
Upon examinatioti of Fig. 3.81, it is noticed that the optimum param-

eters given do not lit the applicational requirements because the beam 
angles are much higher than can he used, and the resulting beam angles for 
the optimum parameters are very near to those which penetrate on the 
path under consideration. It, is evident from this example, which typi-

fies the kind of problems encountered in antenna applications, that 
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what is optimum from a purely antenna viewpoint is not necessarily 
optimum from the communication-engineering viewpoint. To adapt an 
antenna to this particular requirement, it will be necessary to abandon 
Fig. 3.81 88 a source of design data and to seek another design that gives 
the proper angle of fire to fit the propagation requirements. The 
rhombic-antenna design ultimately selected to do this will not then be 
an " optimum" in the sense represented by Fig. 3.85, but it will be an 
optimum design for the actual radio circuit. If an " optimum" rhombic 
were to be applied to this case, the antenna would perform well as an 
antenna but the radio circuit would be unsatisfactory for a large percent-
age of the time. 

It must be explained further that Fig. 3.81 does in fact have great 
practical utility because the angles of fire for the optimum rhombic-
antenna designs will be optimum for a large percentage of actual radio 
circuits. 
When angles of fire lower than those shown in Fig. 3.81 are required, 

the main beam can be lowered by increasing the acute angle of the 
rhombus by a small amount; but this angle should never exceed a value 
somewhat smaller than twice the angle of the cone of first maximum with 
respect to the wire for one of the legs. In other words, the acute rhombus 
angle should never quite equal twice the angles given in Table 3.5 in con-
nection with the inverted-V antenna. Otherwise the main beam will 

If the main beam angle is lowered by changing the acute angle, it is 
also necessary to increase the height of the rhombus to bring the first maxi-
mum in the height factor at the best angle of fire computed for the radio 
path. When this is done, the antenna pattern is matched to the radio 
path and will produce the best results operationally. 
This discussion brings out what has been said before about antenna 

"gain" being a purely incidental factor in antenna applications for prac-
tical communication, and not a primary objective in antenna design. 
Unless the gain is effective in the required direction to fit the radio path, 
it is virtually meaningless. 
The design for the antenna is one problem, and the design of the radio 

circuit is quite another. The design of the radio circuit. includes the 
propagation analysis and also the characteristics of the receiving antenna. 
There is a large accumulation of data and experience which shows that the 
transmitting and receiving antennas should be complementary and 
possess identical patterns. 
The dominant angle of arrival of signals has been proved to be es.sen-

tially the same as the optimum angle of fire for the path when the trans-
mitting antenna is matched to the radin path. If the receiving antenna 
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also has maximum response to this dominant angle, the results are maxi-
mized by two effects- - first, the two antennas do not work against each 
other from the standpoint of angular response; and second, the signal 
stability is maximum because normal variations in layer height, which 
cause variations in the optimum fire angle, occur symmetrically with 
respect to the average angle obtained from the monthly averages given in 
the ionospheric propagation data. A variation of 2 degrees, for instance. 
in fire angle gives relatively small variations when this occurs around the 
peaks of the main lobes, wherea.s the same angular variation taking place 
along the underside of the main lobes of both transmitting and receiving 
antennas, where the response is changing very rapidly with angle, can 
introduce many decibels of fading unnecessarily. 

These remarks relating to the matching of the antenna patterns to the 
radio pat-h are quite general and do not apply only to the application of 
rhombic antennas. They are included in this section for this important 
reason- rhombic antennas are very likely to be used for a wide range of 
working frequencies, while the antenna itself is correct for only a very nar-
row band of frequencies around the desired optimum. One may design 

for one optimum condition and then proceed to let other working fre-
quencies fall where they may, even though they are very far from opti-
mum. The scarcity of available frequencies and the need to make the 
best possible use of assigned frequencies will certainly require the com-
munication engineer to place optimum performance ahead of capital 
economy if the latter depreciates performance on other working frequen-
cies for which the system is not optimum. When this occurs, as it often 
does, there is a tendency to use greater transmitter power to make up 
for antenna deficiencies. This, of course, causes unnecessary interference 
and offers little improvement in circuit operation. In the long run there 
may be economy in using a separate specially designed antenna for each 
frequency on each path. The rhombic antenna is very economical when, 
and only when, its characteristics at different specific working frequencies 
are well matched to the propagation medium. 

Rhombic receiving antennas designed for low-angle reception inevitably 
have a narrow main horizontal lobe. Care must be taken not to-employ 
designs having patterns that are too sharp to accommodate the normal 
range of signal variations in both vertical and horizontal planes. 
One advantage mentioned for the rhombic antenna is the ease with 

a ' licit the antenna can be changed in height from season to season or year 
to year as propagation conditions change through the annual and the 
sunspot cycle. In planning a system, consideration may well be given in 
this respect to the height of the supports so that the antenna can be raised 

and lowered to use the optimum height from one extreme to the other. 
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3.23.3. Rhombic Antenna Circuitry. From a circuital standpoint the 
rhombic antenna, when terminated at the far end in its characteristic 
impedance Zo, has an input impedance which is predominantly resistive 
and equal approximately to Zo. For the three-wire type, this value is 
of the order of GOO ohms, which matches well with ordinary two-wire bal-
anced feeders. After construction the input impedance should be meas-
ured and the feeder impedance matched to the measured value. In 
practice, true traveling waves never exist on the system. There are 
always some reflections from the side corners, though it is possible to 
adjust the termination so that the reflections are minimized on either the 
forward half or the rear half of the antenna. If a system is constructed 
rarefully so as not to have sharp corners where the feeder and the termi-
nating line attach to the antenna, and if large metallic fittings near 
the supports are avoided, a satisfactorily uniform input impedance of high 
power factor is realized, over a large range of frequencies. 
When used for receiving, the terminal resistance for a unidirectional 

system is usually installed directly at the far end in the form of a non-
inductive resistor. This resistor should have a high impulse rating to 
maintain stable resistance and to withstand induction from lightning. 
Some designs include discharge circuits to ground at the termination by 
dividing the terminal resistance into two sections and connecting the 
center to one side of a small spark gap, the other side of which is con-
nected to ground with a wire ( if wood poles are used), broken by a series 

of gaps, or by using a steel support as the ground connection. 
For medium- and high-power transmitting purposes, the terminal 

resistance is almost always a balanced lossy line of high dissipation capac-
ity. These are discussed in the following chapter. 

Static-charge drains are a necessity in most regions, where the antenna 
may become highly charged from rain, dry snow or flying sand, and elec-
tric storms. Draining is most easily accomplished at the end of a dis-
sipation line but can also be done in the feeder, using resistors or drain 
inductors having impedances high enough at. all working frequencies not 

to introduce reflections. Drain resistors or coils are connected from each 
side of the system to ground. 
The directivity of a rhombic antenna can be reversed by interchanging 

the feeder and the terminal resistance. Figure 3.80 shows an arrangement 
for this purpose, with switches located on the ground near the center of 
the system where feeders run to each end of the antenna. The main 
feeder and the dissipation line are also centered at this point and con-

nected into the switching circuits. 
For simultaneous reception of unidirectional signals from both direc-

tions, lines can be brought from each end to separate receivers. Each line 
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must be correctly terminated, either by the receiver or by a resistive net-
work, so that there is no reflection from the receiver inputs. To use this 
system successfully, there must be virtually zero radiation from the 
receivers, or they may mutually interfere. 

In large receiving stations using many antennas and receivers, con-
centric lines have been used to simplify antenna-receiver switching. The 
use of concentric lines only to reduce feeder pickup is seldom justified 
because the spurious directive responses of a rhombic antenna are 
greater than the direct pickup on ordinary open-wire lines. When con-
centric lines are used, the balanced antenna impedance is matched to the 
unbalanced line impedance with a wide-band transformer. 

If a balanced four-wire cross-connected open-wire line is used, the two 
balanced impedances can be matched by using a tapered intermediate 
matching line designed for the lowest working frequency. Either 

exponential or linear taper may be used if properly designed. 
Here, again, there is no justification for using a four-wire line because of 

its low pickup quality when it is used with a rhombic antenna having com-
paratively greater omnidirectional pickup. 

3.23.4. Rhombic Antenna Arrays. Some of the basic deficiencies of 
the rhombic are correctable by more complicated arrays of rhombic ele-
ments. For example, a two-layer system on the same supports, one 
above the other, can do a great deal to suppress the higher angle minor 
lobes, as shown in Fig. 3.88. Such a pattern has relatively desirable 
vertical-plane characteristics for the angular discrimination against multi-
path propagation on some circuits. The horizontal pattern may he 
undesirable at the higher frequencies, not so much because of the spread 
of its several forward radiation lobes. but because a signal swinging in 
azimuth may swing into and past the quasi nulls between the lobes. 
When azimuthal swing of signals is a disturbing factor, two such arrays 

can be used in diversity, by turning the axis of the second array off the 
great-circle bearing by un angle equal to that between the first null and 
the peak of the main beam. When two such antennas are spaced as in 
typical space-diversity operation and oriented in this manner, the maxi-
mums of one rhombic pattern will till the minimums of the other. To 
obtain this benefit, each rhombic must be associated with its own receiver 
and their outputs combined in diversity. This form of utilization is 

obviously a special application to avoid the effects of arriving signals that 
deviate from the great-circle bearing by an amount which exceeds halt 
the beam width of the main lobe. 

Figure 3.89 shows the construction for a two-layer rhombic system 
having two wires per side in each layer. Figures 3.90 and 3.91 show 
what is possibly hy using arrays of these t vo-laver rhombic systems. 



F!°. 3.88. Two-layer rhombic. antenna patterns of following geometry (After 

Christiamwri.): 

degrees 1/X hi/X ht./X 

72 -I 3 Â3 ' 0.8 0 47 
72 5 00 1.2 0.7 
72 7.5 . 1 8 1.05 
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Fie. 3.89. Construction for two-layer rhombic antenna. 

TABI,E 3.3. CourxrvinvE RHOMBIC-ANTENNA DATA 

Type 

Frequency, mega-
cycles  

/14  

1 4.11 1 1.   

11,•  

Gain over X/2 di-
pole, decibels 

Gain at  
1/X  
hi A 

/17/X 

Fig. 3.79 Fig. 3.88 
Single-layer (three-wire) Two-layer tiered ( Iwo-wire 

. 
i 

8 1 12 ; 18 8 12 18 
8.9 6.2 4 3 6.7 5.15 3 7 

5.7 3.46 2 44 3.74 2.25 I 53 
0.64 0.557 0 566 0.557 0.436 0 413 

085 0 80 077 075 0.72 065 
0 41 0.31 0.32 0.31 0.19 0 17 

9 r II 5 13 9 7 
18 degrees 10 degrees 7 degrees I IS degrees 

3.33 i 5.0 7 5 ' a.33 
0, 80 I I.2 I 8 0.80 

. ..... I 0.47 

14 14.7 
14 degrees. 8 ileare 
5.0 7.5 

I.2 1.8 
0.70 1 05  

• l'oa Cr lost in terminal resistance for unity power input to antenna system. 
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Fio. 3.90. Dirertive patterns for two two-layer rhombic antennas of the type 
of Fig. 3.88, with apex sparing as follows: ( a) apex sparing 1.33 ; (b) apex sparing 2.0; 

.c) apex spacing 3.0. (After Chrimiansem) 
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—0 10 o Fin. 3.91. Rad t ion pat t urns for two arrays of I hi. t ype of Fig. 3 hromIsirlr hat 

with major nxis spa i•ings :is follows: (a )2.33).; (b) 3.50X: (c) 5.25k. (After Christiansen 
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These figures, together with Figs. 3.78 and 3.88. represent optimum-design 
parameters for a frequency range of 2.25 to I, based on idealized conditions. 
Comparison measurements on rhombic antennas of the types having 

the patterns of Figs. 3.78 and 3.88 are listed in Table 3.3, as published by 

Christiansen. 

3.24. Fishbone Receiving Antenna 

The principles of the Beverage wave antenna were first applied to high-
frequency reception in the form of the fishbone antenna. Two forms of 
this antenna have been evolved in the United 
states and England, both intended for the 
reception of horizontally polarized waves. 
The RCA fishbone antenna is diagrammed 

in Fig. 3.92 and pictured in Fig. 3.121. To 
the central feeder are attached horizontal • 
dipoles with a length of the order of one-half IisoLATIos casecnosis 
wavelength at the center frequency of the 
response band, on both sides of the central 
feeder, in series with high-reactance capaci-
tors. The dipoles, with the series capacitors, 
smoothly load the feeder. The velocity of 
propagation along the system is adjusted, 
by means of the capacitors, to be about 90 2 
per cent of free-space velocity. This loading é, 
reduces the characteristic impedance some- o ••• 
what, and the usual design value is about 400 
ohms. The maximum directivity is along 
the line of the feeder. The antenna is made 
unidirectional by terminating the end toward 
the transmitting station in a resistance which 
matches the characteristic impedance. The 
receiver is fed from the far end over a balanced 
transmission line of the same impedance. 

TO Fishbone antennas may be used in various RECEIVER  
Fin. 3.92. RCA fistilinne-

arrays, according to the directivity patterns 
Rutviitia circuitry. 

desired. The one commonly used consists of 
two fishbones in broadside using common intermediate supporting struc-
tures. Typical patterns for single- and two-bay fishbones are shown in 
Figs. 3.93 and 3.94. The two-bay design unites the transmission linee 
symmetrically and the main line to the receiver is then of one-half of the 
antenna characteristic impedance. For this purpose it has been the 
practice to employ the four-wire cross-connected balanced type of line. 

a picture of which is shown in Fig. 4.95. 

TERMINAL R 

BALANCED 
DIPOLES; 

-FEEDER 

'DIRECTION OF WAVE 
TRAVEL 
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Constructional dimensions for fishbone antennas for various rang* of 
frequencies in the high-frequency band are given in Table 3.4. 
The measured performance of fishbone antennas compares closely with 

that of a rhombic antenna having the same main beam orientations even 

50* 
40* 

ICP 

VERTICAL PATTERN 

HORIZONTAL PATTERN 

Flo. 3.93. Horizontal and vertical patterns for RCA fishhone unit. (After &error 
and Petereon.) 

though the former occupies a much smaller land area. The fishbone pat-
tern is relatively free of secondary lobes and the corresponding parasitic 
directional responses. 

TABLE 3.4. RCA FISHBONE-J1NTENNA DIMENSIONS 

Length 
dipoles, 

feet 

34 
48 
06 

Optimum Useful Width 
frequency, range, I(two 
megacycle,. megacycles feet 

18 
14 
9 

13- 22 
10- 19 
3-13 

120 
148 
200 

Length 
total, 
feet 

312 

312 
312 

Useful 
Pole 

angle 
heiet, . ( aziniut h 
feet 

degree,. 

60 10 
90 10 
120 , 10 

The number of dipoles used is sufficient to produce the effect of smooth 
continuous loading of the cent rai feeder. This requires seven or more per 
wavelength, the wavelength in this case being that in the feeder at the 
wave velocity employed. 

Another version of the fishbone antenna is diagrammed in Fig. 3.95. 
The dipoles in this system are one-half wavelength long at some chosen 
frequency and omit the series capacitors. They are spaced at one-
quarter-wavelength intervals along the feeder. In all other respects the 
performance and structural characteristics resemble those of the RCA 
fish hone. 
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The tishbone antenna is one of the preferred forms for wide-band 
response in the high-frequency fixed services. Its higher cost in many 
..ases is offset by the smaller land area required as compared with an 

equivalent horizontal rhombic antenna. 

FIG. 3.94. Horizontal pattern for two-

hay RCA fishbone array. 
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FIG. 3.95. English type HAD fishbone 

antenna (two-bay). 

3.25. Traveling-wave Antenna for Vertically Polarized Transmission 

Figure 3.96 shows the construction of an inverted-V antenna. This is 
essentially one-half of a rhombic antenna split along its major axis and 
then turned so that its plane is vertical. In this form, the main lobe of 
radiation is vertically polarized. The system is structurally simple and 

uses only one supporting pole. 
The angle of the wires with respect to ground is a function of the length 

of the legs. The optimum slope angle is tabulated in Table 3.5. These 
angles are not the same as one-half of the acute angle of the equivalent 
horizontal rhombic antenna because, in the latter, the acute angle is 
adjusted to bring the intersection of the two cones of first maximums a 
few degrees above the plane of the rhombus, while in this case the angle is 
that which will maximize the pattern in the plane of the antenna. With 



342 

this exception, we can say that the vertical pattern for the inverted-V 
antenna is the same as that of a free-space rhombus in the plane of the 
rhombus. In the same sense the horizontal-plane pattern for the in-
verted-V antenna is the same as that in the major axial plane normal to 
a free-space rhombus. 

WIRES 

POLE a 180. RADIAL 
INSULATOR GROUND SYSTEM 

TO TERMINAL ARRAY 

AXIS 

MAST 

RADIO ANTENNA ENGINEERING 

CROSS-ARM 
AND INSULATORS 

POLE 
INSULATORS 

UNBALANCED 
FEED 

,..•••••"-* 

0 :.--160' RADIAL 

GROUND SYSTEM 

Fut. 3.96. Inverted-V traveling-wave antenna. 

Circuitally, the inverted-V antenna is unbalanced, the ground forming 
one side of its input and output circuits. It is desirable to use a system of 
ground wires at the input end and also at the far end where the antenna is 
connected to a dissipation line for transmitting or to a resistor for receiv-

TABU.; 3.5. OPT1h111111 SLOPE ANOLES ros INVeItT1.3.)-v ANTLNNAti 

Leg Len yllt, Slope .4 ogle, 
11'neeletigtha Degrees 

2 36 

3 29 

4 245 

5 22 

6 235 

7 19.5 

ing. Its characteristic impedance is one-half that of the equivalent bal-
anced rhombic antenna. 

To feed the inverted V, it is usually preferred to use a balanced feeder. 
similar to those which would be employed for other balanced antennas. 

and to make a balanced to unbalanced transformation with the proper 
impedance ratio to excite the antenna. 

At the terminal end, the dissipation line ran be of the unbalanced type. 
using the ground itself a.s the dissipator. If the attenuation per unit 
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length is small, owing to high ground conductivity or low operating fre-
quency, the required length of the line may be inconveniently large. In 
such a case, dissipative conductors will increase the attenuation rate by 
adding conductor loas to the ground loss. 

3.26. Construction of High- frequency Antennas 

Figures 3.97 to 3.123 are included to provide detailed information on 
various aspects of mechanical construction of high-frequency antennas. 
The figures show both low-power and high-power techniques that have 
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FIG. 3.97. Assembly of a horizontal dipole array using two levels of four dipo ea, 
cophased, with passive acreen reflector. 

been employed successfully in systems originated by many different engi-
neers, together with various forms of supports. These are but a few of the 
myriads of details that have been evolved throughout the world during 
the years of antenna development. 
Only an experienced engineer can appreciate the mechanical problems 

associated with antenna rigging. An antenna is constantly in movement 
and vibration as winds flow past it from different angles, as tensions of 
members change with changes of temperature, and as loadings change 
with winds, contractions, and ice formation on the system. These move-
ments and vibrations cause a great deal of wear and fatigue in the wires 
and hardware. This necessitates careful consideration in design to 
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provide an economical structure capable of fulfilling its mechanical duty 
reliably and for long periods. For this purpose the engineer must consult 
suppliers' catalogues of wire ropes, cables, wire, electrical-rigging hard-
ware, insulators, etc. These catalogues contain information and data on 
the physical properties and weights of the parts and materials used in 
antenna construction. 

SPREADER FOR REFLECTOR CURTAIN AND RADIATOR CURTAIN TRIATICS 
""--4/ REFLECTOR CURTAIN  

IRADIATOR CURTAIN PLAN VIEW 
e TRANSFORMERS .7 AS SUPPORT 

I INSULATORS 

SUPPORTING INSULATORS. WIRE 
TDIPOLE' 
FEEDER-7k, 

.TRIATIC WITH BREAK-UP INSULATORS 

COUNTERWEIGHT 
ha. 3.98. Wiwi 15 for two 4 by 4 dipole arrays for two different frequencies, using 
two supportiiig outmts. 

The simplest antennas are rigged between the masts with the wily(' 
conductors supporting their own weight and that of associated feeders 
as in Fig. 3.97. The more extensive arrays employ triatics, from which 
the actual antenna a.ssembly is suspended. Most of the mechanical 
stress is placed on the triatics, thus reducing the mechanical stresses on 
the active electrical elements and permitting more accurate dimensioning 
of radiators and feeders. This eliminates sags and provides better 
mechanical stability, which in turn gives better electrical stability. 
Radiator and reflector curtains are usually hung from parallel triatirs. 
using spreaders to maintain the correct spacings between curtains. 

Conservative design calls for a minimum factor of safety of 2 on the 
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principal tensioned members, such as the suspension triatics and halyards. 
under conditions of maximum wind and ice loadings. The automatic 
maintenance of predetermined safe tensions in such members is afforded 
ley the use of counterweighted structures. 
The computation of simple catenary suspensions with uniformly dis-

tributed loadings is the same as that for transmission-line construction, 

INSULATORS 

2- WIRE ix 4-WIRE 
CAGE DIPOLES 

PLAN VIEW 

),T  

or 4-WIRE 
HAP, FEEDER 

FIG. 3.99. Method of rigging triangular and cage dipoles for eurtain array:e requiring 

large bandwidth. 

and formulas are given in Chap. 4. The localized equivalent weight of 
feeders and other loadings on a simple catenary (such as a single hori-
zontal dipole antenna with a two-wire feeder connected at the middle of 
its span) modifies the problem to that of the catenary with a central 
loading equal to the downward pull of the feeder due to its own weight, the 
static pull of the ground anchor, and the wind and ire loadings. 
An approximate method for computing the catenary tensions for center-

loaded triatics when the center loading is large with respect to the weight 
of the triatic proper is the following: Consider the weight of the triatic 
material lumped at the center of the span and added to the total sus-

pended weight at the center to obtain the total center loading. Consider 
that a right triangle is formed by one-half of the span and the sag and the 
straight line drawn from tip to tip of the masts. Let :1 be the angle 
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between this line and that of the stressed triatic in the loaded state when 
the sag is a chosen or specified value. If W is the equivalent total weight 

of the load at the center, then the tension of the triatic is 

11" 
T —   2 sin A 

where T and W are in identical units. 
When the suspended load is more or less equally distributed along a 

primary triatic, this distributed loading is added to that of the weight of 
the triatic proper and the tension is computed as for a catenary triatic of 

that total weight W. 
Assuming the catenary to be firmly attached to the top of the mast, the 

horizontal pull P on each mast is 

P = T ros A 

and the vertical compression load C on the mast is 

c 

When two triatics are used, one for a radiator curtain and one for a reflec-
tor curtain, but joined to a common halyard near the tower, their com-
bined stress appears in the main halyard. If the halyard runa down the 
axis of the tower, the halyard stress is transferred to a compression load on 
the tower. If the halyard is anchored to ground at some distance from 

the tower base away from the antenna side, the compression load due to 
the antenna is reduced in accordance with the relation 

C = T cos B 

where B is the angle between the halyard and the tower axis. 
A counterweight in the main halyard is desirable as a means for main-

taining uniform tension with transient wind and ice loadings on the 

antenna system. In small lightweight antenna systems, built for 
economy, the tension can be released manually at a winch when occasional 
heavy wind and ice loading is present. In hurricane areas, where com-
plete ability to withstand the extreme conditions would require extrava-
gant structures, one may decide to use light inexpensive construction and 
expect occasional damage to the system on the theory that its replacement 
would be a more tolerable expense. 

Except for the very simplest structures, the precise computation of 
stresses in various parts of the antenna rigging becomes very complicated 
and often indeterminate. One may then use approximate methods, 
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according to one's ingenuity, or resort to estimates. The uncertainties 
are allowed for in the safety factors, or "ignorance factors." When 
insurance against these uncertainties leads to considerable expense, guid-
ing dynamic-tension measurements can often be made with the aid of 

FIG. 3.100. View of the dipole hesni-untenna arrays used for the high-frequency 
broadcasting service to Great Britain and northern Europe from the Sackville, New 
Brunswick, station of the Canadian Broadcasting Corporation. (Photograph courtesy 
of Canadian Broadcasting Corporation.) 

mechanical scale models of the antenna. Such a scale model must accu-
rately simulate distributed weights and all dimensions. Ice loadings can 
be simulated by judicious distribution of weights on various portions of 
the model. Wind stresses can be simulated by means of springs or elastic 
rubber which deforms the assembly by the specified amount correspond-
ing to the wind pressures against the projected areas. 
Wood poles, similar to those used for telephone and power-distribution 

line construction in a large part of the world, are most frequently applied 
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to the duty of supporting high-frequency antennas when they can be 

made of sufficient height. Round wood poles can sometimes be obtained 
in lengths of 70 or 80 feet, and occasionally longer. The length that must 
be underground depends upon the soil resistance and the guying provi-
sions. Sometimes poles are set in concrete and sometimes not. The 
have to be set with the aid of a crane since they are too heavy to be erected 

Flo. 3.101. Fabricated spreader used to space the radiator and reflector curtains of 
large dipole array in the main catenary, shown before being rained into the air. This 
is part of the array used for 6-megacycle broadcasting. (Photograph coat-fray of 

Canadian Broadcasting Corporation.) 

with pikes. Figure 3.115 shows an assembled steel mast being erected in 

this way. Figure 3.120 shows the use of single high poles for rhombic 
antennas. 

Shorter poles may be spliced in different ways to obtain wood supports 
of moderate heights. Figures 3.112 and 3.113 show the operations for 
lap-splicing two large poles. Figure 3.114 shows what has come to be 
called the " A" pole splice, and Fig. 3.111 shows a butt splice. Poles 
spliced in this way can be seen in . Fig. 3.110. A wood mast fabricated 
from structural timber can be seen in Fig. 3.122. 
The advantages of wood in some regions of the world include relatively 

low cost, easy handling in construction, and the convenience of having 
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a wide variety of standard items of assembly hardware available. The 
disadvantage of wood is principally that of rot, which limits the life of the 
pole. It is good practice to dip the underground wood in creosote, which 
is an effective preservative. In many applications it is good practice to 

Flo. 3.102. Detail of the top of one tower supporting a high-gain dipole array, 

showing the cable yoke and the spreader for radiator- and reflector-curtain spacing in 
the main catenary. The spreader is used to space the side catenary for supporting 

the ends of the dipoles for the 25-meter array. (Photograph courtesy of Canadian 
Broadcasting Corporation.) 

dip the entire pole in creosote, following a process specification familiar to 

local power and telephone linemen. Wood above ground can be pre-
served by painting with outdoor-type oil paints. 

In places where there is perpetual moisture and fog or in very rainy 
climates, rot is accelerated because the wood is wet or damp a large part 

of the time. In other regions where termites and some kinds of wood-
eating ants exist, it may not be practical to use wood at all. The great-
est risk of rot exist.s at splices, holes, or the crossarm attachments, 
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because moisture remains in such cracks, crevices, and unexposed sur-
faces for long periods. 

Steel masts and towers are extensively used for antenna supports where 
wood is impractical or excessively expensive and for structures higher 
than can be attained with wood poles. These can be in the form of 
guyed slender masts or self-supporting towers. Figures 3.100, 3.104, 

Mo. 3.103. Photograph taken during the construction of a high dipole broadside 
array, showing riggers working on the main trial km. (Photograph courtesy of Canadian 
Broadcasting Corporation.) 

3.106, and 3.115 show guyed masts, while Figs. 3.110 (background) and 
3.116 show self-supporting steel towers. Steel structures require paint-
ing to preserve them. 

Hollow concrete poles, steel-reinforced, are available at reasonable 
prices in some regions in sizes equivalent to the largest wood poles. They 
have the advantage of long life in all kinds of weather, but they have 
the disadvantage that all attachments must be made by means of pole 
bands, which complicates the original assembly. It is not usually feasi-

ble to attach climbing spikes so that it is necessary to employ a boat-
swain's chair to ascend the pole for construction and maintenance. 

Iron-pipe masts can be used for a limited number of very light re-
quirements. 
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The question of the need for breakup insulators in pole and mast guys 
is a very frequent one. Actual experience over many years fails to 

provide a final answer. The purpose of breakup insulators is to avoid 
any possible self-resonance and reradiation from the guy wires, or stays. 
Resonance can exist as readily in an insulated guy wire as in a non-

Fm. 3.104. Detail of the assembly of the uppermost dipoles of a high dipole array, 

showing the upper end of the central feeder and the connections to two dipoles. The 
cable that supports the feeder and the inner ends of the dipoles from the main triatic is 
seen in the upper center. (Photograph courkay of Canadian Broadcasting Corporation.) 

insulated one, if its natural period is equal to or near the working fre-
quency. The current that will flow in a resonant guy wire is proportional 
to the induced electromotive force. In any event, one tries to locate guy 
wires in the weakest possible fields from the radiating system to minimize 
the induced electromotive force. 

If a guy wire is found to be resonant and has a considerable reradiated 
field, it can be detuned in various ways by altering its distributed electrical 
constants. Since it is very difficult to predict the resonant frequency of a 
guy, insulated or uninsulated, the risk of resonance is about the same 
either way. Therefore it seems that there is slight justification for the 



352 RADIO ANTENNA ENGINEERING 

expense of breakup insulators except where the guys are in very strong 
fields, and this only because of the ease with which a guy can be detuned 
if necessary by short-circuiting one or more of the insulators or placing 
inductors across one or more of them. 

FIG. 3.105. Detail of the lower ends of the vertical feeders for radiator and reflector 

curtains for a high-frequency dipole beam array, taken during construction. The 
cabin on posts houses the switching eantaetors for reversing the direction of the beam 
by interchanging the feeds to the front and rear ( identical) curtains of dipoles. (Pilo' 
logra pli courtesy of Canadian ifrowicaaling ('orporation.) 

It is desirable to explore for parasitic currents in guy wires, using the 
same technique employed for measuring current in individual wires of a 

transmission line. Then if a substantial parasitic current is indicated, 
means can be tried to eliminate it by detuning. This simple precaution 

is well advised with highly directive systems where spurious reradiation 

could compromise the radiation pattern of the antenna in the low-field 
direct ions. 
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Fin. 3.106. View of a horizontal dipole array using two-wire dipoles. (Photograph 

rrnidely of . 1 ustroiian Postotaater-General'a Office.) 
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Fla. 3.107. Inside a rigger's hut during a steel- rope splicing operation. Notiee 
typical rigging equipment in background. 
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Fie.. 3.108. Detail of guy anchor for the pole supports of a high-frequency antenna 

system. 
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Fui. :1.109. Pole-frame supports for high-frecpieney-broadcaet dipole arrays. (Pho-
tograph courtcsy of National Broadcasting Company.) 
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Flo. 3.110. The RCA Communications, Inc., transmitting station at Bohm's, 
California, showing a forest of poles and towers of different types as used for a large 

number of high-frequency antennas. Butt-spliced poles and A poles may he seen, 

together with steel towers. (Photograph courtesy of RCA Communications, Inc.) 

FIG. 3.111. A butt-spliced pole ready for erection. (Photograph courtesy of RCA 

COMmunications, Inc.) 
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FIG. 3.109. l'oie- Ironie supports for high-frequency-broadcast dipole arrays. (Pho-
tograph courtesy of National Broadcasting Company.) 
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Fi o. 3.110. The RCA Communications, Inc., trimantitling station at Bolinns, 
California, showing a forest of poles and towers of different types as used for a large 
number of high-frequency antennas. Butt-spliced poles and A poles may be seen, 
together with steel towers. (Photograph courtesy of RCA Communications, Inc.) 

Fla. 3.111. A butt-spliced pole ready for erection. (Photograph courtesy of RCA 

Comm unicaliona, Inc.) 
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Kw. 3.112. The beginning of a pole-splicing operation and the ronatruetion. uf a butt-
spliced pole. (Photograph courtesy of National Broadcasting Company.) 

Km. 3.113. Preparing the construction of a lap splice for large poles. (Phounrcuph 
courtesy of National Broadcasting Company.) 
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. --
Flo. 3.114. The A pule, n method of spiking wood pules fur greater height. (Photo-
graph courtesy of National Broadcasting Company.) 
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Flo. 3.115. Fu;. 3.110. 
Fin. 3.115. Raising an assembled steel mast for a high-frequency antenna with a 
tractor derrick in Dhahran, Arabia. (Photograph courtesy of W. A. ..teton.) 
Flo. 3.116. Speeially designed towers for a high-frequency dipole beam array for 
broadcasting. The erossarm structures provide the spacing between radiator and 
reflector curtains. (Photograph courtesy of National Rroarleasting Company.1 

Fla. 3.117. Fia. 3.118. Fla. 3.119. 

Fin. 3.117. Counterweight for maintaining constant tension in a large rl hie 
antenna, with limiting ropes. The wire rope that is moat nearly vertical carries the 
antenna stress. 

FIG. 3.118. Counterweight detail for a vertical feeder. 

Flo. 3.119. Counterweight lever-arm detail on an antenna pole. 
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Fm. 3.120. End details for horizontal rhombic antennas built on wood poles. top: 
View of an antenna with single halyard and sheave, on wood pole. Hight: Apex of 
transmitting antenna using yokes for assembly and with a counterweighted vertical 
feeder. Double halyards and sheaves are used on a crossarm. 

---114rzetirme 

FIG. 3.121. A two-Imy lishbone receiving antenna as ' laml at the Itivurlicad Receiving 

Station of RCA Communications, Inc. 
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Fm. 3.122. The RCA Model A high-frequency beam-antenna eyetem as used prior to 
1935. This type of radiating system for vertical polarization exemplified an early 

form of beam antenna for point-to-point communication. The photograph shows the 
complexity of the rigging for the radiator and reflector curtains and the use of fabri-
cated wood masts. Rocky Point, New York. (Photograph courtesy of RCA Communi-
cations, Inc.) 
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Fin. 3.123. A 24-dipole array for vertically polarized transiiiimion on 45 megacycles. 
This is an example of the use of high-frequency-antenna techniques in the very-high-
frequency region. A screen of parallel wires is used as a neutral reflector. Note use 
of two-wire balanced feeder, and the use of quarter-wave section at ends of feeders to 
the radiators as insulators. (Photograph courtesy of RCA Vidor Company, Ltd., 
Montreal.) 
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CHAPTER 4 

Radio-frequency 

Transmission Lines 

4.1. Propagation of Radio-frequency Currents in Linear Conductors 

Radio-frequency energy can he guided by the propagation of transverse 
electromagnetic waves along systems of parallel conductors called " trans-
mission lines." For brevity they are also called " lines" or " feeders." 
The input energy is stored in the field of the conductors and is propagated 
along the system at some finite velocity. For conductors in open air, 
this velocity is 3 X 108 meters per second. In this discussion it will be 
understood that the transmission-line phenomena pertain to the quasi-
static conditions corresponding to cross-sectional dimensions very small 
with respect to the wavelength." This means that the time of propaga-
tion of the field between conductors is small in relation to a single period. 
In radio-engineering practice the design of a system is based on the 
recognition of this condition. 

1.1.1. Infinite and Finite Lines. Any line of continuous and uniform 
parameters exhibits an important circuital property known as the " char-
acteristic impedance." This is usually designated as Zo. This is the 
impedance of the line as seen at its input terminals if the line were of infi-
nite length. Such a line would continuously absorb energy from a gen-
erator and propagate it outward forever. A line of finite length is simply 
a portion of an infinite line. The missing remainder, going on to infinity 
and having the same characteristic impedance Zo, has been cut away. To 
simulate this missing portion, any load with an impedance equal to Zo can 
be used to terminate or match the line and absorb all the energy propa-
gated from the generator. When a line is terminated in an impedance 
equal to its characteristic impedance, the propagation of currents between 
the generator and the termination is the same as in an infinite line and 
energy travels only away from the generator. At radio frequencies the 
eharaeteristie impedance of low-loss lines is resistive. When open-eir-
coiled, close-circuited, or terminated in any arbitrary impedance other 
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t han Zo, there is reflection of energy from the end back toward the gen-
erator. The presence of waves traveling in both directions on the con-
ductors gives rise to various current and potential distributions and causes 
the input impedance to vary widely in magnitude and phase angle. 
Because of this, transmission lines have uses as impedance transformers 
and energy-storage circuits as well as for the guidance of energy from a 

generator to some load circuit. 
4.1.2. Some Important Transmission-line Equations. The following 

equations, derived from transmission-line theory and proved in the classi-
cal literature on this topic, have frequent utility in the design of systems, 
and are grouped here for reference. 

In general 

Zo = jcaL 
G jwC (I) 

At radio frequencies, when w becomes very large with respect to other 

factors 

Zo = rL (2) 

When the field of the transmission line is entirely within an isotropic 
dielectric medium having an inductivity, or dielectric constant, o, 

L o. = ZO(eir) 

V; 
(3) 

The propagation constant 7 is in general complex; 

= jtio = VT/F--1- joeLe -F „icon (4) 

At radio frequencies and with lossless lines, y becomes essentially a phase 

angle per unit length. 

= jo wN/Le 7 radians 
= 360j V LC electrical degrees (5) 

nepere per meter 

The velocity of propagation of transverse electromagnetic waves in 
systems of parallel linear conductors with air dielectric is equal to c, which 

is the velocity of light in free space (3 X 108 meters per second). 

1 Zn I 
v = = - Xf = — -- 

0 -N/Er, f Zor 
C — (6) 

• L neper — 1 hyperhnlir radian decibels, eorresponding in a riirrent (or 

voltage) ratio of 2.7182 + c. 
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For a line in un isotropic dielectric e, the velocity of propagation is 

•/ (7 , 

When a radio-frequency line of length jit/ degrees (or radians) is terminated 
in a complex impedance 4, the input impedance 4. is, in general, com-
plex, in accordance with the equation 

= G o 
Ze cos 8/ + jZo sin 0/ 
Zo coa git/ + jZ, sin 0/ 

When 4 Zo, there is reflection from the termination. The reflect ion 
factor is, in general, complex, and is specified as follows: 

— 1 _ Q — 1 
+ 1 Q+ 1 

When Z, = O (short vin•itit), 

= jZ, tan fa 

When Z, cc (open circuit), 

= --jZn cot al 

(8 

(9 

(12) 

For a line of length 0/ = radians = 180 degrees (one-half wavelength:, 

Z,. = Z, and V, = 17,/180 
also (13; 

/i. = 11/180 reversed phase 

For a line of length fil = r/2 = 90 degrees (one-quarter wavelength) 

Zo2 zo2/, 
Zi. = — and , = • ,— (1 

This is an impedance-inverting circuit with a 90-degree change in relative 
phase between input and output currents and potentials. When SI = 
degrees (one-eighth wavelength) and Z, = j0, 

Z,. jZo when R, = 
Z. = —jZo when Ri 00 

and in general 14.1 = iZol for all values of R,, positive and negat ive, from 
0 to . (Only the angle of 4. varies with Rt.) 
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The standing-wave ratio Q on a transmission line increases with increasing 

inequality between Z, and Zo both in phase and in magnitude. 

rfo 21120 /0  
exor RC — 2(fo — f) 

This equation for Q is useful when transmission lines are used as high-Q 

resonant circuits. 
When a section of transmission line is used as a transformer to match 

an impedance Z, = R, ± jX, with another impedance Z,. = IL + jX..„ 
the characteristic impedance Zoo of the transforming section is 

_ 

Zoo = - C (16) 
bd 

:md its electrical length must be 

Ati = tan ' Zoo 

in which 
a = R,R,„ — X,X,„ c = R. — R. 
b X,R„. d = X1„ — X, 

In all the preceding equations the following symbols apply: 

R resistance per loop meter, ohms 
L = inductance per loop meter, henrys 
G = leakage conductance per meter of line, mhos 
y = complex propagation constant per meter of line 
C = capacitance per meter of line, farads 
«0 = attenuation constant per meter of line. nepers 
So = phase constant per meter of line, radians 

= 2ef 
= frequency, cycles 

Jo = frequency of resonance 
• = velocity of propagation of light in free space 
c = 3 X 10° meters per second 
• = velocity of propagation in the line, meters per second 
X = free-space wavelength in meters for a wave of frequency f 

Z, = input impedance, ohms (complex) 
Zo = terminal (load) impedance, ohms (complex) 
K = reflection coefficient due to terminal mismatch of impedance 

(complex) 
• = specific inductive capacity (dielectric constant) of the medium 

in which the field of the line is contained 
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SWR = Q = = L./Lg.—the standing-wave ratio—and is 
the ratio of energy stored in the line to the energy dissipated 
per second in the line and in the load termination 
the over-all electrical length of a line, radians or degrees 

= the length of a line, meters 

d = distance, meters, from the terminal end of a line to the first, 
voltage maximum (or current minimum) 

4.1.3. Basic Types of Rodio-frequency Transmission Lines. Circuit-
ally there are two basic types of uniform transmission lines for single-
phase operation: 

I. Balanced Unes, where there are equal and opposite potentials from 
both sides of the transmission circuit to ground. 

2. Unbalanced lines, where one side of the circuit is at high potential 
and the other side is at ground potential. 

Structually there are also two basic forms: 
1. Open-wire lines, where the conductors are supported in the air above 

ground. 

2. Enclosed lines, where one or more conductors forming the transmis-
sion circuit are enclosed by a metallic shield that confines the field within 
the enclosed space. Both balanced and unbalanced lines are included in 
this class. 

Then there are two basic classes of applications for transmission lines: 
I. For guiding electrical energy from a generator to a load circuit. 

This is the application implied by the use of the alternative term " feeder:* 
The charges delivered by the generator move along the line to the load 
in a single traveling wave. 

2. For storing electrical energy in excess of that dissipated in the load. 
The charges on the system are moving from the generator to the load. 
and also in the reverse direction, and form standing waves on the system. 
In this form lines are used as tuned circuits,"" as reactors, and as imped-
ance transformers." Since a section of transmission line can be used to 
obtain any desired reactance at any given frequency, a combination of 
sections can be used to form networks which act as low-pass, high-pass, 
and bandpass filters of constant-i, ut-derived, or lattice types. 

4.1.4. Tronsmission-line Parameters. The fundamental electrical 
characterist irk' are derived from the configuration of the electric and mug-

, net ir fields surrounding the conductors, which in turn are derived from the 
parameters of the cross-sectional geometry of the line and the nature of 
the enclosing dielectric medium. lu the quasi-static case, corresponding 

to typical engineering usage, the transmission lines under consideration 
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propagate transverse electromagnetic waves (waves in which the electric 
and magnetic vectors are mutually normal and also normal to the direc-
tion of propagation), but the parameters are derivable from electrostatics 
or rnagnetostatics. The electrostatic solution, using the theory of log-
arithmic potentials, is most convenient for the purpose when no ferro-
magnetic effects are involved. The solution, starting with scalar poten-
tials and charges, yields the unit-length capacitance, characteristic 
impedance, charge distributions, and velocity of propagation (for exam-
ple, see Chap. 6). The equipotential surfaces and potential gradients can 

be calculated from the same information. 
An alternative method is that from magnetostatics, using the system of 

logarithmic vector potentials and currents. The solutions also yield the 
unit-length inductance, characteristic impedance, current distributions, 
and the velocity of propagation. 
The unit-length resistance and leakance are empirical and depend upon 

the number of wires and their resistivity, the frequency, the current dis-
tribution in the wires, the method and material of insulation, and the 
conductivity of the soil under the line (when ground-return currents are 
present). Any concentrated dielectric or ferromagnetic materials in the 
held of the line can also influence the fundamental parameters to some 
extent, but ideally they are assumed not to exist. In practice, care is 
taken to minimize their presence. When the line conductors are of 
permeable material, the permeability acts with the conductivity as a fac-
tor in increasing skin effect and thus increasing the high-frequency 
resistance. 

4.1.5. Characteristic Impedance of a Uniform Low-loss Transmission 
Line. Any type of feeder with only air dielectric between all the conduc-
tors of the system has a characteristic impedance that is determined 
wholly by the geometry of its cross section, that is, the sizes and shapes of 
the conductors, their mutual spacings, and their distance from ground or 
other conducting planes or surfaces. When the entire field of the system 
is contained within a dielectric material with an inductivity e, Eq. (3) 
applies. When the conductors have a thin covering of insulating material, 
the remaining dielectric being air, the presence of the insulation on the 
wires has the effect of slightly increasing the effective metallic radius of the 
wires by an amount proportional to the inductivity of the material. For 
very thin insulating coverings, or for materials of very low inductivity, 
this effect is usually negligible in practice. In so far as line losses are 
concerned, any insulation on the wires increases the attenuation. This is 
because the loss factors for any solid dielectric material are greater than 
air alone and because the potential gradients are maximum at the surfaces 

of the conductors. The amount of increase thus caused must usually be 
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determined empirically and in some cases can be negligible. Beyond a 
point, loss can affect the value of the characteristic impedance in magni-
tude and phase angle. 
The presence of supporting insulators, or insulators used for maintain-

ing constant spacing, has the effect of increasing the capacitance of the 
wire system and therefore of reducing its characteristic impedance and the 
velocity of propagation. In many open-wire lines this effect is virtually 
negligible (though it should be considered quantitatively in all applica-
tions where the electrical length of a line is critical). In enclosed lines 
with air dielectric, the spacing insulators always have a considerable 
influence on the characteristic impedance and the propagation velocity 
and therefore must always be considered. 

The manner in which the characteristic impedance is derived from the 
croas section of a line is developed in Chap. 6, which gives several exam-
ples of the computation of characteristic impedance for different types of 
lines. 

In typical practice, round or cylindrical conductora in the form of wires 
or tubes are used for the conductors. A uniform transmission line means 
that its cross section is identical at every point throughout its length, and 
if it be an open-wire line, it is assumed to be straight. In practice, the 
supporting members, insulators, small variations in cross-section dimen-
sions, corners or bends in the conductors, and the close proximity of other 
metallic or dielectric objects cause variations in the characteristic imped-
ance. The importance of these irregularities depends upon their magni-
tude and also upon the frequency of the guided energy. The electrical 
distance between identical irregularities (such as supporting members 
also affects Zo. If there are at least seven such uniformly spaced irregu-
larities per wavelength, their effect is the same as a uniformly distributed 

shunt capacitive loading, which reduces the characteristic impedance 
slightly below its theoretical idealized value and reduces the propagation 
velocity. 

When the frequency is so high that there are fewer than about seven 
uniformly spaced irregularities per wavelength, there is reflection of 
energy bet ween these successive points, if the irregularities are sufficiently 
large, which causes the input impedance to oscillate above or below its 
characteristic impedance at different frequencies. This is a condition to 
be avoided because it also increases the attenuation per unit length of line 
and presents a complex impedance to the generator (regardless of the load 
termination), which varies with frequency. In this condition the line 
said to be " lumpy." 

It is possible to reduce the lumpiness of line impedance in the critical 
region of reflection when open-wire lines are used. For instance, the 
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presence of insulators, binding wire, metallic insulator caps, and assembly 
hardware produces the effect of an increase in shunt capacitance over that 
due to the wires alone in air between supporting poles. The resulting 
capacitive loading may be of such a magnitude as to constitute a sub-
st antial irregularity, especially if the frequency to be transmitted is high." 
Then, for the short section of line near the pole, Zo is reduced. All that is 
required to maintain constant characteristic impedance is to maintain a 
constant ratio of inductance to capacitance per unit length. A unit of 
length near a supporting pole has an increased capacitance. Therefore, if 
the spacing can be increased, or the conductors reduced in diameter, to 
increase the unit-length inductance by an identical amount, the irregular-
ity due to the support is neutralized and a truly uniform line results. 

In practical construction it is usually necessary to change the direction 
of a feeder. A corner or angular bend introduces an irregularity by 
changing the series inductance of the line at and near the bend owing to 
interlinking of fields. For this reason, good construction requires that the 
bend be gradual and devoid of sharp corners. When such bends are 
made, it is necessary to use exactly the same length of wire on the two 
sides of a balanced line. It is more important to maintain equal wire 
lengths on the two sides of a circuit in making a bend than to try to main-
tain a strictly constant spacing between wires at the bend. 
When feeders must pass through switching devices, great ingenuity 

must be used to avoid discontinuities of magnitudes that are disturbing in 
their effect on the line impedance. Any dead-end portions of transmis-
sion line also produce impedance irregularities that can be very trouble-
some in switching devices. 

In solid-dielectric feeders (both flexible and rigid), there is a close 
approach to the ideally uniform line. Where connections or junctions 
are made with other sections of feeder, the connectors may introduce local 
irregularities. For most standard solid-dielectric feeder material it is 
possible to obtain constant-impedance connectors that have very little 
effect on the uniformity of the feeder impedance. 

4.1.6. Control of Characteristic Impedance in Design. There are 
many common applications where the feeder characteristic impedance 
may be of any convenient though arbitrary value. But in certain types of 
application one may require a feeder of a specific characteristic impedance. 
To obtain a lower characteristic impedance the following general condi-

tions apply: 
I. The conductor sizes can be increased while maintaining the same 

center-to-center distances. 
2. For given wire sizes, the distances between conductors can be 

decreased. 
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3. The number of wires used in each side of the feeder (if balanced) or 
the high-potential side (if unbalanced) can be increased. 

4. Two or more feeders may be used in parallel. 
5. Lumped shunt capacitors may be connected across the line at equal 

distances to produce the effect of smooth loading at the working fre-
quencies, with lower characteristic impedance. 
To increase characteristic impedance, opposite methods are used. 

Instead of increasing the capacitance per unit length as in item 5, induct-
ance may be uniformly distributed in series with the line. 
The formulas for the characteristic impedance of several practical forms 

of transmission linea for radio applications are given in the following sec-
tion. Formulas for other configurations can be developed by applying 
the principles of logarithmic potentials from Chap. 6. 

4.2. Useful Transmission-line Configurations and Their Formulas 

In this section will be found the essential electrical- and mechanical-
design information on 19 different, types of radio-frequency transmission 
lines. The formulas for the characteristic impedance and the attenua-
tion of each type of line are left in the form most convenient for arith-
metical computation. They have been simplified by omitting small-order 
effects, which add much to the complexity of usage but which affect the 
final accuracy of the result by only 1 or 2 per cent. In the form presented, 
the formulas are sufficiently exact for any ordinary engineering applica-
tions. To provide a guide to their application, some representative data 
are included for each type. All of the formulas are based on quasi-
static conditions corresponding to the great majority of engineering 
applications for frequencies up to about 30 megacycles. 
The equations throughout this section will employ the following 

symbols: 

a, b, c, etc. = spatial dimensions in the line cross section 
h = height above ground 
p = wire radius, in the same units as h. a. etc. 

-= characteristic impedance, ohms 
k = ratio of return current in the grounded wires to the cur-

rent in the high-potential wires 
1 — k = ratio of ground-return current to the current in t ho high-

potential wires 
f = frequency, megacycles 

--= ground conductivity. leciromagnelir units 
a = attenuation, decibels per 1,000 feet 

The attenuation of a transmission line without ground-return currents 
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is composed of a component a,„ due to loss in all the conductors, and 
due to loss in the insulation. In a line having all or part of the return 

current in the ground, there is an additional component due to loss 
in the ground. The total attenuation au...,1 is the sum of a„,„, and 
a,. In equations for a which include only a„, and ae„,„ the symbol 

ce. will be used. 
The larger the number of wires used in parallel, the higher the power 

capacity of the line in general. The charge density per unit surface of the 
wire and the potential gradients are thus reduced. 

In certain configurations, the charges on all the wires at the same 
potential are not equal, and the formulation must then include the solu-
tion for the relative charge distribution. This is set out in a separate 
formula so that the designer will know its value. 

In unbalanced open-wire lines, there is a division of charges between 
the grounded wires and those induced in the earth under the line. In 
dynamic operation the line currents and the earth-return currents are in 
the same proportion as the electrostatic charges. The ratio of the total 
return current in the grounded wires to the total current_in the high-
potential wires is an indication of the relative merit of the configuration. 
For example, when k = 0.842, it means that 84.2 per cent of the return 
current is in the grounded wires and that the remainder, 15.8 per cent, 
returns in the earth. It is desirable to design for the higher values of k 
because the smaller the earth-return current, the lower the attenuation 
and the smaller the radiation from the line." As k approaches unity, 
there is no more radiation from an unbalanced line than from a balanced 

line of similar sectional dimensions. 
Unbalanced lines are especially convenient for feeding the types of 

antennas used in the low and medium radio frequencies, which typically 
have one aide of the circuit connected to ground. 
An open-wire unbalanced line radiates more than an enclosed line or an 

open-wire balanced line. The amount of radiation is very small with 
lines that have large values of k. From a loss standpoint, radiation loss 
is negligible in proportion to all other losses in the line. A well-designed 
open-wire unbalanced feeder with a high value of k can always be used 
without hesitation with nondirective antennas. They have also been 
used successfully with directive antennas when the ratio of maximum to 
minimum field strengths is of moderate value. 

In the formulas that follow all mechanical dimensions are in the same 
units, unless subscripted to indicate otherwise. All attenuations are 
formulated in decibels per 1.000 feet of feeder when working into 
perfectly matched termination for a frequency f in megacycles. It. is 

assumed that there are no buried ground wires in the region where the 
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earth-return currents for the line flow. Buried ground wires parallel to 
and under the line produce an empirical value for a that is much greater 
than for natural earth constants. This reduces attenuation. The atten-
uation formulas do not include insulation losses. In many cases insula-
tion losses are negligibly low, but in any case they are empirical and not 
susceptible to formulation. 

The losses in a feeder are the sum of the copper loss, earth return loss. 
insulation loss, and loss due to direct radiation. Radiation loss from a 
matched feeder is usually so small that it is negligible for carefully 
designed systems, and it is always very small with respect to all other 
losses for almost any type of feeder. Insulation loss in a well-designed 
system is also a minor quantity except in long feeders working in the high-
frequency range, where insulation loss on a two-wire balanced line may 
exceed one-half as much as the copper loss. 

The principal losses in an unbalanced open-wire line are copper loss 
and ground-return loss. Brown" has shown that the attenuation factors 
due to copper and earth-return losses can he formulated as shown here. 
where m is the number of high-potential wires in parallel and n the number 
of grounded wires: 

arepper 

Creuth 

2.170(1 k2) 
— 

Pow-hre ion m n 
decibels per 1,000 feet 

.‘  - 
13„720 (I k)2 Ii012 decibels per 1,000 feet 

These equations are restricted to cases of complete symmetry of cur-
rents in the feeder cross section and to those configurations which give 
equal division of current among the high-potential wires and the grounded 
wires. The constant is derived for hard-drawn copper. Also, all wires 
must. have the same radius. For applications where open-wire unbal-
anced feeders are used, the total attenuation is simply the sum of the 
above two equations, plus some small estimated additional allowance for 
insulation loss. 

Balanced feeders, which are used almost exclusively at the high fre-
quencies. also have two major loss components copper loss and insula-
tion-leakage loss. The latter is proportional to the characteristic imped-
ance of the system but is otherwise empirical. The loss due to heating of 
the copper is predictable from the equation 

4.34 

tolf 
decibels per 1.000 feet 
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where M is the number of wires in parallel on each side of the circuit pro-
vided that the current is equally divided among the M conductors. 
McLean and Bolt'' have made measurements on two-wire and four-

wire balanced lines for high-power high-frequency transmission and have 
found that, for a 550-ohm two-wire line, the insulation and other losses 
are about 70 per cent of the copper loss, and for a 320-ohm four-wire line 

the figure is about 22 per cent, at 20 megacycles. These figures provide a 

e 

0 2 3 4 5 6 7 8 9 10 
STANDING WAVE RATIO 

FIG. 4.1. Relative power loss on a transmission line versus standing-wave ratio Q. 

basis for estimating the total attenuation of feeders within this impedance 
range, when the copper conductors are of the order of 0.200 inch diameter. 

According to Sterba and Feldman" the total high-frequency attenuation 
for a 600-ohm two-wire balanced line using 0.162- inch-diameter hard-
drawn copper wires is a.., = 0.152 -0, whereas for copper loss only 

= 0.0916 -V:f. These measurements show insulation and other 

losses to be 66 per cent of the calculated copper loss. 
The increase in attenuation as the standing-wave ratio departs from 

unity is shown in Fig. 4.1. 
A feeder carrying a current I, terminated in its characteristic imped-

ance and having a ground-return current 1, = 1(1 — lc) amperes, will 

radiate a small amount of power, the amount being determined from the 

following equations:" 
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For a feeder one-half wavelength long at a height h above ground, the 
radiated power P in watts is 

P = 3,500/Q2 (i,h)2 

and for a feeder one wavelength long 

P = 5,250/, (),-!)2 

One of the causes of radiation from an open-wire line is radiation from 
the vertical connections at the ends. This can be reduced by decreasing 
the height of the line; but this in turn increases the ground-return current, 
which partially offsets the decrease in height. In order to use small 
heights and retain small relative values of ground-return current, it is 
necessary to use better shielding of the high-potential wires by using a 
greater number of grounded wires and perhaps also a smaller line cross 
section. 

The various equations for unbalanced open-wire feeders show that k 
must be made as near to unity as feasible, which will minimize the ground-
return component 1 — k. The desired properties can, in most rases, he 
obtained with open-wire lines, thus making it unnecessary to employ 
concentric lines to avoid radiation troubles. 

Whatever radiation occurs from the line will be horizontally polarized 

at right angles to it, and vertically polarized in the direction of the line. 
The vertically polarized component is the only one likely to cause diffi-
culty, and it can be avoided by running the lines at right angles to the 
direction of the critical pattern null whenever possible. The precautions 
taken to avoid end radiation will also aid in suppressing line radiation 
Considered application of the various types of lines for which design 
equations are given, together with the use of still other types that may 
he developed using more wires, can take care of almost any situation that 
one is likely to encounter in practice. 

By a suitable choice of h and k, radiation can be reduced to any extent 
desired. The radiation pattern of a terminated feeder follows those of 
traveling-wave systems, which were discussed in Chap. 3. 

4.2.1. Type I. Single-wire Unbalanced Feeder. This design fea-

tures the utmost structural simplicity, but its use is severely restricted to 
short runs at low or medium frequencies or to temporary installations 

When the line runs over a buried-wire ground system, its attenuation 
may not be objectionable and when not too high above ground, its radia-
tion is often tolerable. The characteristic impedance, being rather high 
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does not lend itself well to matching into low-resistance antennas. 

Unmatched, it can be used as a direct link between antenna and trans-
mitter, with the tuning elements near the latter. For this type of line 

2h 
Zo = 138 1og — 

P 

2.17 Vf- 13  720 V10 of 
a.. — - — 

J feet'7, 0 CT 

Typical characteristics are: 

p, inches h, inches Z., ohms 

0.050 120 

120 

509 
466 

4.2.2. Type II. Two-wire Unbalanced Feeder, with Both Wires in 
Parallel. This configuration (Fig. 4.2) has lower characteristic imped-

ance than type I, and therefore its attenuation will be higher owing to 

ground conduction losses. In this case the characteristic impedance is 

2h 2h) 
Zo 69 (log io — logio 

and the attenuation is 

1.09 -0 7 13 720 
= -F e 

Typical construction values are: 

P. inches h, inches 

005 120 

0.10 129 

0.10 120 

a, inches X. 

10 

10 

20 

350 

320 

108 

4.2.3. Type Ill. Four-wire 

ot the Corners of a Square. 

4.3) is the same as for types 
characteristic impedances are 

I Ze 

I I/ 
— — --• • 

+ + 

///>////// //7/7//, 

Flo. 4.2. 

Unbalanced Feeder, All Wires in Parallel 
The application of this type of line ( Fig. 

1 and II, and it can be used where lower 

desired. 

161/4 
Zo = 34.5 log 10 
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For a feeder one-half wavelength long at a height h above ground, the 
radiated power P in watts is 

P = 3,5004' (1,1Y 
\XI 

and for a feeder one wavelength long 

P = 5,250/,'GhY 

One of the causes of radiation from an open-wire line is radiation from 
the vertical connections at the ends. This can be reduced by decreasing 
the height of the line; but this in turn increases the ground-return current, 
which partially offsets the decrease in height. In order to use small 
heights and retain small relative values of ground-return current, it is 
necessary to use better shielding of the high-potential wires by using a 
greater number of grounded wires and perhaps also a smaller line cross 
section. 

The various equations for unbalanced open-wire feeders show that k 
must be made as near to unity as feasible, which will minimize the ground-
return component 1 — k. The desired properties can, in most cases, be 
obtained with open-wire lines, thus making it unnecessary to employ 
concentric lines to avoid radiation troubles. 
Whatever radiation occurs from the line will be horizontally polarized 

at right angles to it and vertically polarized in the direction of the line. 
The vertically polarized component is the only one likely to cause diffi-
culty, and it can be avoided by running the lines at right angles to the 
direction of the critical pattern null whenever possible. The precautions 
taken to avoid end radiation will also aid in suppressing line radiation. 
Considered application of the various types of lines for which design 
equations are given, together with the use of still other types that may 
he developed using more wires, can take care of almost any situation that 
one is likely to encounter in practice. 
By a suitable choice of h and k, radiation can be reduced to any extent 

desired. The radiation pattern of a terminated feeder follows those of 
traveling-wave systems, which were discussed in Chap. 3. 

4.2.1. Type I. Single-wire Unbalanced Feeder. This design fea-
tures the utmost structural simplicity, but its use is severely restricted to 
short runs at low or medium frequencies or to temporary installations. 
When the line runs over a buried-wire ground system, its attenuation 
may not be objectionable and when not too high above ground, its radia-
tion is often tolerable. The characteristic impedance, being rather high, 
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does not lend itself well to matching into low-resistance antennas. 
Unmatched, it can be used as a direct link between antenna and trans-
mitter, with the tuning elements near the latter. For this type of line 

2h 
Z. = 138 log io— 

P 

2.17 VI 13 720 , [10-1 

it..t.g..0 y a 

Typical characteristics are: 

p, inches 

0.050 

0.100 

h, inches 

120 

120 

Z., ohms 

509 
466 

4.2.2. Type II. Two-wire Unbalanced Feeder, with Both Wires in 
Parallel. This configuration ( Fig. 4.2) has lower characteristic imped-
ance than type I, and therefore its attenuation will be higher owing tn 
ground conduction losses. In this case the characteristic impedance is 

2h 2h) 
Zo = 69 — logo 

P a— 

and the attenuation is 

= 1.09 Ng 13,720 110- 
a,.  

/11...Zo o 

Typical construction values are: 

e, inches h, inches 

0 05 

0 10 
0 10 

120 

120 
120 

Z., Oiline 

:150 

:129 

308 

° 

1 I 
— — --• 

+ + 

J// „/„,.////7,,, 
Fin. 4.2. 

4.2.3. Type Ill. Four-wire Unbalanced Feeder, All Wires in Parallel 
at the Corners of a Square. The application of this type of line (Fig. 
4.3) is the same as for types I and II, and it can be used where lower 
characteristic impedances are desired. 

16h' 
Zo = 34.5 log io 

pa' s/i 
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When h >> a, 

0.53 , 13 720 \i10 
ere. = — 

hk.tZn 

Sample  values for a four-wire feeder of this type are: 

I . 
p, intrhes r h, invIles 

0.100 120 

Z,,, ohms 

254 

In types I, II, and HI, all of the return current. is in the ground. 
Attenuation tends to be large unless the soil conductivity is reduced by 
using ground wires parallel to the line and distributed in such a manner 
as to correspond approximately with the cross-sectional current distribu-
tion in the ground. 

1 

• 

r°1 
o 

/ //////M//77//, //7/////////////. 
FIG. 4.3. no. 44 

4.2.4. Type IV. Two-wire Unbalanced Feeder, One Wire Grounded. 
Applications for this line (Fig. 4.4) are somewhat less restricted than for 
types I and II, but its use is limited to short runs at low and medium fre-
quencies. The earth-return current is reduced by the presence of the 
grounded %vim. When h >> a, 
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— 2h  (10glo —  k log 2h)io — 
P 

, 2h 
login — 

a 

login 

c4. = ( 1.o a  + 0.86) 

Typical values include: 

p, inches h. inehes 

0.064 
0.102 

120 
120 

indics k 1 

10 • —0.366 420 
20 —0.320 421 

4.2.5. Type V. Three-wire Unbalanced Feeder with Outer Wires 
Grounded. This configuration (Fig. 4.5) is an improvement over that 
of type IV because a smaller pro-
portion of current returns in the —.1 

earth. The design is simple and in- A I 
expensive to build and can be applied _Jr 2 if' I ire2 

to many low- and medium-frequency I 2 3 

0  situations where short- to medium- + 

distance runs are required. 
This is a one-insulator type, where 

the insulator supports the high-
potential wire. No insulators are 
needed for the grounded wires in low-
power applications, but in high-
power applications the convergence 
of the electric-flux lines at the ,/ //////////7//, 

grounded wires can produce large Fir. 4.5. 

gradients near them, causing dielec-
tric loss in any poor insulating material near the grounded wires. The 
grounded wires should then be insulated. 

Possible constructions for this type of line are shown in Fig. 4.6. Only 
a very small difference results from having the ground wires slightly 
below the level of the central wire. When h >> a, 
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When eh = 
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2h) 
Z, = 138 ( 2h log io — k log 10 — 

Pi 
a 

2 log10 —2h 
a 

k — 
2h 

logic, — 
Pt 

— 2.17 VI ( + 13,720 o I.), 110 f 
" 2 / 'NI 

Some typical electrical values are: 

p, inches h, inches a, inches 

O 064 120 5 

O 064 120 10 

O 064 120 15 

Z., ohms 

—0.678 336 

—0.592 380 

—0.537 413 

HIGH VOLTAGE WIRE 

PIN INSULATOR GROUND WIRE 

WIRE CLAMP 

ANGLE IRON 

LAG SCREWS 

SQUARE WOOD 
POLE 

ANGLE IRON 

WIRE 
susRENseor. 

GROUND WIRE 

INSULATOR 

HIGH VOLTAGE WIRE 

[NOTE: VIRTUALLY EQUIVALENT CHARACTERISTICS ARE OBTAINED BY 
OMITTING THE UPTURNED ARMS e ATTACHING GROUNDED WIRES TO A STRAIGHT 
CROSS-ARM: 

Fio. 4.6. Constrortionn for type V feeder. 

4.2.6. Type VI. Four-wire Unbalanced Feeder with Three Grounded 
Wires Located at Three Corners of a Square and a High-potential 

Wire Located at the Center. This is an extension of type V by adding 

another grounded wire ( Fig. 4.7). The same general method of construc-
tion ran he used except for the additional wire, either above or below the 
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high-potential wire. The equation is derived on the basis that the height 
is large enough with respect to other dimensions to give very nearly equal 
currents in each of the three grounded wires, a condition realized in 
typical overhead-line constructions. The extra grounded wire increases 
k and decreases the current return-
ing in the earth. When h >> a, 

l e 
17-P2 2 

e+7 . fki. 0 0 

4 

Zo = 138 — -F k log 10 
2h) 2h 

2h 
3 logio —a 

2h h 
2 loglo — 4- logic — 

a Ps 

When p)  

2.17 N/1 k2) 
P...b..Zo 3 

1 — 

13,720 .j -1.-0 uf  
- k)2 

Flo. 4.7. 

A sample case, for equal-size wires, is: 

p, inches h, inches 

0.064 , 120 lo 

a, inches 

0.085 

Zo. ohms 

— — — 

363 

Compare this with types IV, VI, and VII. These types, in succession, 
increase the enclosure of a single 

1 ----.1--' 3 e •1/4 high-potential conductor with a circle 

/ 
of ground wires that carry an increas-

0 \ 
irp1 j ingly large portion of the total return / r_,- , .............. ... 

42 feeder. 
o / 

4 47I current, and the system gradually \ I approaches equivalence to a coaxial 

i 
4.2.7. Type VII. Five-wire Un-0 balanced Feeder n Quincunx Cross 

Section, with Four Outer Wires 
Grounded. This type of feeder 
(Fig. 4.8) is characterized by a high 
value of k with consequent reduction 
in earth-return current and over-all 

7 /7 /777/////-/ attenuation. The four grounded 
Flo. 4.8. wires provide a high degree of shield-
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ing for the inner wire. The characteristic impedance is too high for some 
applications because of the single high-potential wire. Construction con-
figurations for this type are discussed in conjunction with type XI. 
This quincunx-section feeder has wide application possibilities for low-

frequency and medium-frequency power transmission where low attenua-
tion and moderate value of characteristic impedance are desired. When 
h >> a, 

Zo = 138 (log. - k logio 
Pi a 
2h 

2h 
logo —a 

k= 

When pi = 

ar, = 

2h 
— + log io •• + logic a-
Pi a 

± + 13,7213 \110-"f (1 - k)2 

An example of a set of values is: 

p, 

1.1 0b4 

h, indwa a, indict' k Z0, ubmie 

120 10 I — 0.775 345 

4.2.8. Type VIII. Quasi-coaxial Feeder with Tubular Inner Conduc-
tor of Large Diameter and Eight 
Grounded Wires Enclosing It, the 
Latter Equally Spaced on a Concen-
tric Circle. For very low impedance 
lines of very high power transmission 
capacity, this type of line (Fig. 4.9) 
has certain mechanical advantages 
over a full-concentric line. It has t he 
mechanical simplicity and reliability 
of an open-wire system while giving 
the electrical characteristics ordinar-
ily desired when a concentric feeder is 
specified. Its cost of construction 
lower than for a full-concentric type. 
as ran he judged immediately by 
reference to Fig. 4.10. When h >> a, 

/1/ / 7 /7 •///// 

4.11. 

Zo 138 (log,. —2h k log 10 
Pi a 



FIG. 4 10. Construrtion for type VIII feeder. 
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2h 
8 log io — 

a 
2h 2h 2h 9h h 

+ 2 log 10 logo - "31;" -ii login + 2 log io 0.77e - + 2 l 
a vi 1.86a P: 

When h > > > a, k —4 1.0 and Zn —› 138 logio (alp). With pi and p2 in 
inohes, 

2.17  a" 0(1 13,7M \ITÓ--13 f 11 — kr 
Zn — 8P2) h4„..Z0 

An idea of the electrical possibilities is shown by the following values: 

h. inelies p, inches! 1. 2, inehes I a, inches 
1._ 

2.00 0 1625 6 00 —0 950 

Z., ohms 

76 

GROUNDED WIRES 

INNER 
CONDUCTOR 

In regions devoid of ice, the inner conductor may be made of a circle of 
parallel wires, using a sufficient number closely to approximate, elec-
Incally, a continuous tubular conductor. This may allow the cost of the 

line to be reduced further, both in respect to weight of copper and perhaps 
also in respect to fewer supports. 
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4.2.9. Type IX. Four-wire Unbalanced Feeder in a Plane, with Two 
Outer Wires Grounded. The applications for this design (Fig. 4.11) 
are similar to those for type IV, and the same type of construction can be 
used except for the duplication for two inner wires at high potential. The 
use of two wires provides means for obtaining lower characteristic imped-

0 -1 

I I I 

-V e 2 V -Pi 
P P 2 

I 2 3 4 
0 + + 

Fin. 4.11. Fia. 4.12. 

ances than normally available with the type IV design, when small con-
ductors are used. When h >> 3a, 

Zo -= 69 (logio — k logto ?-!-122) 
aPi a 

4h2 

2h2 
tog eo — 

al 
k= 

, 4h2 
iogio 1,4 

‘Vhen pi = p2 in inches, 

2.17 -V7(1 k2) 13 720 r" ti 
a„ — - - - - 

pZo  2 2 \ hh.,Zo o- " "t 

A sample set of values for a useful low-power configuration is: 

p, inches 

0.064 

h, inches / a' inches I 
I  I 

Z., ohms 

120 10 i —0 55 248 
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4.2.10. Type X. Four-wire Unbalanced Feeder with Two Wires in 
Parallel at High Potential above Two Grounded Wires. This type of 

feeder (Fig. 4.12) is similar in application to type IX. It is more eco-
nomical to build if two high-potential wires are attached to a single pin 
insulator because no crossarm is needed. The grounded wires can be 
fastened to the pole. A practical construction for this line is shown in 

2 k1N. 

SPACERS 
BETWEEN 
2 H.P 
WIRES 

END POLE 

12IN.STRAIN 
NSULATOR 

CONNECTION 
TO THE 2 HIGH, 
POTENTIAL 
WIRES 

CONNECTION TO 
THE 2 GROUND 
WIRES SPACED 

5 IN. 

WASHER SUPPORT POLE 

241N. X k IN DIA. 
THREADED HOOK 

NUT 

STEEL PLATE 
2 IN. X 13 IN 

NUT 
EYEBOLT 

GUY 

THIMBLE 

2 WIRES LOCKED 
TO PORCELAIN 
PIN INSULATOR 

WOOD PIN 

2 
GROUND WIRES 
STAPLED TO 

POLE 

Flo. 4.13. Construction for type X (eerie. 

Fig. 4.13. This is an excellent type of feeder to use for low-power broad-

cast stations where extreme economy is essential. If h >> a, b, e. 

4h2 4h2) 
zo = 69 (log io -r k log ro  

ago 

4h2 
logio 

k = — logo 4h2 
p-2c 

When pi = Pie 

= 2.17 '/11!1 k2) 13 720 lo-iy (1 — k)2 
a«. — 2 2 hf..iZo cr 

The electrical characteristics for two practical configurations are tabu-
lated here: 

',inches h, inches a, inches] b, inches r, inches d, inches k Zo, ohms 

0.064 144 4 25 2.50 5.00 5.55 —0.655 235 

0.064 144 6.00 2.50 12 0 8.00 1 —0.643 251 
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4.2.11. Type Xl. Six-wire Unbalanced Line—Two High-potential 
Wires Enclosed by Four Grounded Wires. This type of feeder (Fig. 
4.14) resembles type VII except for its lower characteristic impedance due 
to the use of a second high-potential wire. Except for this difference, the 
same method of construction may be used for both types. One insulator 
per pole is all that is necessary. The grounded wires can be supported in 
a number of ways, using prefabricated bayonet brackets for attachment 

to the poles (as in Fig. 4.67) or by 
y  -N  3 pole and crossarm methods similar 

0, 

I \ to those suggested in Fig. 4.6. It is 
i \ 

/ 
I 

a very popular type, having found 
/2 + + \ wide application in medium-fre-

---4 1 —  -- — " It— e 1 ' , - - " T - quency broadcasting and also in 

\ :-.1bLI 
/ _ low-frequency antenna-feed sys-

\ 4 b k. 1 ...,./..—P2 tems. It was originally intro-
s ,....- 4 duced by the Radio Corporation 
0 ----- --- — 0 of America in 1938 for use with 

directive broadcast antenna sys-
tems, where low feeder radiation 

Pi was essential, and to avoid the 
expense and complications of con-
centric feeders. 

Figures 4.68 to 4.73 show various 
const ructional details that have been 
used at different broadcast stations 

///////////////, As constructed using wires of 

Fia 4.14. 
radius 0.064 inch, this line is capable 

.  
of transmitting a peak power of 

the order of 600 kilowatts, and with larger conductors this rating 
can be increased. Its characteristic impedance, of the order of 230 
ohms in its usual form, is a very convenient value for broadcasting 
applications because the coupling networks usually require values of 
inductance and capacitance readily realizable with available components. 
When h >> a, 

2h2 , 4h 2) 
Zo = (iog,„ le log 10 

Plo rrl 

k = — 
h2 2 , 2h' 

log to -t- toga, a- 7 

apo ' 

.11/3 
2 log,, ---

rd 
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When pi = PI, 

- 2.17 .V3..(1 + + kt) 13 720 [ 10-13f 
a,. ' (1 - k)t 

p...à..Z0 2 4 hf...Z0 N41 a 

A set of characteristic values is: 

0, inches 
_ 

0.064 

h, inches a, inches b, inches r, inches 

9.7 

d, inches k 

—0.792 

Z6, ohms 

144 15 2.5 12.6 231 

4.2.12. Type XII. Eight-wire Square 
Four Wires at the Corners Grounded 
and the Four Wires at the Middle 
of the Sides at High Voltage. This 
configuration (Fig. 4.15) is suitable 
for transmission of high power with 
low attenuation and where low char-
acteristic impedance is desired. A 
simplified construction is indicated 
in Fig. 4.16, where only one post 
insulator is needed to support the 
four high-potential wires at each 

pole on a straight run. This is a 
relatively low cost assembly. The 

high-potential wires can be free-
running through retaining holes in 

the metallic star so that transverse 
stress is minimized in the post insu-
lator. When h >> a, 

Line, Unbalanced, with the 

r- 0 --4"--  
I I i 

a 

el+ 

6 

o 

Fla. 4.15. 

2h 2h  
Z0= 34.3 {logio — -I- 2 logio 

Pi a 0 

-1- log o - + k ( log io — 
h  2h 

a a 

2 log o — + 2 logo - 2h -
2h 

a 

2h h h 
log ia — + 2 logia - + logio ---

PR a 

When p = pi, 

= 

o 

log lo 2h -_)] 
a -‘,/ 5 

2.17 -Vlf (I 13,720 liórii? - ij NI — a .2 (1  k )1 



390 

ANGLE FRAME 

WIRE CLAMPS 

METAL STAR 

WELD 

POST 
NSULATOR 

POLE 

FIG. 4.16. Construction of type XII feeder. 

RADIO ANTENNA ENGINEERIN G 

WELD 

1,3,5,7- HIGH POTENTIAL 
WIRES 

2,4,6411- GROUNDED 
WIRES 

Two sample sets of values for a line of this type for low characteristic 
impedance are the following: 

p, inches 

0 500 

0 102 

h, inches 

200 
120 

O, inches 

80 —0 875 

8 0 I —0 773 

Z., ohms 

70 

158 

4.2.13. Type XIII. Unbalanced Feeder of the Corner Type. Type 
XIII ( Fig. 4.17), using a 90-degree corner, forms, with its images, one 
quadrant of the field of a feeder of the cross-connected four-wire balanced 
type XVIII. When the metallic corner is of sufficiently large width to 

collect a very high percentage of the electric flux from the high-potential 
conductor located inside it and on its bisector line, it approaches very 
closely a sector of the analogous balanced prototype line, but with two 
adjacent zero-potential surfaces replaced by metallic sheets. There 
results from this principle the possibility of a line with very high power 
capacity that may be a good substitute for large concentric feeders. 
The metallic corner may be a continuous sheet forming a weather-pro-

tective hood for the high-potential conductor, or it may be a multiplicity 

of parallel wires of small radius. Lines of low characteristic impedance 

and very low attenuation can be realized with this configuration. The 
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characteristic impedance can be altered further by setting the high-
potential conductor off of the bisector line, in which case the corner 

becomes a sector of an analogous 
balanced line that is a quasi-reg-
ular polygon. The equations for 
this latter form can be easily devel-
oped as required. 
One method of constructing a 

corner-type line is that shown in 
Fig. 4.18, where economy is Y P J? 

achieved by a simple but substan-
tial structure. Post insulators for 
the high-potential conductor may 
not be required at as frequent 
spacings DB for the sheet-metal 
corner. Longitudinal angle mem-
bers between support poles, in ad-   
dition to the one at the ridge, make Flo. 4.17. 

a solid framework for the entire 
length of the line and maintain a neat and uniform appearance. When 
h > > > 8 and w >> 

Zo = 69 log10 

When h is small, 
2hohz8 

Z. = 69 log w --

ph,' where h0 h. = h in the figure, hl = h ± et and h. h + 2s 
Some electrical characteristics for lines of this type are as follows: 

2. 

p N/2 

p, inches h, inches e, inches 

By approximate 
equation, 
Z., ohms 

By complete 
equation, 
Zs, ohms 

0.500 50 3.00 64 64 

1.00 50 4.00 52 51.5 

There arises the question of the minimum permissible width w of the 
corner sheets in order to conform to the principle that the image charges 
on the sheets be essentially those of infinite sheets. The greatest charge 
concentration will be on the surfaces nearest the high-potential conductor 
and will taper off to zero at infinity. In fact, the rate of decrease of the 
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charge (or the current density) as the distance from this nearest point on 

the sheet is increased is very rapid in many practical cases. The larger 
the radius p of the high-potential conductor and the smaller the value of 8, 

the greater is the charge concentration on the sheets near the conductor 
and the more rapid the decay in value with distance. 

RIDGE ANGLE 

ANGLE- IRON 
BRACKET MADE 
IN ONE PIECE 

SHEET METAL 

COPPER PIPE 

POST 

Fio. 4.18. Construction of type XIII feeder. 

The following equation* provides the solution of the current densityJ in 
the sheet as a function of the distance y from the projection of the axis of 
the high-potential conductor on the sheet: 

1 
J amperes per centimeter 

in which 1 is the current in amperes in the high-potential conductor and p 
and s are the sama values used in the equation for the characteristic 
impedance. A plot of .1 as a function of y will yield the information that 
will permit the designer to judge an acceptable minimum current density 
and thus choose the minimum sheet width w. All the geometrical dimen-
sions are of course in the same units. 

4.2.14. Type XIV. Coaxial (Concentric) Feeder. This type of 

feeder ( Fig. 4.19) is well-known in practice and has a long history."' 

• G. H. Brown, C. N. lloyler, and R. A. Bk-rwirth, " Radio-frequency Heating." 
p. 76, Eq. 8.14, D. Van Nnatrancl Company, Inc., New York, 1947. 
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Rigid construction feeder line of this type, using straight pipes as inner 
and outer conductors, with air dielectric except for solid dielectric spacers 
used to maintain concentricity, is commercially available up to a quite 
large size for high-power transmission. " Semirigid" line of the same 
general nature is so called because it is sufficiently small and ductile to be 
shaped into bends and turns without need for cutting or fittings. There 
is a third form known as " solid-dielectric concentric" or " coaxial" 
cable, which, in its commonest form, consists of a flexible inner conductor, 
embedded in a pliable plastic dielectric material, over which is a flexible 
sheath forming the outer conductor. 
There is usually a protective rubber 
or plastic outer covering over all. 
Concentric cable of large power 
capacity has been manufactured 
with air dielectric and steatite 
spacers and has a flexibility com-
parable with ordinary power cables 
of equivalent diameter. The me-
chanical details of commercially 
available coaxial line, cable, and 
related fittings and hardware are 
described in various manufacturers' 
catalogues. 
The coaxial line is theoretically 

ideal in that all the field is contained within the space bounded by the 
inside surface of the outer sheath. At radio frequencies, there is no 
external field, and 80 there is no energy lost by radiation from the feeder, 
unless improper termination gives rise to currents on the outside of the 
sheath. For the same reason, there is no pickup of external fields when 

used for receiving. 
Mechanically this type of feeder involves many problems which com-

promise its electrical desirability. Within the power capacity of the 
various designs of cable, with and without solid dielectrics, these problems 
have been reduced by years of development. Their applications are 
much more important in the frequencies above those dealt with in this 
book, but they find considerable use in low-, medium-, and high-frequency 
practices." Wherever commercial coaxial cable can be used, it provides 

a very convenient and sometimes economical method for transmitting 
radio-frequency energy. The rigid form of construction is not so con-

venient to use, but there are cases where it is a preferred type of feeder. 
Expansion and contraction introduce problems of considerable com-
plexity, as does internal moisture. A flashover inside such a line can 

Fla. 4.19. 
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cause great damage, and its repair entails the labor of disassembly and 
reassembly. If the line is buried, as is often done to reduce thermal varia-

tions or for protection from external damage, an internal failure is very 
troublesome. 

Contraction and expansion have been equalized in many designs, but 
in applying rigid line one may also take measures to minimize the extremes 

of temperature to which the line is exposed. In the open, it is desirable 
to shade the line from direct sunlight (see Fig. 4.74) or to wrap it with 

heat-insulating material as is done with steam pipes. Burial in the earth 
below frost line is common practice. 

Moisture penetration is prevented by sealing the line as carefully as 
possible and then pressurizing it with dry compressed air or with dry 

nitrogen. Reservoirs of hygroscopic material, such as silica gel, are 
sometimes affixed to the system, and the new gas forced in is also passed 

through this material for drying. To maintain pressure, great skill and 
care are needed in the assembly, whether solder or solderleas fittings are 

used. 1.089 of pressure can subject the line to moisture infiltration. 

Once moisture gets in, it is not easily removed. Leakage of nitrogen can 
become a considerable item of expense when the assembly is not com-
pletely tight. 

Lines are usually pressurized slightly above normal atmospheric pres-
sure for the altitude. 

The design of a coaxial feeder for large power transmission becomes a 
major engineering project.'° An example of a line for transmitting 2,000 
kilowatts peak is shown in Figs. 4.75 and 4.76. The outer conductor has 
an inner diameter of 10 inches. 

Since safety factor is relatively expensive, coaxial lines for high power 
often have small flashover margins. As a consequence, only small stand-
ing-wave ratios can be tolerated. Devices indicating or actuated by 

standing-wave ratios above predetermined values are sometimes used to 
interrupt the power source in order to prevent flashover or to minimize 
the damage in the event of a flashover. These devices are usually in the 

form of potential probes projecting through the sheath and terminated 
on an equipotential line in the field of the feeder. Three are used. 
separated one-eighth wavelength (the wavelength being that in the 
feeder), and they excite electronic amplifiers. These are connected 

differentially so that nothing happens as long as the pickups from all 
probes are identical, but a relay is actuated when the degree of unbalance 
exceeds a preset limit. Probes have been distributed along a section of 
line at small electrical intervals and made to actuate a set of milliam-
meters so that the entire standing wave can he seen in magnitude and 
position. 
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As an unbalanced system, a coaxial line is sometimes an inconvenience 
when it must work from or into balanced generators or loads. Two 
coaxial lines may be used in a balanced system in many instances. 
Otherwise it is necessary to use networks or line sections to transform 
from balance to unbalance, and vice versa. There are several practical 
methods for this purpose which are discussed in Sec. 4.6. For coaxial 

feeders, 
a 

Z. = 138 logio — 
P 

For solid dielectric cable, 
138 , a 

Zo = lOgio — 

V e 

where is the dielectric constant of the dielectric. 
4.2.15. Type XV. Two-wire Balanced Feeder. This is the com-

monest type of feeder (Fig. 4.20) for balanced operation and is used for a 

great variety of applications for o 
high and very high frequencies I I 
where open-wire lines are desired. e 
It is simple to construct and is —7 
relatively inexpensive. When used 
for high-power transmission, cer-
tain precautions are necessary with 
regard to potential gradients and 
details of construction. The con-
ductor size can be increased as 
much as desired to increase the 
power-handling capacity, but be-

yond a point it is more economical 77//////7/////7A 
to obtain the same effect vvith tveo 
or more conductors in parallel on Fin. 4.20. 

each side of the circuit, as shown in some succeeding cases. Open-wire 
lines of this type have generally a characteristic impedance from 500 
to 625 ohms in the form most widely used, and 600 ohms is perhaps 
the value most often chosen. Because of the high characteristic imped-
ance, care is necessary to use insulators of very low capacitance in 
order to obtain an essentially smooth line. If insulator capacitance 
causes irregularities in the line constants, their effect can be neutralized 
by arranging the wires for greater spacing close to the insulators in order 
to maintain a constant L/C ratio past pointe of support. 

In all balanced feeder system, great care must be taken to ensure that 
the total length of wire is exactly the same for both sides of the circuit 
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between transmitter and load. When passing through switching devices, 
transpositions, or bends or turns in the line and entering or leaving the 
equipment and buildings, the conductor arrangement must always be 
such as to provide for this essential requirement." When this cannot be 
done directly, it can be done by means of wire loops inserted in the short 

side at some convenient point. In making a corner in the line, the 
arrangement shown in Fig. 4.21 can be used. Another method is to turn 
the plane of the line 90 degrees before making the turn and bringing it 

back to horizontal for the next 
straightaway run (Fig. 4.22). For 
this type of line, 

PLAN VIEW 

FRONT VIEW 

Flo. 4.21. Method of making a corner 
in a two-wire balanced line to maintain 
equal wire lengths. 

Zo = 276 log io 
2ha 

p 4h2 + a' 

but when h » a, 

Zo =- 276 log io 

4.34 Nff 
= 

o 

7.2  
p,,Zo 

A range of values of character-
istic impedance as a function of 
the ratio of wire spacing to wire 
radius is shown in Fig. 4.23, which 
includes the case of small spacings 
where the proximity effect and the 

nonuniform peripheral charge distribution on the conductors come into 
play. In this figure, the spacing is that between the centers of the 
conductors. 

When correctly balanced to ground, the radiation from a feeder of this 
type with 12-inch spacing is virtually negligible up to 25 megacycles. 

Frequently it is necessary to route several such feeders in parallel, as is 
done with telephone lines. The amount of cross talk that will occur 
depends upon the spacing between circuits and upon the cross section of 

any one circuit, the length of the run in parallel, and the selectivity of the 
load circuit. For a given amount of cross talk between feeders, the 
circuits can be placed nearer each other if they are arranged to have a 
common neutral plane (that is, arranged with one circuit above the other) 

rather than with all the lines in the same plane. The latter, however, is 
often more convenient, even though it is necessary to use greater 
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spacing between circuits. To minimize cross talk, various transposition 
techniques may be applied as in ordinary telephony. 

It is difficult to place any specific limitations on tolerable cross coupling 
between circuits. One might believe that two parallel feeders en route to 
two different antennas are quite isolated if the power induced into the 

Fla. 4.22. Plan view of a two-wire balanced feeder, including a bend where feeder 

is turned 90 degrees to maintain equal-length wires. 

adjacent circuit is 40 decibels below that in the main circuit. Yet if the 
antenna to which this cross talk is delivered has no selectivity to dis-
criminate against this signal and radiates it with full antenna gain in some 
undesired direction, its effect can he undesirable and cause interference 
out of proportion to the actual power level. This sort of cross talk has 

not been studied much in the past, but if the most effective use of a 
crowded frequency spectrum is to be achieved in the future, far greater 
care will be needed to reduce cross talk between feeder and radiating 
systems. For the same reasons, directive antennas will require far 
greater suppression of radiations in undesired directions. Undoubtedly 
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many existing feeder arrangements, if critically studied, would be found 
to have intolerable croes-talk ratios because of close proximity. 

4.2.16. Type XVI. Four-wire Side-connected Balanced Feeder. 
This type of balanced feeder (Fig. 4.24) has been extensively applied 
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Fm. 4.23. Characteristic impedance of two-wire balanced feeder. 

for the transmission of high-power high-frequency energy over the long 

distances required in large communication stations and in high-frequency 
broadcast stations where many antennas are located on a single large 
plot. In some cases the feeder lengths may exceed mile. Its rela-
tively low characteristic impedance makes this type less susceptible to 
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the irregularities introduced by insulators and switching arrangements. 
It has a high power-transmission capacity for the amount of copper used, 
and its attenuation can be less than that of two-wire feeders." 

It is interesting to note that when a square-croes-section feeder of this 
type is used, its characteristic impedance is equal to that of a pair of two-
wire feeders in parallel, each having a spacing equal to the diagonal of the 
four-wire line. Each diagonal pair is in the neutral plane of the other 
with no intercoupling. Double power rating is therefore obtained on one 
set of supports and insulators, and 

F---- --61 
the characteristic impedance is one-
half that of one pair. 
Figures 4.88 to 4.92 show some 1+ 

of the construction details that 
have been used, as well as various 2+• 
methods of matching impedances. 
The British Broadcasting Corpo-

ration has made a systematic study 
of this type of feeder, and McLean 
and Bolt" report that one com-
posed of wires 0.203 inch in diam-
eter, spaced 10 inches and 6 inches, 
with a characteristic impedance of 
320 ohms, has a safe power-trans-  7 7 7 // /7 7 7-7 7/7 , 
mission capacity of 130 kilowatts Fin. 4.24. 

carrier with 100 per cent amplitude 
modulation at 21.5 megacycles. Its attenuation varies from 0.23 decibels 
per 1,000 feet at 5 megacycles to about 0.53 decibels per 1,000 feet at 
21.5 megacycles. Spans of 150 feet are used with conductor tensions of 
150 pounds, with a minimum height of 10 feet at mid-span. Tubular 
steel frames of the type shown in Fig. 4.89 are now used by the British 
Broadcasting Corporation instead of wood or steel poles. Metallic 
spacers suspend the lower wires from the upper ones on each side, and 
both sides are suspended on porcelain insulators. 

Figure 4.88 shows another version of this type of feeder, using a small 
spacing between the wires in parallel on each side but otherwise following 
the form of construction commonly used for the two-wire balanced line. 
The design formulas for the four-wire side-connected balanced line are 

Zo = 138 logio a V'a' bl 

Pb 
When b = a, 

Zn = 138 loglo - 
P 
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The attenuation due to copper losses only is 

2.17 N/,? 

PloMw.2.0 
— 

and the approximate total attenuation for typical construction is 

3-0 
aioul 

Pine1..7,0 

There are tabulated in Table 4.1 the characteristic impedances for a 
four-wire side-connected line of this type when the diagonal spacing 

TABLE 4.1 

9, degrees a, inches h,inehes p, inches Z6, ohms 

0 1 1*. 65 0 0.102 568 
15 11.55 1.55 0.102 405 
30 11.25 3.00 0.102 383 
45 10.75 4.45 0.102 338 
60 10.1 5.8 0.102 318 
75 9.25 7.1 0.102 300 
90 8.2 8.2 0.102 284 

e 
-1- — — 2.1.4 5- •— — —I. can be constructed on the same 

b plan as the four-wire side-connected 
34.• 6- •— — a line, but with three wires per side. 

This decreases the characteristic 
impedance over that of the four-
wire side-eonnected type for the 

e 
same sectional dimensions and con-

,/ 8E41111(.1111y raises its power-trans-
mission capacity. The spacings 
between the three wires on one side 
can be equal or unequal, providing 

Flo. 4.25. some degree of adjustment of the 
charaeterist ir impedance for special 

applications while using the same materials. 
The middle wires carry less current than the corner wires so that the 

remains constant and the angle 8 between the two pairs of 
0.203-inch-diameter wires is changed from coincidence (two-wire condi-

tion) to 90 degrees (square section). 
4.2.17. Type XVII. Six-wire Side-

1 1 
4- • — — connected Balanced Feeder. This 1+ 

type of line ( Fig. 4.25) is one that 
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amount of copper used increases somewhat faster than its effectiveness. 
Nevertheless, the increase in current-transmission capacity and the 
decrease in the characteristic impedance and the over-all attenuation per 
unit length are desirable trends as more power has to be transmitted. 
Figure 4.358 shows how a short section of this construction may be used 

as a series transforming section in certain impedance-matching operations. 
For this type of line, when h » la, b, 

276 a 
Zo 

+ A 
( 
'—2 101410‘/a2 

N/a2  4b2 
2b + A logio h 

ab Val  -I- 4b2 
logo 2p(al + 1,2) 

A — 
ab 

login 
p 

ar.p, = 4.34 .0  (  ) p,.....z. 2 + il 

The computed characteristics of a sample line are the following (com-
pare with fifth line of the table for the type XVI line): 

0, inches a, inches 

--

0.1015 100 

6, inches 1 Zo, ohms 

— — 
2.91 0.817 271 

The current in either middle wire is 81.7 per cent of that in one of the 
corner wires for this example. This a —.I 

is also a direct measure of the rela-
live effectiveness in copper utiliza- 17-fe ,-•— 
hon. The copper loss for this line — 
is 87.5 per cent of that for the four-
wire side-connected line of the same 2- • 44-•— — 

crow section, and the insulation 
loss is 85.5 per cent. 

4.218. Type XVIII. Four-wire 
Cross-connected Balanced Feeder. 

This type of transmission line ( Fig. 
4.26) has a smaller external field 
than the equivalent side-connected 
line and therefore has lower pickup 
when used with directive receiving /.7/ /7/7/7. 

antennas." For the same dimen- 
Flo. 4.26. 

sima it has lower characteristic impedance hut higher copper loss. The 
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insulation loss would be about proportional to the relative characteristic 
impedances, but since more insula-
tors in parallel are required in its 

--4.- ___ construction, the over-all insulator ..-/ 7 losses are usually greater. It is / 
0( 0 II- - -f- therefore not as desirable for trans-
/ mitting purposes as the four-wire 
i 1 

_ _ _ _ _ o side-connected line using the same f_ _  

‘ amount of copper. Its principal 
\ il 1... 

)k- — utility is for receiving. A large-
/ \ scale application of this type of line \ \ 

--. —  -- for receiving is shown in Fig. 4.95. 
—4C \ ,,  where they connect several fish-

.--- 
Y. bone and rhombic receiving beam 

antennas with the diversity receiv-
ers in the station building. When 
h >> a, b, 

///7.////77//////// 

Zo = 138 log io 

When a b, 

ab 

p N/a2 + 1)2 

a 
Zo = 138 log io - 

p Ni/2 

no. 4.27. 2.17 
= 

p.00h..e.0 

Two sets of values for this type of line are given here for referenve: 

p, inches a, inches I b, itirlies 

0.1015 10.1 58 

0 1015 g 2 I 8.2 

4i.oluns 

234 

242 

4.2.19. Type XIX. Six-wire Hexagonal-section Alternately Con-
nected Balanced Feeder. This type of line ( Fig. 4.27) has occasional 
use, especially when a very low impedance balanced line is required with 
large power-handling capacity or very low pickup from external fields. 
The low characteristic impedance reduces insulation loss for a given 
power-transmission capacity, and the equal current division among the 
three wires on each side of the circuit ensures maximum copper utiliza-
tion for the reduction of copper loss. 
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Figure 4.28 shows a method of construction. Equations for this line 

tire 
2a 

Zo = 92 log io 

When h >> a, 
1.33 .0 

= — 

A set of characteristic values for a line of this design follows: 

p, inches 

0.1015 

O, inches 

5.8 

Zo, ohms 

146 

Fin. 4.28. Constriiction for type XIX feeder. 
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insulation loss would be about proportional to the relative characteristic 
impedances, but since more insula-
tors in parallel are required in its 
construction, the over-all insulator 
losses are usually greater. It is 
therefore not as desirable for trans-
mitting purposes as the four-wire 

\ side-connected line using the same 
/I amount of copper. Its principal 

utility is for receiving. A large-
scale application of this type of line 
for receiving is shown in Fig. 4.95, 

Fir). 4.27. 

where they connect several fish-
bone and rhombic receiving beam 
antennas with the diversity receiv-
ers in the station building. When 
h >> a, b, 

ab 
Zo = 138 log 10 

When a = b, 

aPan., 

p s/a2 bt 

138 logo a 
p v/2 

2.17 -‘,/.? 

Pillrh••1 0 

Two sets of values for this type of line are given here for reference: 

p, inches a, iiiehes b. inches Z.. ohm 

— — 

0 1015 10,1 5 8 2:34 

0 1015 8 2 8 2 2.12 

4.2.19. Type XIX. Six-wire Hexagonal-section Alternately Con-
nected Balanced Feeder. This type of line (Fig. 4.27) hits occasional 
use, especially when a very low impedance balanced line is required with 
large power-handling capacity or very low pickup from external fields. 
The low characteristic impedance reduces insulation loss for a given 
power-transmission rapacity, and the equal current division among the 
three wires on each side of the circuit ensures maximum copper utiliza-
tion for the reduction of copper loss. 
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Figure 4.28 shows a method of construction. Equations for this line 

are 

Z, — 92 logia 

When h >> a, 
1.33 0 

ampper = — -7—, 
P1 ..rbe 

A set of characteristic values for a line of this design follows: 

p, inches a, inches 

5.8 

Z.. ohms 

146 

TRIANGLE SPACERS 

Fin. 4.28. Construction for type XIX feeder. 
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4.2.20. Summary Remarks regarding Transmission Lines. The 19 dif-
ferent types of transmission lines for which formulas have been given in 
this section could be expanded to include many other practical and useful 
types that may have desirable characteristics for certain applications. A 
sufficient variety of types has been included to offer many ready-made 
designs as well as to suggest further varieties that may be developed 
according to need. 

The unbalanced types shown represent means for obtaining character-
istic impedances from roughly 50 ohms to some 500 ohms with open-wire 
constructions. They also include alternative configurations having spe-
cial merits for economy and adaption to low-power transmission and to 
high-power transmission. The balanced linee discussed have character-
istic impedances of the order of 125 to 650 ohms, using a maximum of six 
wires, and it is evident that lower values can be obtained if needed by 
employing configurations with a larger number of wires. The 19 con-
figurations therefore cover a wide range of applications, some of which are 
conventional and common and others more specialized. Engineers 
should not hesitate to take advantage of special configurations of many 
sorts that may have particular merits for particular applications. 

4.3. Transmission-line Design for Wide-frequency Band 

A device such as a transmission line with standing waves, like a lumped 
reactive element, stores electrical energy. As the amount of energy 
stored in a system becomes large with respect to the amount of energy 
transmitted per second, the selectivity of the system is increased. The 
selectivity of a system limits the bandwidth that can be transmit ted with-
out distortion. 

There are many common applications where special attention is 
required to design a system for the band of radio frequencies that must be 
accommodated. Where the total spectrum of an emission (including 
upper and lower sidebands) is less than I per cent of the carrier frequency. 
usually no special attention to bandwidth is necessary in ordinary antenna 
systems and for ordinary services. When the bandwidth surpasses I per 
cent, the designer should always examine the selectivity situation and he 
prepared to undertake special provisions for circuit design for the band-
width required. 

At all frequencies a transmission line is an aperiodic system when cor-
rectly terminated in its characterist ie impedance. When the load imped-
ance is frequency-selective, the line may be perfectly terminated at one 
frequency and improperly terminated at other frequencies. 
An antenna system, when properly designed for adequate bandwidth 
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will provide a wide-band termination for the line." In this case, the 
terminated line itself does not add to the selectivity of the system. 
The most important first step in system design is to design the antenna 

for adequate bandwidth whenever possible. When this cannot be fully 
achieved, it is sometimes possible to employ wide-band coupling circuits 
between the antenna and the line, which function as impedance equalizers. 
A system involving antenna and feeder has its maximum intrinsic band-

width when their respective impedances are equal and therefore self-
matching (see Fig. 4.29). When this is possible, there is no need for 

z.  

BALANCED SYSTEM 

FIG. 4.29. Self-matching antenna and feeder, in which the bandwidth iri limited only 

by the antenna. 

reactive coupling elements and the stored energy in the system is mini-
mized. If an antenna has an impedance that is resistive at the operating 
Frequency (or at the middle of the emission band in asymmetric sideband 
emissions), the feeder should be designed to have a characteristic imped-
ance equal to the input resistance of the antenna. 
When the antenna impedance at the feed point is complex, the line 

impedance can be made equal to the resistive component of the antenna 
impedance. Then a simple series reactance can be used to neutralize the 
reactive component and so correctly terminate the line. When the 
antenna input resistance is lower than realizable characteristic imped-
ances for reasonable transmission lines, the antenna input impedance can 
be transformed upward by using a single parallel reactance of proper sign 
to tune the load impedance to parallel resonance. The resistance of the 
load circuit may then he brought. to a value that will match the line. 

In certain cases, it, may be possible to design the antenna for an imped-
ance that will fit a particular feeder impedance. In other cases, the 

antenna impedance may not be controllable, and then it is necessary 
to design the feeder for a particular characteristic impedance to fit the 

antenna conditions. 
In wide-band systems, therefore, the feeder should always be correctly 
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matched in impedance over the emission band. It is always desirable to 
use a value of characteristic impedance equal to that of the mid-frequency 
load resistance after applying the simplest possible power-factor correc-
tion. For wide-band receiving systems, there is the additional require-
ment to provide a wide-band termination for the feeder on the end 
opposite to the antenna. The receiver input impedance must therefore 
have a value over the band equal to the characteristic impedance of the 
feeder. 

Bandwidth becomes a problem in high-speed signaling and broadcasting 
on low and medium frequencies, low-frequency loran, and certain naviga-
tional transmissions. Occasionally a bandwidth problem arises in the 
high-frequency band, such as the transmission and reception of very-high-
speed facsimile or multiplexed telephony. 

4.4. Transmission- line Impedance-matching Techniques 

There are circumstances where a transmission line need not be termi-
nated in its characteristic impedance. In such cases, the feeder, accord-
ing to its length and characteristic impedance, transforms the load imped-
ance to some different (and usually complex) value at the input terminals 
of the feeder. This input impedance can then be transformed by a 
coupling network to a value that will be accommodated by the connected 
equipment. When mismatched operation can be used, it is an extrava-
gance and occasionally an operating inconvenience to use matched-
impedance techniques. 

Mismatched feeders may be employed when the feeder is electrically 
very short, say 10 degrees or less. With certain precautions, mismatched 
feeders may be desirable for feeding two identical loads with identical 
cophased currents, and where coupling networks would introduce the risk 
of dissymmetry of coupling-circuit adjustments. There are also occa-
sional cases where half-wave and quarter-wave feeders may be used 
exactly as in very-high-frequency and ultrahigh-frequency techniques 
where a whole system may be mismatched except in a common input 
circuit. The admissibility of such practices depends upon the bandwidth 
to be transmitted, the magnitudes of mismatch at various pointe in the 
system, the magnitudes of potential and current at various points, the 
losses encountered, and the effect on cost, operating adjustments, and 
system stability. 

Losses in feeders increase with the degree of mismatch, as shown in Fig. 
4.1. Since loss is proportional to the feeder length, impedance matching 
on long feeders is used to obtain optimum efficiency. 

For a given design of feeder, the losses also increase with frequency. 
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and for this reason it is almost universal practice in the high-frequency 

band to use impedance matching. 
There are several methods in use for impedance matching, the choice 

depending upon the circumstances. The commonest ones are: 
I. To design the load and the feeder to have equal impedances so as to 

be self-matching. 
2. To use coupling networks of lumped reactances. 
3. To use tapped transmission lines beyond a short circuit. 
4. To use a series section of transmission line of proper length and 

characteristic impedance as an impedance-matching transformer. 
5. To use a stub section of line 88 a reactance in parallel with the feeder 

at a properly chosen point to make the impedance at this point equal to its 
characteristic impedance. Either open-circuited or short-circuited stubs 

may be used. 
6. To use a lumped reactance of proper sign and value in place of the 

stub line and electrically equivalent to it. 
7. To use a coupled section of line in parallel with the feeder and of 

proper length to reflect the correct amount of reactance into the main 

feeder at the correct point to effect an impedance match. 
8. To use a tapered transmission line as an impedance-matching 

transformer. 
The relative desirability of any of these methods depends upon many 

factors, among which are economics, potentials, currents, frequency, 
degree of initial mismatch, the amount of electrical and mechanical 
engineering involved in solving the problem, the available facilities for 
measurement and construction, the configuration of the feeder cross sec-
tion and whether balanced or unbalanced, the available space, the ease of 
adjustment or switching to other working frequencies, the bandwidth to 
be transmitted (whether transmitting or receiving), the conditions of 
weather or other exposure to damage, etc. A method preferred for one 
application may be absurd in another. The choice is therefore made 

after an appraisal of the prevailing conditions. 
4.4.1. Antenna and Feeder Mutually Self-matching. This method 

(Fig. 4.29) consists in constructing the antenna for its desired radiation 
properties, then measuring or carefully computing its input resistance, 

and using a feeder with a characteristic impedance equal to the input 
resistance of the antenna. The antenna can often be designed to have the 
proper radiation characteristics and also have an input impedance of a 
desired predetermined resistive value, to match directly a preferred type 
of feeder. Examples of this technique are the folded dipoles, folded uni-
poles, and multiple-tuned antennas. The principle may be applied in a 
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number of ways in many different kinds of systems. In very-high-fre-
quency and ultrahigh-frequency techniques it is frequent practice to 

design the antenna input impedance to match that of a preselected type 
of feeder. Figure 4.30 exhibits two cases where an impedance match can 

be realized by using only one reactive element. 
4.4.2. Coupling Networks of Lumped Reactances. This method of 

coupling is customary in the range of low and medium frequencies where 
the use of self-matching line techniqueys is impractical because of cost 

Such networks may be designed for almost any desired impedance match 
and phase difference. The synthesis of electrical networks"." can be 
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Flo. 4.30. Self-mateliing of antenna to line, using a single reactive element for power 
factor correction. 

quickly solved graphically by the methods described in Chap. 5. The 
elimination of advanced mathematics places this method within reach of 
any radio technician. 

Electrically short antennas are characterized by very low radiation 
resistance and very high capacitive reactance and by having one input 
terminal at ground potential. The coupling network must usually have 

a large impedance transformation ratio, and it therefore introduces con-
siderable selectivity in addition to that associated with the antenna 
proper. Multiple tuning may be used to present a more favorable value 
If input resistance at the feed point, as described in Chap. I. If equal 

currents can be maintained in each down lead by symmetry of antenna 
layout, the input resistance will increase approximately as the square of 

the number of down leads used and the reactance is increased roughly in 
direct proportion with the increase in the number of down leads. There-
fore multiple tuning is a useful device for reducing the impedance tran›-

format ion ratio of the coupling network, which in turn increases the band-
width of the antenna proper and of the coupling network. 

Figure 4.31 shows an arrangement for coupling a low-frequency antenna 
to a feeder, where the feeder is eleetrically short and merely acts as add:. 
tional shunt rapacitance across the antenna terminals. Tuning is per-
formed at the input end of the feeder where it is coupled to the trail-
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mitt,er. With this connection the input impedance will vary as the same 
antenna is used for different operating frequencies. 

Figure 4.32 shows a feeder-terminating and antenna-coupling network 
here the antenna series inductor does not completely neutralize the 

TRANSMITTER 
outPur 1 ANTENNA PAPEDANCE 

Fla. 4.31. Short feeder used as an extension leadin. 

antenna reactance but leaves a value of capacitive reactance which, when 
tuned to parallel resonance with a parallel inductor, gives a resistive 
impedance of a value that will match the impedance of an unbalanced 
feeder of any prechosen value. The advantage of this circuit is its easy 

Vox 

FIG. 4.32. Antenna-coupling ,• ircuit. 

adjustability to a desired resistance value over a range of operating fre-
quencies with the same antenna. This permits the transmitter to work 
into a fixed resistive load at all frequencies. Furthermore, the selectivity 
of the terminal network is nearly the same as that of the antenna itself, 
assuming the use of high-Q inductors in the circuit. The vector diagram 
of Fig. 4.32B exhibits these conditions. From this vector diagram one 
can see immediately how the transformation is made. 
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number of ways in many different kinds of systems. In very-high-fre-
quency and ultrahigh-frequency techniques it is frequent practice to 

design the antenna input impedance to match that of a preselected type 
of feeder. Figure 4.30 exhibits two cases where an impedance match can 
be realized by using only one reactive element. 

4.4.2. Coupling Networks of Lumped Reactances. This method of 

coupling is customary in the range of low and medium frequencies where 
the use of self-matching line techniques is impractical because of east 

Such networks may be designed for almost any desired impedance match 
and phase difference. The synthesis of electrical networks"." can he 
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Fro. 4.30. Self-matching of antenna to line, using a single reactive element for power-
ractor correction. 

quickly solved graphically by the methods described in Chap. 5. The 
elimination of advanced mathematics places this method within reach of 
any radio technician. 

Electrically short antennas are characterized by very low radiation 
resistance and very high capacitive reactance and by having one input 

terminal at ground potential. The coupling network must usually have 
a large impedance transformation ratio, and it, therefore introduces con-
siderable selectivity in addition to that associated with the antenna 

proper. Multiple tuning may be used to present a more favorable value 
of input resistance at the feed point, as described in Chap. I. If equal 

currents can be maintained in each down lead by symmetry of antenna 
layout, the input resistance will increase approximately as the square of 
the number of down leads used and the reactance is increased roughly in 
direct proportion with the increase in the number of down leads. There-

fore multiple tuning is a useful device for reducing the impedance trati-
formation ratio of the coupling network, which in turn increases the band-

width of the antenna proper and of the coupling network. 
Figure 4.31 shows an arrangement for coupling a low-frequency antenna 

to a feeder, where the feeder is electrically short and merely acts as addi-

tional shunt capacitance across the antenna terminals. Tuning is per-
formed at the input end of the feeder where it is coupled to the trans-
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mitter. With this connection the input impedance will vary as the same 
antenna is used for different operating frequencies. 

Figure 4.32 shows a feeder-terminating and antenna-coupling network 
where the antenna series inductor does not completely neutralize the 

3 TRANSMITTER 
OUTPUT }ANTENNA IMPEDANCE 

Fin. 4.31. Short feeder used as an extension leadin. 

antenna reactance but leaves a value of capacitive reactance which, when 
tuned to parallel resonance with a parallel inductor, gives a resistive 
impedance of a value that will match the impedance of an unbalanced 
feeder of any prechoeen value. The advantage of this circuit is its easy 

Xe » Re 
Ra « Z, 

Flo. 4.32. Antenna-roupling circuit. 

adjustability to a desired resistance value over a range of operating fre-
quencies with the same antenna. This permits the transmitter to work 
into a fixed resistive load at all frequencies. Furthermore, the selectivity 
of the terminal network is nearly the same as that of the antenna itself, 
assuming the use of high-Q inductors in the circuit. The vector diagram 
of Fig. 4.32B exhibits these conditions. From this vector diagram one 
can see immediately how the transformation is made. 
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The antenna current /0 flowing through the antenna impedance 
lio — jX., (Fig. 4.32A) produces the potential drop VoR = IoRo, in phase 

with /0, and Vox = 10X. lagging 90 degrees. Their vector sum is Vo, the 
potential from the antenna terminal to ground. The antenna current 
also flows through the series inductor L., producing a potential drop acros-
it which is VI and has a direction opposite to that of Vox. Varying the 
reactance of L. varies the length of the VI vector. When Vi < 
their resultant value Vox — VI, added to V01, gives the vector voltage V: 
in a direction that lags /0. 

Voltage VI is across the inductor L, and sustains the current 11 through 
it. The direction of II must lag that of 17 2 by 90 degrees, and the react-

ance of L, is varied until the vector sum of lo and /1 is in phase with VI. 
This makes 1/7//, a resistance. By adjusting L. and L„ the input imped-

ance to the antenna coupling network can always be made to be a resist-

ance that will match a transmission line of characteristic impedance Z. 
provided that Zo > R.. 

It is interesting to indicate at this point that if VI > VOX, V 2 then 
leads ./o. To attain a resistive input impedance to the network, it is then 
necessary that L, be changed to a capacitance. The vector condition 

for this case are shown in Fig. 4.32B by the dotted lines in the upper part 
of the diagram. 
The use of an inductor as shown in Fig. 4.32A is preferable to using a 

capacitor in place of L, for the following reasons: 
The energy storage in the coupling network is less and therefore ha. 

less selectiLity (desirable in cases where bandwidth is important). 
It is sometimes more convenient, and economical to use a variable 

inductor than a variable capacitor (at high power and at low frequencies). 
The use of a parallel inductor provides a conductive path to ground 

which serves as a static drain. 

To make this adjustment in practice, one can preset an impedance 
bridge for balance at a resistance of Zo ohms, the feeder characteristic 
impedance. Then the bridge is connected to the input terminals of the 
coupling network, and L„ and L. are manipulated until the bridge is again 
balanced. The settings of taps and variometers may then be logged and 
the operation repeated for another frequency. For fixed-frequency oper-
ation, permanent connections are made and checked again with the preset 
impedance bridge. Exact balance is obtained by adjusting the position 
of the leads themselves by flexing slightly. At exact balance, the move-
ment of the antenna in the wind and the effect of fog and moisture on the 

system are easily detectable with the bridge. For still more perfect 
adjustment, the bridge can be connected to the input to the feeder and 
adjustments made for a specific resistance value at that point. The 
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coupling adjustments between feeder and power-amplifier anodes can 
also be made precisely by presetting the bridge to the correct operating 

value of anode resistance at the sockets and adjusting the power-amplifier 
circuits until balance is obtained at the anodes. 
The use of this coupling circuit permits the power-amplifier output 

circuits to be designed for working into a fixed value of resistance at all 

working frequencies. This enables the transmitter designer to use the 
coupling circuit of Fig. 4.33 between feeder and tank circuit with excellent 
harmonic-suppression properties, a minimum number of components, and 
satisfactory tuning flexibility. 

Referring now to the more general 
ranges of antenna impedances such 
as those encountered with medium-
frequency-broadcast nondirective and 
directive antennas, one may be re-
quired to match almost any antenna 
impedance whose resistance may be 
larger or smaller than Zo and whose 
reactance is positive or negative in 

ling circuit. 
any degree. If the phase difference 
between antenna current and feeder current is immaterial, a.s is usual with 
nondirective antennas. the impedance match can always he made with 

two reactive elements in an L network. The low-pass form of L network 
should always be chosen for its harmonic-reducing property. The L net-

work can transform resistance upward or downward, depending upon 
whether the shunt element is on the feeder side or the antenna side of the 
series element. The T and w forme of network provide means for making 
specified impedance transformations with specified phase differences 
between load (antenna) current and feeder current, as required in the 

feeding of directive arrays for medium-frequency broadcasting. 
4.4.3. Impedance-matching Series Line Sections. In high-frequency 

practice, conditions are often favorable for the insertion of a short length 

of line in series with a main feeder as an impedance-matching device. 
When this line section has the correct characteristic impedance and 
length and is located at the correct position in a mismatched feeder, the 
standing waves can be suppressed for one frequency or a small band of 

frequencies. 
The impedance varies at each point of a feeder with mismatched 

terminal impedances. At points of current minimums (voltage maxi-

mums) the line impedance looking toward the load is resistive and equal 
to QZ,. At the current maximums (voltage minimums) the impedance 

in the direction of the load is resistive and has the value Z0/Q. Then if 

FIG. 4.33. Transmitter output-coup-
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one uses a quarter-wavelength section of transmission line between one of 

these resistance points and the feeder from the generator, having a 
characteristic impedance which is the geometric mean between the 
resistance at that point and Zo, the standing wave is suppressed on the 

feeder between the generator and the matching section. This impedance-
matching section is located near the load end of the feeder. 

In a two-wire balanced feeder, a reduction in Zo can be effected by 

closer spacing, larger conductors, or both. Whereas an increase in Zo 

4.3-1 Series impedance-transforming sections ( two-wire line). 

effected in the opposite manner, a large increase in Zo may not be physi-
cally realizable. For this reason, the quarter-wave impedance-matching 
section will usually start at a current maximum so that it can use a 

characteristic impedance less than that of the main feeder. The match-
ing section may be made with reduced characteristic impedance by using 
a four- wire cross section, with two spaeed wires in parallel on each side. 

or by using much larger conductors, or by reducing the spacing between 
wires. For illustrations of these possibilities see Figs. 4.34 and 4.35. 

With a four- wire balanced line of type XVI, where there are two wires 
in parallel on each side of the feeder, the characteristic impedance of a 
quarter-wave matching section may be made lower or higher than that 

of the main feeder by contracting or expanding the spacings of the sides 
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or between the sides, or by changing conductor sizes, or by increasing the 
number of wires in parallel, or combinations of all these. In such a 

feeder, this series-section method of impedance matching is convenient 
and practical."2 Figure 4.35 shows various possibilities. In this figure 

.4 and B are sections of reduced characteristic impedance, and C is a 
section with increased value. Figure 4.89 shows this method in use. 

The matching of impedances by this method is not restricted to the 
use of quarter-wave matching sections. In the generalized case the 

Fla. 4.35. Series impedance-transforming seetions ( four-wire line). 

computations are more involved. For this purpose the circle diagram of 
a transmission line is useful. Such a diagram is shown in Figure 4.58. 

These curves are read as follows: 
The abscissa of a rectangular system of coordinates is taken as the 

scale of resistances, and the ordinates, positive and negative, are taker. 
as the scales for positive and negative reactances, using the same scale 

as for resistance. In order to make the chart as general as possible, a 
characteristic impedance of 1.0 is used for all computations. This makes 

all resistances and reactances read directly in proportional parts of the 
characteristic impedance of any transmission line. 
The focal point is 1.0 ± j0. This is the input impedance of a perfect 
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line with Zo = 1.0 and terminated in a resistance R, =-• Zo, whatever the 
distance from the termination. 

When the line is terminated in a resistance R, > Zo, the input imped-

ance Zi„, as a function of distance from the termination, will describe a 
circle enclosing Zo. This circle will be centered on the resistance axis but 
will be eccentric with respect to the Zo focal point. The distances from 
the terminal end fall on semicircles centered on the reactance axis where 

= 0. The direction of change of Z,1 with 01 in degrees from the 
termination is clockwise from the resistance axis, starting at the right of 

Zo when R, > 20, and sweeps a semicircle in the first 90 degrees and a 
full circle back to the starting point on the resistance axis in 180 degrees 
(one-half wavelength from the termination). 

To test this method with figures, read from the chart ( Fig. 4.58) R,, 81. 
R,„ and 

R, or, degrees Ri. X10 

20 30 I. 14 —j074 

3.0 10 2.42 — j1 10 

3.0 110 0 37 j0.32 
I 75 90 0.56 0 

4.0 160 I 45 jl.75 

When R, < ZD, the starting point is on the resistance axis to the left of 
the focal point and electrical length is read clockwise, starting from this 
axis as zero and continuing around the complete circle at 180 degrees. 

The chart is not marked this way, to avoid confusion, but in use one sub-
tracts 90 degrees from the electrical lengths marked on the radial lines in 
the upper half of the chart and adds 90 degrees in the lower half of the 
chart. 

For example, test the following points on Fig. 4.58: 

01, degrees /C. 

O 45 65 1 a 

O 25 100 276 

O 33 p 45 0 6 

O SO 125 i 1 0 
- - 

j0 9 

—jl . 77 

j0 8 

—j0 7 

These relative values of impedance are from the resistive termination 
or from the current maximum or current minimum nearest to the termina-
tion when Z, is complex, or when Z, Zo. The ratio Ri/Zo = Q is the 

standing-wave ratio, marked on the confocal circles. 
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By means of this circle diagram the impedance at any point on a mis-
matched feeder can be determined if the standing-wave ratio can be 
measured and the point of minimum or maximum current located. 
From the knowledge of the impedance Z/O at any chosen point on a 

mismatched line, one can proceed to determine the electrical length Oloo 
and characteristic impedance Zoo of a matching line to terminate the main 
feeder in its characteristic impedance Zo. 

mismarcH€0 
Rd. Z0 

90* 

90* 

MATCHED 
R. Ze 

FIG. 4.36. Impedance matching by parallel feed. 

4.4.4. Feeder Matching by Means of Tapped Lines. Figure 4.36 
shows schematically a simple method of matching a feeder of character-

istic impedance Zo by tapping it onto another mismatched feeder of the 
same characteristic impedance some distance above a short-circuiting 

bar which is located at a maximum current point in the vertical feeder. 

The distance above the short circuit to obtain a match depends upon the 
standing-wave ratio in the secondary feeder. For a very high Q the 
tapping point will be quite near to the short circuit, and as the Q is smaller 

and smaller, the tapping point increases in distance. 
When the secondary feeder has no standing waves, the main feeder is 

placed one-quarter wavelength above the short circuit, so that the imped-
ance of the lower quarter-wave section is infinite. This is shown in part 

R of this figure. This quarter-wave section acts as a filter for even 
harmonics of the working frequency by placing effectively a short circuit 

across the main feeder at the tapping point for the even harmonics where 
this section has an equivalent length of an integral number of half wave-

lengths for the even harmonics. In Fig. 4.36B there is shown an addi-



416 RADIO ANTENNA ENGINEERING 

tional quarter-wavelength section below the short circuit. This is shown 
to bring out the fact that the one-half wavelength below the tapping point 
forms a short circuit to ground for any parallel currents that may be flow-
ing in the two wires against ground, while the upper quarter-wavelength 
section presents a virtually infinite impedance to the desired balanced cur-
rents in the feeders. 
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Flo. 4.37. Location and length of impedance-matching stub line when the feeder 
and atuh have the same charaocrintic impedance. 

In tapping into lines in this manner, care must be exercised to avoid 
mutual couplings between lines. This is best, accomplished by bringing 
the lines together normal to each other. 

4.4.5. Parallel Stub Lines for Impedance Matching. In this method, 
the Q of the line is measured as in previous techniques, and a current 
minimum is located. The problem is to find a point on the line where the 
real component G of its admittance Y = G + jfl is equal to the character-
istic admittance Yg, of the main feeder. At, this point, a short stub of line. 
either open-circuited or short-circuited at its outer end, is bridged across 
the line. The museeptanre of the stub is made equal but of opposite sign 
to the sitsceptance of the feeder at the point of attachment. 
The circle diagram ( Fig. .4.58i may also be read in terms of conductance 

and suseeptance in the same way it was previously used for resistance and 
reactance, reading conductance in mhos instead of resistance in ohms and 
susceptance in mhos instead of reactance in ohms. 



RADIO-FREQUENCY TRANSMISSION LINES 417 

A stub line that is short-circuited is more easily adjusted than one 
open-circuited, and is for that reason the commonly preferred type. 
When its length a/ < 90 degrees, the stub is inductively reactive and 
therefore has positive susceptance. A point on the feeder can always be 
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Fio. 4.38. Location and reactance of an impedance-matching shunt coil, derived 
from Fig. 3.58. 

found where the susceptance is negative and therefore requires a stub of 
positive susceptance to neutralize it. 
Such a stub is designed from the equations 

= Zo tan 01 or 
1  

Ba 
Zu tan a/ 

When the stub line has the same characteristic impedance as the feeder, 
Fig. 4.37 can be used to read directly the location and length of both 
open-circuited and short-circuited stubs for a correct impedance match. 

/Jr--
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tional quarter-wavelength section below the short circuit. This is shown 
to bring out the fact that the one-half wavelength below the tapping point 
forms a short circuit to ground for any parallel currents that may be flow-
ing in the two wires against ground, while the upper quarter-wavelength 
section presents a virtually infinite impedance to the desired balanced cur-
rents in the feeders. 
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In tapping into lines in this manner, care must be exercised to avoid 
mutual couplings between lines. This is best accomplished by bringing 
the lines together normal to each other. 

4.4.5. Parallel Stub Lines for Impedance Matching. In this method, 
the Q of the line is measured as in previous techniques, and a current 
minimum is located. The problem is to find a point on the line where the 
real component G of its admittance Y = G ± jt3 is equal to the character-
istic admittance Yo of the main feeder. At this point, a short stub of line. 
either open-circuited or short-circuited at its outer end, is bridged across 
the line. The susceptance of the stub is made equal but of opposite sign 
to the suseeptance of the feeder at the point of attachment. 
The circle diagram ( Fig. 4.58) may also be read in terms of conductance 

and stiseeptanee in the same way it was previously used for resistance and 
reactance, reading conductance in mhos instead of resistance in ohms and 
stisreptanee in mhos instead of reactance in ohms. 
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A stub line that is short-circuited is more easily adjusted than one 
open-circuited, and is for that reason the commonly preferred type. 
When its length ed < 90 degrees, the stub is inductively reactive and 
therefore has positive susceptance. A point on the feeder can always be 
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Pio. 4.38. Location and reactance of an impedance-matching shunt coil, derived 

from Fig. 3.58. 

found where the susceptance is negative and therefore requires a stub of 
positive susceptance to neutralize it. 
Such a stub is designed from the equations 

1  
XL = Zo tan $1 or B, = 

Zo tan al 
When the stub line has the same characteristic impedance as the feeder, 

Fig. 4.37 can be used to read directly the location and length of both 
open-circuited and short-circuited stubs for a correct impedance match 



118 RADIO ANTENNA ENGINEERING 

4.4.6. Impedance Matching with an Inductor or Capacitor. In this 
case the procedure is identical to that for a stub, except that an inductor 
or a capacitor of proper value is bridged across the feeder at the proper 

point to effect the match. 
The use of an inductor or a capacitor is much more convenient and 

economical than a stub line and is therefore frequently preferable to a 
stub. Figures 4.38 and 4.39 are for use with shunt coils. 
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FIG. 4.39. Example of impedance matching by shunt coil. (After Carter.) 

Figure 4.38 shows the location and relative reactance of a shunt coil 
that will match a feeder for standing-wave ratios up to 10. These were 

derived from the circle diagram ( Fig. 4.58) in the following way: 
The focal point j0 is taken as the characteristic admittance of the 

feeder 1/Z0. The reactance scales are now read as susceplance Y. = 
The standing-wave circles are read directly. If we follow a Q circle from 
the real axis to the right of the focal point clockwise until it cuts the 
vertical dashed line through the focal point and read the coordinates of 
this point, we shall find it is 1 — jI",. At this point the admittance of 
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the feeder consists of a conductance Gi = 1 / Zo and a susceptance —jY0. 
This is the equivalent of a resistance in parallel with a capacitive react-
ance. The resistance is 1/G = Ze. Therefore, if we add a susceptance 
j)' in parallel at this point, it tunes the susceptance of the line to parallel 
resonance and makes the total susceptance zero. This leaves only the 
resistance Zo, and the line is matched. 

In following the Q circles around clockwise to the vertical dashed line 
through the focal point, an electrical length 01 is also read from the chart 
at this intersection. The distance from a current minimum to the 
matching point must be the complement of the angle read from the chart. 
If 01 is the value read from the chart, the electrical distance /3/0 to use will 
be 90 — 01. 
Since it is equally important to use the chart (Fig. 4.58) in both imped-

ance and admittance forms, one should become thoroughly familiar with 
both procedures. To illustrate its use in admittance form, consider the 
following problem: 
Assume that a 500-ohm feeder has been measured and found to have a 

standing-wave ratio of 3.0 and that the location of a current minimum 
bas been marked for reference. We wish to match this feeder by using a 
shunt coil, and we must determine where to place this coil and also its 
reactance. From the chart, we locite the intersection of the circle for 
Q = 3.0 and the vertical dashed line through the focal point 1 -1- j0 and 
read a susceptance of —j1.15. This occurs on the curvilinear radial line 
corresponding to 01 = d = 30 degrees. Since we must take the comple-
ment of 30 degrees in this case, the proper distance of the coil from the 
current minimum will be de = 90 — 30 = 60 degrees, or 0.167 wave-
length. The relative susceptance of the line is —j1.15, and so the rela-
tive reactance will be 1/ —j1.15 = —j0.87. These values are now multi-
plied by the value Zo = 500 ohms to obtain true working values. At this 
point, the line appears as a resistance of 500 ohms in parallel with a 
capacitive reactance of 500 X 0.87 = 435 ohms. If an inductance of 435 
ohms is bridged across the line at this point, their joint reactances go to 
infinity, leaving the real value of 500 ohms. The line is then matched. 

It is instructive to prove this in the following way: 
At a current minimum, the impedance of the line in the direction of the 

load is identical to a termination in a resistance 

Re = 3 X 500 = 1,500 ohms 

The location of the matching coil was found to be 60 degrees toward 
the generator from the current minimum. These values can be 
inserted in Eq (8) (page 368), from which it is computed that the imped-
ance of the line looking in the direction of the load is 215 — j248 ohms. 
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To transform this impedance to a matching value of 500 ohms resistance. 
it is found that the inductive reactance required is 435 ohms, connected 
in parallel with the line. 

In this discussion we have used the lower half of the chart, where the 
susceptance was negative, so that we could perform the match with an 
inductance. Had we taken the conjugate point in the upper half of the 
chart, where the susceptance of the line is positive, we should find that the 
match can be effected in the same way if a capacitor of the correct value 
is bridged across the line. However, the reversal of the direction in the 
chart necessitates a reversal in the direction of the matching element 
from the current minimum, which would be toward the load instead of 
toward the generator. 

Figure 4.38 can also be used to determine the location of an inductive 
parallel stub line. When a parallel stub is used for matching, its react-
ance at correct match will be identical to that of a parallel coil. When 
the characteristic impedance of the stub line is the same as that of the 
main feeder, its length and location can be read from Fig. 4.37 directly. 
When the stub has a different characteristic impedance, the required rela-
tive reactance is taken from Fig. 4.38, and Eq. ( 11) is solved for the length 
01 of the stub, using the value chosen for its characteristic impedance. 

Figure 4.39 is a pictorial indication of the effect of varying the value of 
the reactance of a shunt. impedance-matching coil that is correctly located 
on the feeder to obtain a match. 

Figure 4.40 represents another way in which a feeder can be matched by 
using reactive elements in series with the line, using the correct value at 
the correct location. Its application is exemplified by the following: 
A GOO-ohm feeder is found by measurement to have a standing-wave 

ratio of 1.8, and the location of the current minimum nearest to the load 
has been marked. Figure 4.58. used in its impedance form, is now applied 
in exactly the same manner LIS explained for use in its admittance form. 
The Q circle for 1.8 (interpolated) is followed clockwise until it intercepts 
the vertical dashed line through the focal point, at which point the resist-
anee component of the series impedance of the line at that point (37 
degrees toward the transmitter from the current minimum) is equal to 
Zo. The normalized series component of reactance at that point, read 
from the chart, is —AN). If a series inductor of normalized reactance 
.i0.60 is placed in series with the line to neutralize the line reactance, the 
line is matched. In this case the value required is 

0.80 X t;()0 = 380 ohms 

Since the circuit is balanced, coils of one-halt this value are placed 
in each side of the line, as in Fig. 4.40.4. Following the Q circle counter-
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clockwise to obtain the conjugate matching point, and measuring the 
distance to the matching point in the opposite direction from the current 
minimum, the same result can be realized with capacitive reactance of 
the same value, as represented in Fig. 4.40B. Figure 4.40C represents 
the use of series stubs to obtain the same effects. 

4.4.7. Termination by Means of Coupled Sections. Standing waves 
on a feeder can be suppressed by means of an open-end quarter-wave 
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FIG. 4.40. Freder matching, using series renetanves. 

section or a half-wave short-circuited section coupled to the feeder,“ 
provided that the position of the coupled section along the line is correct., 
as well as the degree of coupling to the feeder. The open end of the 
quarter-wave coupled section is pointed toward the load end of the feeder, 
and the standing waves are eliminated on the feeder opposite the closed 
end of the coupled sect ion. The schematic diagram of this arrangement 

is given in Fig. 4.41. 
Mechanically this method is not very convenient until the frequency is 

high enough to give a short coupled section that can he easily slid along 
its support wires to the position that accomplishes the desired result. 
The method has singular merit due to the fact. that the termination of a 
feeder is selective to the frequency for which it is adjusted, within 1 or 2 



422 RADIO ANTENNA ENGINEERING 

per cent, and outside this range the coupled section gives the effect of 
nonexistence." Therefore, when two or more different frequencies are 
to be propagated over a common feeder, a separate coupled section can be 
used to terminate the feeder for each frequency without influencing the 
other frequencies being transmitted. This provides a means of connect-
ing several generators to a common load over a common feeder and also of 
using a common feeder to carry power from several generators to several 
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Fro. 4.41. Coupled sections for impedance matching. 

loads selectively, using suitable stopper circuits at the branches of the 

feeder for correct routing of the different frequencies. 
4.4.8. Tapered Transmission-line Section as an Impedance-match-

ing Transformer. A transmission line whose characteristic impedance 
is gradually tapered from one value to another may be used as a coupling 
transformer between loads and generators of unequal resistive imped-

ances, provided that the change in impedance along the line is sufficiently 
gradual. The simplest form is a taper that results from converging or 

diverging straight conductors. The transformation ratio of such an 
arrangement is somewhat limited, for practical cross-sectional dimen-

sions, as will be evident from the application of the characteristic-imped-
ance formulas. If the tapered-line section has an electrical length of two 
or more wavelengths, the impedance transformation takes place with 
negligible reflections over a broad band of frequencies, owing to the 

smooth and gradual change of characteristic impedance with distance 
along this line The shortest length for such a section that will give a 
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tolerable minimum of reflection at the lowest of a band of working fre-
quencies depends upon the transformation ratio desired, the difficulty 
increasing as this ratio becomes larger. 
The transformation ratio of a tapered line may be increased by chang-

ing the number, spacing, configuration, and size of the wires in the cross-
section of the line at different points along the system, thus making 
possible a greater range of characteristic impedances between the ends of 
this section. The change of characteristic impedance with distance, if 
made smoothly and over a sufficient length, will provide a substantially 

refleetionless impedance match between its two limiting resistance 
values." The practicality of such an application is determined solely by 
the structural convenience, once the current and potential requirements 

have been satisfied. 
When it is desired to make a tapered-line transformer with a minimum 

length, the characteristic impedance must be tapered exponentially 
between its two limiting values.'" In such a case, the design of the 
transforming section must be carefully computed, because at its minimum 
length, power-factor correcting networks are necessary for perfect match-
ing. As the length of the exponentially tapered transformer section is 
increased, the more nearly it approaches a resistance-to-resistance direct 
match without correcting circuits. When sufficiently long, correcting 
circuits may be omitted, for most practical applications." One can avoid 
much complicated design computation by using an exponentially tapered 
line section with a length of at least one-half wavelength at the lowest fre-
quency to be transmitted and connecting it directly between a resistive 

load and the main feeder. 
The following simple procedure may be used for the design of expo-

nentially tapered lines that are one-half wavelength or more in length at 

the lowest working frequency: 
1. On a sheet of semilogarithmic graph paper, mark the logarithmic 

scale in terms of characteristic impedances and the uniform scale in terms 

of length of line in wavelengths or in electrical degrees. 
2. When this line is to match two resistive impedances R1 and RI, with 

a line of length x degrees (x at the lowest frequency greater than 180 
degrees), mark a point on the chart for RI at x = 0, and another point for 

RI at x = chosen length of line. Draw a straight line between these 
points. Read from the logarithmic scale the required characteristic 

impedance of the tapered line at all intermediate distances along the line. 
3. Choose the desired line configurations that provide the range of 

characteristic impedances required when practical dimensions are used, 

and apply their formulas at not greater than 20-degree-length intervals 
from end to end of the tapered section. 
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Example of Simplified Calculation for a Long Exponentially Tapered 
Transmission Line. It is desired to match a resistive load of 350 ohm› 
to a feeder of 560 ohms characteristic impedance, over a frequency range 
of 5 to 12 megacycles Both ends of the system are balanced to ground. 

A power of 50,000 wa ts, amplitude-modulated, is to be transmitted, and 

100 
0 20 40 60 80 00 120 140 160 180 200 220 240 

DEGREES FROM LOW- IMPEDANCE END OF LINE 
FIO. 4.42. Exponential taper computed graphically. 

ample space is available in the open to use a leisurely tapered exponential 
transfortner section. What should be used? 

Figure 4.42 shows the first step when the problem is stated on semi-
logarithmic paper with a length amply chosen to permit the simplified 
design to be used—in this case, 240 degrees at 5 megacycles. From this 
figure the values in Table 4.2 are tabulated: 

TABLE 4.2 

Distance from 350-ohm 

loud, degrees 

o 
20 
40 

so 

so 
100 

120 

140 

160 

180 

200 
220 

240 

Characteristic impediitiee 
required, ohms 

350 
365 
380 
393 

408 

421 
440 

460 

47R 

496 

517 
.540 
560 

For p = 0.102 inch 

a 

I; 0 I 0 

60 0.5 

55 025 

55 0 

6.3 0 

7.7 0 

9.2 0 

10.7 0 
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The higher values of characteristic impedance in Table 4.2 are within 
the normal range for two-wire balanced lines. Figure 4.23 shows that for 
the lowest impedance of 350 ohms the ratio of wire spacing to wire radius 
is 18.5. If the wire to be used were of radius 0.102 inch, the center-to-
center spacing would be 1.89 inches. This is obviously a very small 
spacing mechanically and from a potential standpoint for the power to be 
transmitted would give excessive potential gradients. We may decide to 
maintain two-wire design from the 550-ohm end to the point where the 

• 
• 

e 

• 

o 

Pt 

o•60' a•60 o• 5.5 a55 0.6.3 .. 77 
as 92 ..,7 1,4 

DE GRE ES 
0 20 40 60 80 00 120 140 160 00 200 220 240 

b.10111 b.5D•025 b. 6204 b • 0 b • 0 

Fin. 4.43. Construction of exponentially tapered matching section from 550 to 350 

ohms. 

spacing is 5Y¡ inches, at which point a/p is 54 for a wire of 0.102 inch 
radius and Zo = 478 ohms. It is then decided that from this point to 
the 350-ohm end a four-wire side-connected design will be used with the 
same size wire. Applying the equation for Zo for the type XVI line and 
maintaining a substantially constant value of a, the values for a and b 
(tabulated) were obtained."." The final electrical design of the tapered 
line is shown in Fig. 4.43. 

It is seen when the arithmetic is developed that the variation of b with 
distance is very nearly linear with electrical distance from the wide end 

(low impedance) of the four-wire portion to the place where the two wires 
in parallel on each side can he soldered together. It is further seen that 
this particular design is structurally simple to realize with very trivial 
compromise variations from true exponential continuous taper. 

4.5. Network Equivalents of Transmission-line Sections 

A matched section of transmission line of electrical length al produces a 
phase difference of et/ between terminal and input potentials or currents, 
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and the phase of the terminal current always lags that of the input because 
of the finite propagation time. 

Occasionally it is necessary to use a building-out network to serve as 
the equivalent of a certain short length of line, having a given phase lag 
and characteristic impedance. 

Figure 4.44A shows a T network, and Fig. 4.44B shows a ir network 

suitable for producing the equivalent of a section of line less than 180 

x, XL 

o 

r131 

FIG. 4.44. Networks for feeder building-out sertions. 

degrees long. Practically, it is best to use two cascaded sections when 
the desired length exceeds 120 degrees, in order to avoid excessive poten-

tials and currents in the elements. Considering Fig. 4.44A, the following 
equations can be used to determine the reactances of the elements: 

= jZo tan 

X, = j  .Zo  
sin ell 

For the r network of Fig. 4.44B the following equations apply: 

XL = jZo sin et 
Zo 

X, = —j 

tan 

fi a balanced network is required, the unbalanced solution is used hut 
the series reactances are divided in half and distributed symmetrically in 
the two sides of the circuit. 

Any number of sections can be cascaded to obtain, progressively, any 
desired electrical length, with any desired phase shift per section that is 
less than 180 degrees. Good engineering design is that. which does not 
lead to impractical reactance values. 

4.6. Balanced to Unbalanced Transformations 

The need frequently arises to feed a balanced load from an unbalanced 
generator, or vice versa. Many practical methods have been developed 
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for this purpose,6"." some with coaxial lines and some with open-wire 
lines. Only a few of the more useful methods are included here. 
Using networks of lumped reactances one can always use a single-ended 

T or a a. section to produce a 90-degree advance of phase of current or 
potential (or both in the case of resistive loads) to go between an unbal-
anced generator and one end of a balanced load and an equivalent section 
with equal but opposite-sign corresponding elements to give a phase lag 
of 90 degrees to go between the same generator and the opposite end of 
the balanced load. These two networks together provide a balanced 

EQUIVALENT CIRCUIT 

Fin. 4.45. Balance to unbalance transformer network. 

potential across the load, and the phase of the source is 90 degrees with 
respect to the currents or potentials across the load (see Figs. 5.39 to 
5.42). The same result can be obtained by using any arbitrary phase 
shift 81 in one side for phase advancing and a phase shift 02 of 180 — 81 in 
the phase-lagging network. When the impedance transformation ratio 
is the same in both sides, balanced potentials are produced across the 
load, while the relative phase of the source is at an angle 01. There are 
very few applications where there is need to control the phase differences 
between the load and the source, so the 90-90-degree method is the most 

convenient to use. The most usual application is from a resistive load to 
a resistive source. In a 90-degree network, all three elements of a T or a 

have equal reactances. 
The simplest network of this type is one using four equal reactances, 

two capacitive and two inductive, in a bridge circuit as shown in Fig. 4.45. 
This is equivalent to the preceding application of plus and minus 90-
degree shifts in the two branches, using L networks. Adjustment for 
perfect balance can be obtained easily. The network is readily adjust-
able over a band of frequencies by using identical variable capacitors on 

a common actuating shaft, and the same with the inductors. The 
inductors are set to some value and the capacitors tuned until they have 
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the same reactance as that of the inductors. At any given frequency, the 
transformation ratio of the network can be made anything desired by the 
choice of the reactances at balance of the bridge. The adjustment for 
equal capacitive and inductive reactances can be made in two ways: (I 
open the balanced resistive load, energize the single-end input at the 
desired frequency, and tune until the network looks like a short circuit 
(series resonance) across the source; or (2) short-circuit the balanced 
resistive load, and tune the network for antiresonance. This network 

BALANCED 

ELECTROSTATIC 
SHIELD CAPACITANCE 

t// r),114::k" 
INDUCTANCE 

+ 

SINGLE- END 

Fm. 4.46. Balance to unbalance trnumformere. 

provides a very simple and versatile balanced-I o-unbalanced resistance-
to-resistance coupling network that can be used to transform in either 
direction. The transformation ratio varies with the ratio X /Ro. When 
X =- IN/Torm RL 4Ro, when Ro is the unbalanced end. 
The foregoing networks are selective in that they accomplish their 

transformations from balance to unbalance at one frequency only. When 
it is desired to make this transformation over a wide range of frequencies 
the inductively coupled electrostatically shielded transformer of Fig. 4.41; 
can be used, with or without an iron core. One winding is balanced to 
ground, while the other is grounded at one end. To approach as nearly 
as feasible an ideal transformer, the coupling coefficient between windings 
is made very high by interleaving of windings or any other technique 
common in wide-hand transformer design. The leakage reactances on 
rtieh side of the circuit are thus kept relatively low, and a minimum of 
power-factor correct ion can be used in the two circuits. As the leakage 
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reactances get larger owing to incomplete coupling between the windings, 
more and more capacitance is required in the two circuits to present 
resistance-to-resistance matching. The selectivity is thus increased and 
the bandwidth reduced accordingly. The electrostatic shield eliminates 
electrostatic couplings, which otherwise would be nonuniformly dis-
tributed along the two windings, leading to unbalance to ground of the 

winding that should be balanced. 
The ratio between the coupled balanced and unbalanced resistances is 

determined by the turns ratio of the 
BALANCED RESISTANCE Logo 

transformer and by the coupling factor. 
A radio-frequency air-core transformer 

of this type with a bandwidth of one or 
two octaves is relatively easy to construct. 
As the desired band-width is increased to 
several octaves, the design problem in-
creases rapidly. Toroidal windings on + 
iron-dust cores become useful for wide-
hand designs. Balanced to unbalanced 
transformers for use with receiving systems 

have been successfully developed for a 
hand of 8 octaves. 

Balance to unbalance networks can be 
used in one form or another for radio 
frequencies up to approximately 50 mega-
cycles without serious design problems. 180 
The transformers are principally useful for Fui. 4.47. Half-wavelength line 

transformer from unbalanee to 
low-energy applications such as receiving balance. 

circuits but are inconvenient or imprac-
tical for most transmitting applications. At the higher frequencies, how-

ever, it is often preferred for reasons of cost, simplicity, and convenience 
to use distributed circuits for balance to unbalance transformations. 
Where coaxial lines are used, there are certain techniques that have 

proved very convenient. 
Figure 4.47 is one circuit often used to transform reversibly between 

balanced and unbalanced systems. In one direction of working, a single-
end source is branched into two lines of equal characteristic impedance, 
one branch having an electrical length X between the branch and one 

side of the circuit, while the other has a length X 180 degrees between 
the branch and the other side of the balanced circuit. When both 

branches are terminated in their characteristic impedance, the 180-degree 
lag in one branch produces the desired inversion of phase to yield balanced 

potentials across the balanced circuit. 
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Figure 4.48 is a schematic diagram of the well-known " bazooka," or 
balun. The outer end is an open double-concentric section 90 electrical 
degrees long, connected to the sheath of the main feeder one-quarter 

wavelength from the outer end. The balanced terminals are the inner-
most conductor and the sheath of the main feeder opposite it. It is not 
essential that the velocity of propagation in the two parts of the bazooka 

be identical, and of course the electrical lengths of the system are based on 

90* - INNER CONDUCTOR 
OF COAXIAL LINE 

 à BALANCED 

0 --- • 
1 RESISTIVE 

LOAD 

JNBALANCED L Ir.-----"OUTER SHEATH OF 

( LONGITUDINAL SECTION) \ COAXIAL LINE 
OUTSIDE TUBE 

FIG. 4.48. Coaxial " bazooka," or balun. 

the velocity in the outer coaxial portion. This is implied in all the fore-
going descriptions and in all subsequent ones relating to feeders in which 
the velocity of propagation is less than that for free-space waves of the 
same frequency. 

Referring now to balance to unbalance transformers in open-wire sys-
tems, there are ;elatively few good choices. Figure 4.49 is one example 
where the equivalent of a closed quarter-wave stub is placed in series with 

SMALL BALANCING COIL (ADJUSTABLE I 

GENERATOR (SE) 

A CLOSED SECTION 4 

Z0 (BALANCED) 

Ftn. 4.49. Unbalance fi balance transformer for open-wire lines. 

one side of the branch to provide a phase lag of 180 degrees across the 

terminals of this section. Experience has shown that this is sometimes 
insufficient by itself to make an exact transformation, but by placing a 

small inductor in series with the straight portion of the balanced side of 
the branch it can be adjusted to bring an exact balance at the balanced 
terminals. 

Figure 4.50 shows a met hod that is applicable when substantial stand-

ing waves exist on the balanced part of the system. In A, when the 

load resistance on the balanced side is very much greater than the 
characteristic impedance of this balanced line, the latter should have a 
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length of 90 degrees, with its lower end grounded. An unbalanced system 
can now be coupled to this by tapping up from ground on one side of the 
balanced feeder until the two systems are mutually matched. When the 
balanced load resistance is much less than the characteristic impedance 
of the balanced line (B), the same scheme can be used, but with a 180-
degree line between the load and the ground. To deliver rated power 
from a balanced system to an unbalanced load of very high resistive 
impedance, such as an end-fed dipole, a very high voltage is required. 

90' 

UNBALANCED- 0-

R« 2 0 

1 
lee 

90' 

BALANCING STUB 

UNBALANCED LOAD 

R»Zo 

UNMATCHED SECTION 
WITH VERY LARGE SWR 

IMPEDANCE - 
MATCHING STUB 

1 BALANCED AND 
MATCHED 

Fla. 4.50. Impedance-m- atching unbalance to balance circuits. 

Very large standing waves on an open-ended feeder will develop a poten-
tial many times that in the matched portion of the feeder. When a 
high-resistance load is connected between one end of this feeder and 
ground, it introduces an unbalance in the system which usually is intoler-
able. Balance can be restored to such a system by connecting a balancing 
quarter-wave stub, short-circuited at its outer end, in parallel with the 
end of the balanced feeder. This system is shown in Fig. 4.50C. 
The device shown in Fig. 4.51 has been much used in the ultrahigh-

frequency region and can sometimes be used in the range of 4 to 30 mega-
cycles without becoming excessively cumbersome. Its simplicity is its 
principal merit. The outer conductor has two diametrically opposite 

longitudinal slots cut for a distance of one-quarter wavelength back from 
the end which is connected to the balanced load (or generator), and the 
inner conductor is connected to one half of the outer. The other end is 
the unbalanced terminal. With uniform characteristic impedance 
throughout its entire length, the transformation ratio is from Zo (unbal-
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anced) to 4Z0 (balanced). This transformation ratio can be changed by 
using a different characteristic impedance for that portion of the line 
which is slotted. 

For the lengths that would be used for high-frequency applications. 
the mechanics are impractical unless rigid tubular line is used. The 
large-diameter lines that are employed in high-power systems are suited 
to this purpose. The device is adjustable to different higher frequencies 
by short-circuiting the slots at various points along their lengths. The 
slot must withstand a potential twice that existing on the full concentric 
portion of the line when the impedances are matched. 

SLOTS 

 1 
Z. (UNBALANCED) 

SLOTS 
4 20 (BALANCED) 

END VIEW 

INNER CONDUCTOR 
CONNECTED TO ONE 
SIDE AT THE END 

FIG. 4.51. Split sheath coaxial unbalance to balance transformer. 

4.7. High-frequency Transmission- line Switching 

One of the engineering problems associated with high-frequency radio-
station design is that of switching various antennas to various feeders in 
order to obtain the best utilization of equipment. In high-frequency 
operations it is necessary to change the working frequency during a day 
over a given circuit and also to use the same transmitters at different 
times on different circuits. To accomplish this, various switching 
arrangements are employed. The techniques differ with the particular 
switching requirements, the type of feeder used, and with the power level 
of transmission. 

The one requirement that introduces the greatest complexity to the 
problem is that of switching without altering the characteristic imped-
ance of the feeder system as it passes through the switches. If the same 
feeder is to carry power at frequencies that are greatly different from time 
to time, it is impractical to apply the usual matching techniques that sup-
press standing waves at particular frequencies. The most practical 
method results when the switches have the same characteristic impedance 
as the feeder. 

Switching devices of many kinds have been developed for this pur-
pose.ao,ai,m64 There are coaxial and balanced types, for low, medium. 

and high power. There are manual and automatic types. There are 
outdoor and indoor types. The switching circuits usually are of two 
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types—a single transmitter connectible to a multiplicity of antennas, and 
a multiplicity of transmitters connectible to a multiplicity of antennas. 
The latter can be one that provides limited flexibility, determined by 
particular requirements for interconnection, or unlimited flexibility so 
that any transmitter can be connected with any antenna. 
The use of radio-frequency contactors is the simplest method when 

suitable designs are available and when one or two transmitters only are 

•2 *3 *4 t 

TO ANTENNAS 

To TRANS MITT ER 

FIG. 4.52. Simple switching of one tritnamitter to e multiplicity of antennas, using 
contactors• 

involved, with a small number of feeders. Double-pole two-position 
contactors have been used satisfactorily with two-wire balanced feeders 
at peak powers of 200 kilowatts, as required for 50-kilowatt amplitude-
modulated broadcast transmitters at frequencies used for international 
short-wave broadcasting. Above this power, specially built switching 
devices are necessary. 

Figure 4.93 shows an installation of contactors for switching one 50-
kilowatt transmitter to any one of eight feeders, using a circuit similar to 
that of Fig. 4.52. The system uses 600-ohm balanced feeders. 
Another basic circuit for unlimited flexibility of switching combinations 

is a form of the crossbar system, as represented schematically in Fig. 4.53. 
The feeders to the several antennas, with suitable separations to reduce 
cross talk sufficiently, are distributed in parallel in one plane. The lines 
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from the several transmitters are similarly distributed in another parallel 
plane, but with their directions normal to the antenna feeders. To con-
nect any antenna feeder to any transmitter feeder, it is necessary only to 
provide some form of connection between the appropriate feeders at the 
places where they cross each other. If the feeder conductors are of fixed 
lengths, this may leave open-circuited stub sections bridging the connec-
tions which constitute a point of reflection. If it is not convenient to 
open the stub sections near these connections to eliminate this undesir-
able effect, the stub sections can be constructed to have sufficient length 

TO ANTENNAS 

Sc 

4 1 
Sc 

Fin. 4.53. Crossbar switching with dead-clot cli lll ination. 
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to project a quarter wavelength beyond the junction, where they can be 
short-circuited by contactors or switches. Figure 4.53 shows this princi-
ple for one connection between a transmitter and a feeder. 

It. is possible in the application of the crossbar system to provide an 
electromechanical device equivalent to two double-pole double-throw 
switches so that the excess lengths of feeder beyond a junction are open-

circuited in the same operation that makes the crossbar connection. A 
radio-frequency switchboard circuit using this method of eliminating dead 
ends is shown (for one side of a balanced circuit only) in Fig. 4.54," in 
which transmitters I and 2 are shown connected, respectively, to antenna 
feeders 3 und 2. The dotted lines bei %%wit switch sections indicate that 
they are mechanically interconnected so as to be actuated in one opera-
tion. The switches in one transmitter line can he interlocked to prevent 

more than one antenna feeder being connected at a time, and similarly an 
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antenna feeder can be interlocked to prevent more than one transmitter 
being connected to it. The same interlocking provisions can be utilized 
to actuate indicators showing the status of the connections at a local or a 
remote location. The realization of a system of this type is simple for 
low-power applications, and with suitable magnetically operated contact-
ing devices the switching can be wholly electrical. In high-power applies-

ANTENNA FEEDERS 

is 92 *3 et4 

FIG. 4.54. Crossbar switching panel. 

time there are some very involved design problems, for which reason 
manual operation is usually employed. 
There is a class of large multipole multiposition switch that has come to 

be known as the " boom" switch. Switches of this type require con-
siderable space because sections of two-wire transmission line of the 
normal proportions are used for the movable sections. They are usually 
constructed out of doors for high-power applications. Figure 4.5.5 shows 
diagrammatically a two-pole multiposition version, suitable for inter-
connecting one transmitter to a multiplicity of feeders." The trans-
mitter feeder is flexed normal to its plane, and mechanical tie points. 
usually pairs of insulators, serve as the switch points for each position 
where the main feeder connects to an antenna feeder. The change of 
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position is often done manually, but there is a variety of ways by which 
the operation can be mechanized for remote operation. 

Figure 4.56 represents a boom switch, in which are shown three tran-
miner feed lines leading to a three-level structure (one for each trans-
mitter) in which each transmitter feeder is movable horizontally to a 
number of pairs of switch points in a horizontal arc. Each pair of switch 

FROM TRANSMITTER 

TO FEEDERS 

FIG. 4.55. MtaltipmAtion switeh. 

points in each level cooperates with an antenna-feeder movable section 
that. connects it with a transmitter feeder as required. The antenna 
feeders have flexible sections that can move from level to level in a 
vertical plane. This circuitry gives direct connections between any 
transmitter feeder and any antenna feeder without dead ends and without 
any substantial irregularity in the characteristic impedance of the system 
as a whole. As shown in Fig. -1.56, the following switching combinations 
can be noticed: 

Transmitter 1 is connected to antenna feeder 2. 
Transmitter 2 is connected to antenna feeder 1. 
Transmitter 3 is connected to antenna feeder 4. 



RADIO- FREQUENCY TRANSMISSION LINES 437 

Since the transmitter feeders are flexed horizontally and the antenna 
feeders vertically, it is necessary to make a 90-degree transposition in the 
flexible part of the transmitter feeder. It enters the switch with its plane 
vertical and turns 90 degrees to cooperate with the insulated switch 
pointa, which are horizontally disposed, where the antenna feeders also 

1,1 

1 LEVEL 
SWITCH / 
STRUCTURE 
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LS 

LINES FROM 
TRANSMITTERS 

e, 
e.. 

e 

LINE SECTIONS MOVABLE 
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VARIOUS LEVELS 
MADE BY MOVING 
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ARC TO DIFFERENT 
SWITCH LEVELS IN 
VERTICAL. PLANE 

L2 

LI 

FLEXING PO‘NTS 
FOR MOVABLE 
SECTIONS OF _ INE 

Fla. 4.56. Hown-type switch for three transmitters to four feeders. 

connect. The structure supporting the movable transmitter-feeder sec-
tion of the switch may be supported on a boom structure, the outer end of 
which may roll on tracks around its full arc. 
The design of a structure of this kind is one requiring considerable 

ingenuity in large-scale electromechanics. It must be operable with ease 
in high winds and during icing. It must be separately operable by sec-
tions while other portions of the switch are energized and in operation, 
with complete safety to men and equipment. All the principles of the 
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uniform transmission line must be observed. For these reasons they are 
quite expensive to design and construct. 
Boom and drum switches of the type of Fig. 4.55 can be used in com-

bination to obtain complete flexibility of switching a multiplicity of trans-
mitters to a multiplicity of feeders, as shown in Fig. 4.57." The indi-
vidual switches may be complete electromechanical assemblies with 

TR I 

FEEDER .I  

FEEDER 2 

"•---....f EEDER 3 

TR FEEDER 4 

EEDER 5 

TR 3 FEEDER 6 
• .0.• 

Flo. 4.57. Combination of multiposition switches. 

automatic actuating devices for remote control." They may be fully 
manual also. The movable members for a manual system can be sections 
of transmission line which are moved to the points desired. Early 
systems of the Daventry station of the British Broadcasting Corporation 
used this method." 

Other switching needs arise in station design, such as reversing the 
beam of a dipole array by interchanging radiator and reflector curtains 
(see Fig. 4.94) or switching the direction of feed and dissipation lines in 
reversing the directivity of a rhombic antenna. Switching of this sort 
ran be done with a double-pole double-throw switch, though the forms of 
such switches may be greatly varied by different designers for different 
particular applicat ions. 
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4.8. Circle Diagram of a Transmission Line' ' 7.1.10.17.1°." 

In general, for any short low-loas line, 

Z, cos 81 -F  jZo sin ti! 
Z,. = Zo 

lo cos t31 jZ, sin 0/ 
(8) 

If this equation is computed for a range of values of 01 from 0 to 180 
degrees when Z,.= R, varies from 0 (short circuit) to infinity (open 
circuit), these values can be plotted in rectangular coordinates to give the 
well-known circle diagram for a transmission line of characteristic imped-
ance Zo. However, this diagram has a more general application if the 
values are computed for Zo = I, because then it can be used for a line of 
any characteristic impedance by using its value as a proportionality factor 
applied to all values read from the circle diagram. A chart of this kind is 
of great utility in making practical adjustments and measurements of 
transmission lines. 

In plotting such a set of computations in rectangular* coordinates it is 
found that the locus of Z. = jX;„ lies on a semicircle centered on the 
imaginary axis when is constant and R, is varied. Also, it is found that 
when R, is constant and 'Xis varied, the locus of Z is a circle centered on 
the real axis. The full range of values for R, yields a set of confocal 
circles approaching the focal point 1 — j0 when R, = 20. Since the 
ratio R,/Z0 is the standing-wave ratio Q, an easily measurable quantity, 
the chart yields all necessary information concerning the impedance at 
any point in a transmission line having a known standing-wave pattern 
both in magnitude and in position on the line. It provides the general 
solution for Eq. (8) for its complete field of values and permits any 
unknown factor to be read directly when all the other factors are known. 
Such a chart is shown in Fig. 4.58. 

In practice, Zo is a resistive quantity that can always be computed with 
adequate precision for any ordinary engineering uses. The electrical 
length i9/ is known from linear measurements, based on the propagation 
velocity. The position and magnitude of a standing wave can be meas-
ured by simple means, in the laboratory and in the field. A current 
minimum (voltage maximum) point is one where the impedance of the 
line is resistive and equal to QZ0. A current maximum (voltage mini-
mum) point is one where the line impedance is resistive and is equal to 
Zo/Q. Thin information also provides a handy method of determining 

• The circle diagram can also he presented in polar form." We use the rectangular 
form here for convenience in constructing such charts for field use whenever required. 
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Flo. 4.58. Tranamiaaion-line circle diagram in rectangular coordinates. 

d. 
0••00* 

the value of an unknown complex impedance at the load end of the line. 
The same chart may be read and used in terms of admittance, con-

ductance, and susceptance for those applications where the parallel com-
ponents of impedance are more convenient than the series components 
All quantities then are reciprocals except Q and /31. 
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4.8.1. Details for the Construction of a Circle Diagram for a Trans-
mission Line. For field-engineering purposes it is desirable to have a 
master chart from which blueprints can be made in any quantity for field 
use. The following information will enable one to reconstruct a chart 
like that of Fig. 4.58, the field of which embraces the range of values 
encountered in all except extreme cases. 

1. Use a sheet of graph paper approximately 10 by 15 inches ruled in 
centimeters with 0.1-centimeter subdivisions or in inches with 10 sub-
divisions. Locate 0, the origin of coordinates, at the middle of the left-
hand long side of the sheet, when the long side is vertical. Then 

a. Starting at 0, progressing upward on the left-hand scale, mark each 
major division in order 0.2, 0.4, 0.6. etc., to the top of the sheet. This 
will be the ratio scale for positive reactances. 

b. Starting at 0, progressing downward along this same scale, mark the 
major divisions —0.2, —0.4, —0.6, — 0.8, etc., to the bottom of the 
sheet. This will be the ratio scale for negative reactances. 

c. Starting at 0, mark the horizontal scale so that successive major 
divisions are 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, etc., to the right-hand margin. 
This will be the ratio scale for resistances, or resistance axis. 

2. Locate the point where resistance is 1.0 and reactance zero. This 
will be the focal point for the circle diagram. 

3. With centers on the resistance axis, draw the following confocal 
circles: 

bacation of center Circle radius in terms 
on resistance axis of resistance-scale units 

I 02 
1 06 
1 11 
1 18 
1.25 

1.45 
1.67 
1.89 
2.13 
2.38 
2.60 

0.18 
0.34 
0.49 
0.62 
0.75 

1.05 
1.33 
1.61 
1.88 
2.14 
2.40 

Mark the circle in 

terms of the following 
standing-wave ratio Q 

1.2 
1.4 
1.6 
I.8 
20 

25 
:i 
35 
40 
4 5 
50 

4. Draw the following semicircles from centers on the reactance axis, 
using a radius that causes the semicircle to pass through the focal point 
1.0 — j0. 
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Location of center 
on reactance axis 

—2.74 

— 1.74 
— 1.20 

—0 84 

—0 58 

—0 36 

—O. 17 

o 
0.17 

O 36 

0.58 

O 84 
I 20 

1.74 

2 74 

Mark the negative and positive ends of the 
semicircles 

- 

Negative end. degrees Positive end, degrees 

• 

10 

15 
20 

25 
30 

35 
40 

45 

50 

55 

60 
65 
70 

75 

80 

100 

105 
110 

115 

120 

125 

130 

135 

140 
145 

150 

IM 
160 
165 
170 

This gives a set of semicircles which all pass through the foral point 
and are orthogonal with respect to the Q circles and whose ends are 
marked in progression clockwise from 10 to 170 degrees in 5-degree 
steps. 

This completes the circle diagram for a transmission line in terms of 
the ratios of resistance and reactance to that of its characteristic imped-
ance at any distance from a resistive termination in degrees and for any 
standing-wave ratio from 1.00 to 5.0, the same as shown in Fig. 4.58. 
If drawn with care and skill, the accuracy of this chart will equal or sur-
pass the usual accuracy of measurements. 

4.9. Power-transmission Capacity of Open-wire Transmission Lines 

The following discussion will apply to transmission lines that are guid-
ing energy in the form of a traveling wave. The line is assumed to be 
terminated exactly in its characteristic impedance. When standing 
waves exist, the rating of the system is limited by conditions at some one 
place along the line where a critical factor, such as potential, determine 
the limitation. The losses in a line are min. imum for the traveling-wave 
condition and increase with increasing standing-wave ratio as shown in 
Fig. 4.1. The power-transmission capacity is as much an economic 
matter as one of physical limitations due to heating or flashover. For 
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this reason the rating of a system is generally indeterminate within the 
limits set by flashover, and the latter in turn is so dependent upon the 
empirical conditions of the construction of the system and its location 

that flashover potential may also be indeterminate. 
At the low radio frequencies, the high-voltage phenomena resemble 

those associated with commercial power transmission. Corona occurs 
before pluming or flashover, with consequent increase in system losses 

due to corona. 
As the frequency becomes higher, ionization of the air, which involves 

a time factor, does not occur as visible corona. The first sign of voltage 
overstress is manifest by the formation of a standing arc, or plume. The 
intense heat of a plume can be very destructive, though in some cases it 
serves to smooth off, by fusion, any small projection in the metallic con-

ductors that produces an excessive gradient. When a system is operated 
at potentials close to critical pluming or flashover, care must be exercised 
in all the fine details of splicing wires, removing projecting ends, nicks on 
the wires, sharp points and corners on the insulator and assembly hard-
ware, binding wires, etc. The potential rating of a system decreases 
with increased altitude, also. Installations at high altitude require 
special precautions, and the design of the system is made such that it 

would he suitable for much higher power if installed at sea level. 
It is well known that corona and flashover. especially self-propagating 

arcs or streamers extending to ground or to other wires of the system, 
depend upon the energy of the system as well as the voltage. This is 
familiar qualitatively to radio engineers, who use different space factors 
for the same potentials in small transmitters, for instance, as compared 
with high-power transmitters. As soon as an incipient arc starts, current 
flows into the capacitance of the arc, which lowers its resistance. This 
changes the electric field configuration in such a way as to reduce the 
gradients near its base, which in turn moves the regions of critical gradient 
outward, increasing the capacitance and the entering current at its base, 
with great heat developing in the plume. This continues until a condi-
tion of electric and thermal stability is reached, which determines the size 
of the plume. The current required to sustain a plume of a given size 
increases with the frequency because the size of the plume determines its 
capacitance. In high-power systems, a plume can eventually extend 
itself to the point where it will bridge the line and cause flashover. 

Actual flashover is seldom experienced except in rather high power sys-
tems, where the size of a plume is not limited by the energy of the system 
to distances small with respect to the wire spacings. 
The potential limit of a feeder system at any given altitude is set by 

those gradients, distributed or localized, which can cause pluming. The 
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potential gradients are reduced by the use of relatively large conductors 
or by the use of two or more conductors in parallel to divide the current. 
At bends and turns, entrances, and branching points and at insulating 
points, localized gradients can be very high, therefore creating points of 
weakness, unless proper precautions are taken in design and construction. 
Potential-grading rings are sometimes permissible if they do not introduce 
a disturbance in the line parameters as an irregularity. It is possible to 
strengthen such points with a coating of insulating material, ceramic. 
plastic, or varnish, to provide potential grading by the use of inter-
mediate values of dielectric constant between that of unity for the sur-
rounding air and infinity for the metallic conductor. The use of such 
an insulated control of flux density can in some instances raise the 
pluming potential of a system at a particular weak point without intro-
ducing an intolerable irregularity in the line parameters. It functions 
in two ways—to prevent ionization near the conductor, where the 
gradient is maximum, and to limit the amount of current that can flow 
into an incipient arc. When used, the insulated control is most effective 
when it is homogeneous. Thickness can be increased to increase its 
effectiveness. 
The maximum potential gradients that can be sustained in air before 

corona, pluming, or flashover occurs has been the subject of a great deal 
of research over many years Thornhill and Beasley" have made a 
synthesis of this available information and have reduced a complex sub-
ject to relatively simple form. The values of critical gradients and the 
equations for maximum working potentials on two elementary types of 
electrodes have been adapted from their work. 

For two clean parallel cylinders in still air at an atmospheric pressure 
of 28 inches of mercury and a temperature of 45 degrees centigrade, with 
direct potentials applied between them, the critical potential gradient at 
which visible corona starts is about 66.7 kilovolts per inch. Under the 
same conditions concentric cylinders have a critical gradient of about 
69.3 kilovolts per inch. However, between the conductor and the zone 
of visible corona there is formed an ionized conducting layer which has 
the effect of increasing the radius of the conductor. The actual potential 
gradient at the surface of the conductor is higher than the critical gra-
diente for visible corona. The amount that it is higher is a function of 
the geometry of the system. The potential gradient E0 at the conductor 
surface that produces visible corona at direct current under these same 
atmospheric conditions is given by the following relations: 
leor parallel cylinders, 

E„ = fili.7 ( 1 + kilovolts per inch 
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For concentric cylinders, 

E. = 69.3 (i + 0.208 ) kilovolts per inch 
N/Pmel••• 

For very low frequencies, these would represent crest values. As the 
frequency increases, up to about 2 megacycles, the critical voltage falls 
to a value of about 80 per cent of direct-current value. For frequencies 
above 2 megacycles it rises again, eventually approaching the direct-
current value, or even more, at around 200 megacycles. As a general 
principle one may use the 80 per cent value for practical engineering 
purposes for radio frequencies up to 30 megacycles. Then for ordinary 
system design the above equations Can be rewritten to include this reduc-
tion and transformed to root-mean-square • values, giving for parallel 
cylinders in air at 28 inches of mercury and a temperature of 45 degrees 
centigrade (worst sea-level conditions) 

0.202  ) 
Eo = 37.7 (1  kilovolts per inch root- mean-square. 

and for concentric cylinders under the same conditions 

, , 0.208 E, = 39.2 (1 kilovolts per inch root-mean-square 
Pisej 

These values will be further reduced by corrosion of conductor surfaces, 
moisture films, drip water, sharp points, irregularities due to roughness, 
bends, and other physical conditions. These are all taken into account. 
qualitatively by employing design safety factors. The factor selected 
will depend upon the consequences of a flashover or the system losses. 
The safety factor for an open wire line may be less than for a concentric 
line for these reasons. 
The critical gradients will vary with atmospheric pressure and with 

ambient temperature, which determine the relative molecular density of 
the air D, which can be found from the relation 

9.96P  
D — 

273 + 7' 

in which P is the barometric pressure in terms of inches of mercury and T 
is the ambient temperature in degrees centigrade. In the preceding 
equations for critical gradients, the value used was 1) = 0.877. 
Table 4.3 gives values of I) as functions of barometer reading P in 

inches (corrected for temperature) and the temperature. together with 
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approximate equivalent altitudes based on a corrected sea-level pressure 
of 30 inches of mercury. 

TABLE 4.3. RELATIVE MOLECULAR MR Dergsrrr D 

Degrenscentigrade P, Altitude, 
inehes feet 

0 10 20 30 40 50 

16 17,000 0.584 0.563 0.544 0.526 0.509 0.493 
18 14,000 0.657 0.634 0.612 0.592 0.573 0.555 
20 11.000 0.730 0.703 0.680 0.657 0.636 0.616 

22 8,400 0.803 0.775 0.748 0 723 0.700 0.679 
24 6.500 0.876 0.845 0.816 0.789 0.765 0.740 
26 3.900 0.949 0.916 0.884 0.855 0 828 0.802 
28 1,800 1.022 0.987 0.953 0.921 0.892 0.864 

30 0 1.095 1.057 1.020 0.988 0.955 0.926 
32 - 1.250 1.168 1.126 1.088 1.052 1.020 0.988 

These relations can be combined in a single equation invo ving the 
geometry of the line to give directly the maximum voltage that can be 
safely applied when the line is terminated in its characteristic impedance. 
When this is done for a two-wire balanced open-wire line, 

= a  -F ,\ 43/)( 0.202) a .jrus'l 
-s  - 

2 
V P 

and for an air-dielectric concentric line 

_1(r  ()v.:7) p, 

PI 

In these equations the symbols have the following meanings: 

I maximum maximum root-mean-square applied voltage. kilovolts 
S = design safety factor, usually bet ween I and 3 
a = center-to-venter wire spacing, inches 
p = wire radius, inches 

= radius, inches. of the center conductor 
P2 = radius, Indies. of the inside of the outer conductor 
D = relative molerular air density 

The influence of the sparing of the wires is not immediately obvious 
from these formulas. Breakdown occurs due to ionization in the gap 
between the wires, which forms ions and free electrons. 
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At the low frequencies, there is time for both ions and free electrons to 
be swept into the wires during an alternation, so that there is no accumu-
lated space charge unless the peak voltage applied exceeds the ionization 
voltage by a considerable amount. As the frequency is made higher, 
transit time for the heavy ions becomes too great for the space charge to 
he cleared during an alternation. Thus the free electrons move into the 
wires, and a space charge of ions accumulates. This space charge dis-

torts the field and reduces the breakdown voltage. At about 2 mega-
cycles the heavy ions are unable to traverse the gap dimensions, but the 

electrons, being lighter, are absorbed during the negative alternation. 
»ring the positive alternation, they move at high velocity and cause 
more ionization by impact. Under these circumstances the breakdown 
potential is at its lowest. This occurs in the high-frequency range, in 

the vicinity of 2 megacycles. 
As the frequency is further increased, the transit time for electrons 

becomes great with respect to one period. Free electrons are then left in 
space with the ions, and the space charge is reduced. Finally, at around 
25 megacycles, the inability of electrons to be cleared away during the 
negative alternation leaves the field of the gap in substantial equilibrium. 
with consequent increase in the breakdown voltage to nearly that for 

direct current. Experiment shows that, at the worst frequency, the 
breakdown voltage falls to about 80 per cent of the direct-current value. 
A design value of  80 per cent of direct-current breakdown voltage is 
chosen as a safe working limit. 

Spurious flashovers may occur at random owing to a number of unusual 
conditions not necessarily associated with underdesign. Strong ultra-
violet bombardment of the air can produce abnormal ionization in still air 
and cause flashover. Air turbulence tends to minimize this effect on 
open-wire systems. Ionization due to cosmic rays may be another 

spurious effect. Insects or birds on the wires may set off a plume or a 
flashover. High transient potentials may momentarily exceed critical 

values and strike an arc. Circuits without static drains may accurtiulate 
high direct potentials superimposed upon the existing radio-frequency 
potentials and cause arcing. The same effect can occur when transient 
potentials are induced into the system by lightning in the vicinity. Drip 

water on a feeder operated at near-maximum potential can introduce an 
increase in local gradient and cause flashover. Abnormally high peaks of 

amplitude modulation are another cause at times. To these must be 
added momentary mismatches due to arc-overs in the antenna system 

which cause standing waves. 
During on-off keying, and also amplitude modulation, a plume is auto-

matically extinguished with the first interruption of radio-frequency 
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power. Spurious arcs and flashovers due to most of the above causes 
may not reoccur. Types of emission that maintain constant radio-fre-

quency power would not extinguish an are, and unless it is blown out by 
the wind it is necessary manually to interrupt power to extinguish an arc. 

For this reason, higher safety factors are usually required for such 
systems. 

The power rating of feeder design also depends upon the total losses 
resulting from a given feeder design. The power-transmission rating of a 
feeder thus requires one to weigh the cost of line for a given loss against 

the annual coat of the power lost in the system. The price of programed 
radio-frequency power, for instance, reaches some rather high values per 
kilowatt-hour, and some organizations are accustomed to reckon that a 
certain reduction in feeder loss would justify an increase in capital outlay 

for a lower loss system. Long feeders are typical for high-frequency tele-
graph and broadcasting stations where several antennas are used with 
several transmitters. Long feeders are also required for many. medium-
frequency broadcast stations with extensive directive antennas. In such 
applications, the feeder losses are far from negligible, and considerable 
engineering may be required to design feeders for higher efficiency. 

If we take as an example a two-wire balanced feeder 3,000 feet long, 
designed for transmitting 100 kilowatts of amplitude-modulated power, 

its attenuation at 20 megacycles may be about 2 decibels, corresponding 
to an efficiency of 63 per cent. If a four-wire balanced line is used 
instead, with about twice as much copper, its efficiency can be increased 
to something of the order of 73 per cent. A further increase in efficiency 
can be obtained with more copper and other materials at correspondingly 
greater cost. This case emphasizes the importance of planning the sta-

tion and its antenna layout to use feeders of the shortest possible length 
as the best approach to economy of construction and to over-all efficiency. 

Experience has shown that the losses increase in a feeder as the wires 
become corroded. When feeders are to be located in places subject to 
salt-spray atmosphere, sulphur smoke or fumes, or other corrosive condi-

tions, the conductors may require protection in the form of electrical 
enamel, lacquer, or plastic coatings. With such coatings, the initial loss 
may be higher than for bright, new, bare copper, but it will remain con-
stant over a much longer time than unprotected copper. Thick plastic 

coatings can provide a substantial increase in maximum operating 
potential, but at the sacrifice of increased dielectric losses. 

4.10. Dissipation Lines" •11 •°2 

Resistive loads of high power-dissipation capacity may be of the lumped 
or the distributed types A resistive load for a transmitting rhombic 
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antenna is usually a transmission line built to have high attenuation per 
unit length, and with a sufficient length to provide the desired over-all 
attenuation. To terminate a rhombic antenna properly, the dissipation 
line must have a characteristic impedance equal to that of the rhombic 
antenna at the point where they are interconnected. The dissipation 
line may be of uniform or of tapered characteristic impedance. The 
former has most of its power loss in a relatively short portion of its total 
length, and the remainder of the line contributes very little in the way of 
power loss. To equalize the distribution of the power losa over a greater 
portion of the length of the line, especially when large amounts of power 
must be dissiilated, a tapered line has the desired qualities. If the height 
of the antenna at the lowest frequency exceeds one-half wavelength, a 
gradual linear taper of the downcoming line from an impedance which 
matches the antenna to one of relatively low impedance is easily con-
structed. An impedance of 600 or 700 ohms at the antenna can be 
changed to about 400 ohms near ground. If this transformation has to 
be made in an electrical length less than one wavelength, the tapering 
would be exponential. Additional tapering can be applied to the pole-
line portion of the dissipation system to elongate the effective power-

radiating surface. 
Where the amount of power to be dissipated is small, tapered lines may 

be an unnecessary complication in design. Then the line simply acts u a 
resistance when its attenuative length is great enough to eliminate varia-
tions of impedance in the input end of the dissipation line at the lowest 
working frequency. Various other alternatives are available. The total 
length of the line can be shortened by substituting a fixed resistor of 
approximately correct value after the line has dissipated all but the last 
few watts. If the power delivered at the end of the rhombic antenna is 
small, a fixed resistor of the correct value of resistance and of very high 
power factor can be located directly at the rhombic-antenna terminals in 

place of the terminal-line structure. 
A dissipation line with an over-all attenuation of 20 decibels acts virtu-

ally as an infinite line so far as its effect on the rhombic antenna is con-
cerned. The total attenuation of 20 decibels to the transmitted and 20 
decibels to the reflected wave being 40 decibels (reduction to 1 per cent in 

voltage), the end of the dissipation line can be open-circuited, short-
circuited, or grounded at will without observable influence on the input 

impedance. A static drain direct to ground is desirable as a protective 

measure. 
Satisfactory termination on the same basis can be had for most cases 

with a dissipation line having an attenuation of 15 decibels. If a resistor 
is used to consume the last few watts, attenuative lengths of 12 decibels 
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are practical. In such a case, the specifications of the resistor are lee 
rigorous with regard to low reactance than when resistors are used for 
direct termination of the antenna. When resistors are used to save line 
length, it is desirable to ground the middle for static draining. 
The attenuation per unit length is inversely proportional to character-

istic impedance when the number and the size of the wires are constant. 
It is therefore a matter of good design economy to reduce the character-
istic impedance of the dissipation line to the lowest value that is mechan-
ically practical without increasing the number of wires. 

Experience has established the use of stainless-steel wire as the pre-
ferred material for a dissipation line. Its high radio-frequency resistance 
provides a relatively high attenuation factor. It resists corrosion in the 
weather, and its electrical characteristics are constant in time. Its cost 
is reasonable. Since attenuation is desired in the dissipation system, the 
insulation of the line may he lossy and the line can be attached directly 
to wood supports provided that the temperature is not sufficient to burn 
them. 

The characteristic impedance of a line using wire of magnetic material 
is practically the same as one using nonmagnetic materials. The 
permeability of the material adds only a small and negligible term in the 
equation for characteristic impedance. Stainless steel is of many differ-
ent alloys, which vary widely in resistivity and permeability according to 
their composition. Alloy 430 ( 18 per cent chromium) has a resistivity 
forty times that for annealed copper and is magnetic. 

The attenuation of balanced lines using steel or iron wires of magnetic 
permeability M and resistivity r1 can he computed from the following 
equation: 

= 
ro 

P.oelto.Z0 

In this equation en is the resistivity of copper, which is 1.724 X 10-4 
ohm per cubic centimeter for annealed copper and 1.77 X 10—' for hard-
drawn copper. This attenuation is for conductor loss only. Figure 4.59 
shows attenuations for 0.040-inch-radius steel wire lines in a two-wire 
balanced 400-ohm circuit. 

St erba and Feldman" have published measurements made on a 600-ohm 
two-wire balanced line using uncoated iron wires of resistivity 12.3 X 10-' 
ohm-centimeter and permeability of 92, with a wire diameter of 0.162 
inch. This line follows the relation 

= 2.32 N/f.,..„,,„.1.. 
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copper line of the same dimensions follows the relation 

a..1 =•••• 0.152 

whereas the copper loss alone for this same line follows 

= 0.0916 

The dissipation line is usually located under the rhombic antenna with 
which it is associated because no additional land is required. The line 
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Fin. 4.59. Attenuation of two-wire balanced 400-ohm lines of radius 0.040 inch and 
a volume resistivity of 34.5 X 10-1 ohm per cubic centimeter as a function of wire 

permeability. 

can be turned back and forth so as to use the smallest number of poles. 
If the characteristic impedance of the dissipation line is quite low, its 
spacing is small and one short crossarm can readily support the double 

line obtained when the line is folded back on itself. Bracket insulators 
may be attached directly to the poles to eliminate crossarms. When 
this is done, a sufficient distance between the " go" and " return" linee 
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ctkn be obtained by putting one of the runs lower down on the opposite 
side of the pole, as shown in Fig. 4.60. 

In certain applications the dissipation line and the feeder can be 
switched from one end of the rhombic antenna to the other to reverse it› 
directivity. In such eases, the impedance of the ends of the antenna 
must be equal and brought uniformly to a central switching point for 

DESIGN USING W000• 
SCREW MOUNTED 
WIRE- HOLDERS 
(UPPER FAIR FOR 
OUTBOUND LINE. 
LOWER FOR INBOUND) 

..*WIRES WIRE 3 

1.47, 

DESIGN USING 
COMMON SPOOL 
INSULATORS 
(UPPER PAIR FOR 
OUTBOUND LINE, 
LOWER FOR INBOUND) 

)12 

DESIGN USING COMMON 
TELEGRAPH INSULA-
TORS AND PINS. 
(PAIR 1-2 FOR OUT-
BOUND LINE. PAIR 3-4 
FOR INBOUND ) 

Flo. 4.60. Economical arrangements for dissipation lines. 

interchanging the power feeder with the dissipation line. To take 
advantage of the low characteristic-impedance dissipation line, tapering 
must then start from the switching position. The same poles can be 
utilized to carry the transmission line and to support. the dissipation line. 

Reference to the attenuation formulas for transmission lines types I. 
II, and III reveals that such lines may also serve as dissipation lines. 
using the earth as the dissipator. A balanced dissipation line made up of 
two unbalanced lines of these types is practical and may often be used 
advantageously, especially for the lower impedances, the higher high 
frequencies, and the poorer ground conductivities. By studying the 

possibilities of such applications by setting the relevant values in the 
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attenuation equations, it will often be found that copper lines using 
ground dissipation have more unit-length attenuation than lines of dis-
sipative conductors that do not use ground loss. In a limited number of 
cases the most economical dissipation line may be one using both con-
ductor and ground dissipation. The empirical nature of these possi-
bilities makes the choice dependent upon the particular circumstances 
surrounding each application. 

Lines using ground dissipation require a few simple precautions to 
ensure stable characteristics as the ground conductivity changes with 
weather conditions. The input end of the line may require some limited 
form of ground system which gradually spreads out and disappears in the 
first decibel or two of line length, after which the effect of varying ground 
conductivity is relatively unimportant in its effect on the input imped-
ance. The height above ground is an important factor in the design of 
ground dissipation lines. 
An example of the possibilities of using two unbalanced 175-ohm dis-

sipation lines to terminate a 350-ohm balanced system is the following: 
The measured values of characteristic impedance and attenuation on a 

• line 300 feet long comprising four parallel copper wires of radius 0.050 
inch spaced 20 inches in a horizontal plane 60 inches over ground with a 
conductivity of about 2 x 10—'3 electromagnetic unit were 

Zo = 175 ohms 

Frequency, Megacycles Attenuation, Deribele 
10 14 

20 16 

:10 21 

4.11. Measurement of Standing Waves on Open-wire Transmission 
Lines 

It is quite sufficient in some eases to determine qualitatively that a 
feeder is terminated approximately correctly. Some sort of indicator, 

FEEDER WIRE WIRE HOOK 

PLASTIC 
LAMP MOUNT 

Fra. 4.61. Miniature-lamp indicator. 

however simple, is needed. Figure 4.61 exemplifies one of the most 
. elementary forms of indicator, consisting of a small incandescent lamp 
which is hung on a feeder wire by means of the hooked conductors. The 
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lamp determines the sensitivity of the device for the amount of power in 
the system under measurement. Its use is principally that of detecting 
the existence of standing waves of large magnitude. The device is slid 
along the wires, and any change in the brilliancy of the lamp in different 
positions along the wire gives the indication of standing waves. When 
its brilliancy is apparently uniform in all positions, the standing-wave 
ratio is fairly small. Expert use of this simple indicator has given indica-
tions of Q as low as 1.25. When a substantial standing wave exists, this 
device is useful in locating the current minimum, and by comparing the 
locations of the current minimums on both sides of a balanced circuit a 
very good indication is provided of the degree of balance. If the mini-
mums on the two sides are displaced, this may be due to unequal con-
ductor lengths on the two sides of the circuit, an unbalance in the load 
itself, or unbalance caused by currents flowing in parallel in both wires 
against ground. 
The same method may be used with a thermocouple milliammeter in 

place of the lamp, provided that the added capacity on one side of the 
circuit does not in itself cause unbalance. A dummy device or another 
similar instrument can be hung on the opposite side to reduce unbalance. 
The limiting parasitic effect then is if the devices have low enough 
capacitance not to constitute an irregularity in the line and therefore a 
source of reflections. The milliammeter will reveal effects not observable 
with the lamp indicator, but its use requires greater care. This device is 
only an indicator because it responds not solely to current in the line but 
also to the potential. It is satisfactory for use for the same rough pur-
poses as the lamp indicator. 
The use of these indicators is the same on unbalanced lines, and the 

measurements may be made on a ground wire or on a high-potential wire. 
Neon and argon lamps are very rough indicators of potential distribu-

tion, so rough in fact as to have relatively small value for determining the 
true condition of a line. 

Indicating devices of the nature of voltmeters bridging a line must be 
used with extreme caution. Unless the impedance of the device is ver 
large with respect to the line impedance at the points of maximum poten-
tial, the voltmeter device itself causes reflections, the magnitude of which 
varies with position on the line. The result is that a plot of the measured 
voltage tends to be abnormal. Voltmeter-type indicating or measuring 
devices are easier to use on low-impedance lines. 
A method of detecting and indicating the magnitude of standing %MI'S 

in an open-wire feeder is that shown in Fig. 4.62. A short section of line 
is placed in the field of the feeder to be studied and parallel to it. This 
secondary line is then terminated in its characteristic impedance at both 
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ends and an ammeter placed in series with and at the middle of each 
terminal resiator.. If the main feeder is correctly terminated in its 
characteristic impedance, there will be a wave traveling in one direction 
only. The coupled line (reflectometer) then has induced in it a wave 
traveling in the same direction; and since it is also terminated, this 
energy will be absorbed in its terminal resistance at one end and there will 

NAIN FEEDER WAVE DIRECTIONS 

DIRECT 
- - — REFLECTED 

Ro Z 

o 

(r) ( IN SERIES AT CENTER 0 
OF RESISTORS ) 

TO LOAD 

WITH BALANCED FEEDER 

MAIN FEEDER DIRECT WAVE  
- TO LOAD 

)) /fftz,m/77 /f/f/77f/rf/ff/w7/7/ 7,,,,,,77/77/7•77 

REFLECTED WAVE 

WITH UNBALANCED FEEDER 

Pto. 4.82. Standing-wave indicators. 

not be any reflection. This causes the current at the far end of the 
secondai-y line to register on the ammeter there. The near-end ammeter 
will show zero current. 
When there are standing waves on the main feeder, there are traveling 

waves passing in both directions. The one traveling toward the load 
will actuate the far-end ammeter in the secondary line as before. The 
wave traveling from the load toward the generator will act in the same 
manner to actuate the near-end ammeter in the secondary line. The 
ratio of the two currents at the terminals of the secondary gives a direct 
measure of the ratio of the magnitudes of the forward and backward 
waves in the main feeder, which is a measure of the standing-wave ratio. 
This method does not provide any information concerning the locations 
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of the maximums and minimums on the main feeder, but it is very useful 
as a permanently installed device to indicate the existence and magnitude 
of standing waves during station operation. The ammeters can be 
remote-reading and located in a convenient place to be observed. Like 
all standing-wave detectors, it may also be calibrated to read power 
directly as a wattmeter. 

This principle is applicable to both balanced (Fig. 4.62.4) and unbal-
anced feeders (Fig. 4.628). In order not to intrbduce irregularities upon 
the main circuit, the coupling of the secondary line should be small and 
sensitive current-measuring instruments used. 

CROSS-SECTION 
VIEW 
• • 

• • 

• • 

\ 6-WIRE UNBALANCED 
LINE 

ZR4IIEFLECTORIETERI NUIECTOIAETER UNE NETWORK WIRE PAATCHNG 

ANTENNA 

IR.E. FOR REFLECTCAIETER 
LINE 

FIG. 4.63. Simplified reflertnuseter used with unbalanced open-wire line. 

When this device is used only for indicating the presence or absence of 
standing waves in the main feeder, only one ammeter need be used- -the 
one on the generator end of the secondary line. This ammeter will 
register current only when there is a standing wave. It is possible to 
precalibrate this one ammeter in terms of standing-wave ratio, using the 
second ammeter in the load end during the calibration and then removing 
it. 

This standing-wave indicator can be placed anywhere in the system 
but will usually be wanted near the transmitter, where it can he easily 
observed by the operating personnel. 

This method of measuring or indicating standing waves is especially 
valuable where a feeder must be matched but where there are nu measur-
ing instruments available except a thermogalvanometer or a therm-
milliammeter. A coupled line is constructed, it.s characteristic imped-
ance is calculated, and it is terminated in resistances at. each end equal to 
the characteristic impedance of the reflertometer line. When this is 
done with unbalanced feeders, as in Fig. 4.62R, care must be taken to 
include the resistance of the ground terminal in the matching resistances. 

Since the load-end termination of the reflectometer is most critical, it ran 
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ous condition. The adjusting proc-
ess is continued until the instrument MR FOR ADJUSTING 

SIZE OF PICK-UP LOOP 
rends zero. This is one of the sim- _ _ _ FOR SENSITIVITY 

ADJUSTMENT 
plest methods that can be used con- 

standing-wave patterns .the measur- MATERIAL 
THERMOCOUPLE WHICH RIDES 

ing device should be so designed as ON TIE WIRES MILLIAMMETER 
to be responsive solely to the current Fro. 4.64. Standing-wave indicator for 
in the line or to the potential, but balanced open-wire linee. 
not both. Figure 4.64 shows a com-
mon form of sliding thermocouple-milliammeter circuit that is responsive 
wholly to the magnetic field of the line and therefore accurately indicates 
the current distribution without introducing additional reflections in the 
balanced line. The sensitivity of he device is adjustable by adjusting 
the length of the pickup loop by means of the short-circuiting bar. The 
device must be symmetrically located between the two sides of the circuit 
and can be in the form of a frame of insulating material that has grooves 
spaced so that it slides along the wires, always reaining.its exact location 
between the sides of the feeder. There is no response in this type of 
device to currents that may be flowing in parallel on the two sides of the 
circuit. In some instances, the milliammeter loop may be tuned with a 
series condenser in the middle of the short-circuiting bar. 

Figure 4.65 is a current-indicating device that is responsive only to the 
currents on one side of a balanced circuit and is therefore one of the most 
versatile instruments for open-wire transmission-line measurements. 
When calibrated against a known current flowing in a straight wire, it can 
provide absolute measurements of the current in a wire with adequate 
accuracy for practical field use. It should be constructed on a framework 
.of insulating material which can be set on a wire with constant coupling 
to the field of the wire and of the sort that has a long handle to facilitate 
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uf the maximums and minimums on the main feeder, but it is very useful 
as a permanently installed device to indicate the existence and magnitude 
of standing waves during station operation. The ammeters can be 
remote-reading and located in a convenient place to be observed. Like 
all standing-wave detectors, it may also be calibrated to read power 
directly as a wattmeter. 

This principle is applicable to both balanced (Fig. 4.62A) and unbal-
anced feeders (Fig. 4.62B). In order not to intrixluce irregularities upon 
the main circuit, the coupling of the secondary line should be small and 
sensitive current-measuring instruments used. 

CROSS-SECTION 
VIEW 
• • 

• • 

• • 

\ 6 WIRE UNBALANCED 
LINE 

AN TENNA 

1444, FOR REFLECTCNETER 
LINE 

Flo. 4.63. Siniplified reflecturneter used with unbalanced open-wire line. 

When this device is used only for indicating the presence or absence of 
standing waves in the main feeder, only one ammeter need be used—the 
one on the generator end of the secondary line. This ammeter will 
register current only when there is a standing wave. It is possible to 
precalibrate this one ammeter in terms of standing-wave ratio, using the 

second ammeter in the load end during the calibration and then removing 
it. 

This standing-wave indicator can be placed anywhere in the system 
hut will usually be wanted near the transmitter, where it can be easily 
observed by the operating personnel. 

This method of measuring or indicating standing waves is especially 
valuable where a feeder must be matched but where there are no measur-
ing instruments available except a thermogalvanometer or a thermo-
milliammeter. A coupled line is constructed, its characteristic imped-
ance is calculated, and it is terminated in resistances at each end equal to 
the characteristic impedance of the rellectometer line. When this is 
done with unbalanced feeders, as in Fig. 4.62B, care must be taken to 
include the resistance of the ground terminal in the matching resistances. 
Since the load-end termination of the reflectometer is most critical, it can 
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be connected as shown in Fig. 4.63, where the actual ground resistance is 
not involved at that end and a known resistance can be used. With the 
indicating instrument in the transmitter end of the refiectometer line, 
terminal adjustments may be made. It is possible to determine the cor-
rect adjustment of the matching network when the antenna impedance 
and the line impedance are unknowns. The use of the ammeter in this 
way is much more convenient than using it as a means for exploring the 
standing waves on the feeder and adjusting for eventual uniform current 
distribution. The reflectometer-line method provides an immediate 
indication of standing waves and 

TL 
the magnitude relative to a previ-

veniently for accurate matching. 
For accurate measurements of .4—FRAME INSULATING OF 

()us condition. The adjusting proc-
ess is continued until the instrument BAR FOR ADJUSTING 

SIZE OF PICK-UP LOOP 
reads zero. This is one of the sim- FOR SENSITIVITY 

pleat methods that can be used con- 71 ADJUSTMENT 

standing-wave patterns the measur- MATERIAL 

ing device should be so designed as THERMOCOUPLE ON TFE WIRES 
WHICH RIDES 

MILLIA1AMETER 
to be responsive solely to the current Fin. 4.84. Standing-wave indicator for 
in the line or to the potential, but balanced open-wire lines. 
not both. Figure 4.64 shows a com-
mon form of sliding thermocouple-milliammeter circuit that is responsive 
wholly to the magnetic field of the line and therefore accurately indicates 
the current distribution without introducing additional reflections in the 
balanced line. The sensitivity of the device is adjustable by adjusting 

the length of the pickup loop by means of the short-circuiting bar. The 
device must be symmetrically located between the two sides of the circuit 
and can be in the form of a frame of insulating material that has grooves 

spaced so that it slides along the wires, always retaining.its exact location 
between the sides of the feeder. There is no response in this type of 
device to currents that may be flowing in parallel on the two sides of the 
circuit. In some instances, the milliammeter loop may be tuned with a 
series condenser in the middle of the short-circuiting bar. 

Figure 4.65 is a current-indicating device that is responsive only to the 
currents on one side of a balanced circuit and is therefore one of the most 
versatile instruments for open-wire transmission-line measurements. 
When calibrated against a known current flowing in a straight wire, it can 
provide absolute measurements of the current in a wire with adequate 
accuracy for practical field use. It should be constructed on a framework 
.of insulating material which can be set on a wire with constant coupling 
to the field of the wire and of the sort that has a long handle to facilitate 
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rapid hanging on a wire and carrying along a line. The current trans-
former must be symmetrical in the two halves, to eliminate response to 
the electric field of the wire, and small enough to represent the field of 
just one wire. With this instrument a complete examination can be 
made of the magnitude and distribution of currents on each wire of a 
feeder system. 

Currents in a feeder can always be measured directly by inserting 
matched ammeters in series with 
the line. When a feeder is exactly 
matched, ammeters at both ends pro-
vide the data necessary to determine 
the attenuation of the line according 
to the relation 

Ammeter connected to re-Flo. 4.65. 

'pond to current in one wire only by 
magnetic coupling. 

/.„ 
Decibels attenuation -= 20 log', - — 

The following sliding-ammeter 
method is useful for measuring cur-
rent distributions in antennas and 
open-wire transmission lines. 
suitable radio-frequency ammeter or 
millia.mm. eter is coupled to the wire 
with a current transformer consist-

ing of a single-turn loop of rigid wire that is in the form of an equilateral 
triangle. One side of the triangle is parallel to the wire to be measured 
and spaced from it a small amount. using an insulated mounting that 
ensures constant spacing for any position along the wire (see Fig. 4.66). 

INSULATING SUPPORT 

COUPLING LOOP 

AmMETER 
(MD TUNING CONDENSER 

IF NEccssmen 
Flo. 4.66. loop-couplet ammeter for individual upen-wire measurements. 

The ammeter is connected at the apex of the triangle opposite the side 
coupled to the wire. This device can then be slid along the wire and the 
relative current distribution observed for all positions. If the sensitivity 
is insufficient, the reactance of the loop can be tuned out with a series 
capacitor. If other parallel wires are nearby, as in a multiwire trans-
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Flo. 4.67. nu. 4.68. 

Flo. 4.87. Details of a bayonet-type assembly for six-wire unbalanced feeder (type 
XI) mounted on a square wood pole, as used at a 100-kilowatt low-frequency radio-
telegraph station. (Photograph courtesy of RCA Victor Company, Ltd., Montreal.) 

Flo. 4.68. View of a six-wire unbalanced (type XI) feeder from transmitter building 
to the first radiator of a broadcast directive array. Bayonet-type brackets are used 

with round wood poles. Base of guyed radiator is fitted with oil-filled safety-core 
hase insulator. Antenna-coupling and power-dividing networks are in a weather-
proof metal box mounted on a pole near the antenna. Radio Station CKWS, Kings-

ton, Ontario. 

Fla. 4.69. Flo. 4.70. 
Flo. 4.89. Details of a corner pole in a six-wire unbalanced (type XI) feeder system 
for a directive broadcast array. The two linee are connected through a network that 
divides power between the radiator shown in the photograph and the line to the left 

that feeds a second radiator. Steel channels are used for rrossarms on the wood pile. 
(Photograph courtesy of RCA Victor Company, Ltd., Montreal.) 

Flo. 4.70. Details of an application of a six-wire unbalanced (type XI) feeder, 
showing the use of the side-mounting bracket assembly on a steel pole. Photograph 
shows a branching of the feeder near one coupling house in a directive broadcast 

array. (Photograph courtesy of RCA Victor Company, Ltd., Montreal.) 
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mission line, the coupling loop for the current transformer must be small 
with respect to the wire spacing so that the ammeter responds principally 
to the current in the one wire under observation. The amount of power 
that must be transmitted to obtain readable values depends upon the size 
of the coupling loop, whether or not the loop is tuned, and the sensitivity 
of the ammeter. 

At the very high frequencies, where coaxial feeders are almost uni-
versally used, impedances are measured by the standing-wave method 
with extreme accuracy, using a precision-built slotted section of line with 
the same characteristic impedance as that of the feeder in use, and probing 
the field of this slotted line with a voltmeter-type indicator. When the 
position and ratio of a standing-wave pattern have been measured pre-
cisely and the exact characteristic impedance is known, the impedance 
terminating the line can be quickly read from a circle diagram like that of 
Fig. 4.58. 

4.12. Static Draining of Antenna Feeder Systems 

Induction from lightning and the accumulation of charges from wind-
blown sand, dust, and dry snow cause very «high static potentials to 

accumulate on an aerial system. 
These potentials can rise to a value 
that. may cause eventual flashover, 
with a following power are in the 
case of transmitting. In receiving, 
the system can become excessively 
noisy owing to precipitation static. 

It is therefore necessary to pro-
vide for static drains in designing 
a system. A low-resistance, and 
preferably low-reactance, path from 
antenna to earth will serve as a 
drain circuit, but it must be ar-
ranged to have a minimum influ-

Fin. -1.71. A straight run of six-wire 
ence on the impedances at. the unbalanced (type XI) transmission line 

using the side-mounting bracket assembly working frequency. Drain choke 
on round wood poles. One radiator of a coils are frequently used in low-
directive array with its muffling I se, is and medium-frequency systems 
in the tlistanee. (Photograph courtesy of 

for this purpose and occasionally RCA Vice,. C'ompany, Ltd., Montreal.) 
in high-frequency systems. In 

high- frequency balanced systems, a branch section of line bridging the 
main feeder, short-circuited one-quarter wavelength from the connection 

and grounded at or beyond the short circuit, has very desirable draining 
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characteristics. When a dissipation line is used with a rhombic antenna, 
the end of the dissipation line can be short-circuited and grounded for 

draining purposes. 

4.13. Mechanical Construction of Open-wire Transmission Lines 

An open-wire feeder can be supported in a number of different ways 
according to the nature of the problem, the conditions met at the site, and 

Flo. 4.72. Details for a 5;x-wire unbalanceil feeder, showing two right-angle turns 

to enter the antenna-tuning cabin. Cast aluminum brackets are used for maintaining 

the line ( ronn section and are designed to attach to the side of a pole. The line is 
routed into and out of the cabin to divide power for the first radiator of a directive 

broadcast array and to transmit the remainder on to the other radiators. Radiator 
tuning and power-dividing and phasing networks are housed in the cabin at this 
5-kilowatt broadcast station in Canada. Note building entrance details and typical 

pole hardware. (Photograph courtesy of RCA Victor Company, Ltd., )l!ontreal.) 

the kinds of material available. The simplest method is to use single 
poles of natural round wood or sawed square pules. The size will depend 
upon the number of wires to be supported and the storm conditions to be 
endured. The height is determined almost entirely by the clearance 
desired for men on fout, for horses and cattle, or in some for men on horse-

back. Some station plots are very large, and the land can be used for 
agricultural purposes while serving its primary radio-station purpose. 
When the area is so used, the wires of the transmission lines should be at a 
safe height. 
Crossarms and fabricated steel brackets may be used for the proper 
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location of the wires, which may be supported on pin or post insulators or 
suspended on strain insulators. One or more lines may often be sup-
ported on the same pole. When several circuits are to be run on the same 
supports, two or more, poles may be set with a cross frame for supporting 
the wires. There are regions where wood is scarce or where it dereriorates 
too rapidly; then poles of tubular steel, structural steel, or concrete are 
more economical in the long run. Poles and frames may require guying 

Fia. 4.73. Details of a corner pole for a feeder uf the six-wire unbalanced type built 
on untreated wood pole with steel-tingle crossarms. The high-potential pair of wire> 
is insulated by means of double-egg porrelain insulators with steel yokes. Spacers 
are used between the two inner wires to maintain uniform spacing. (Photograph 
courtesy of RCA Victor Company, Lid., Montreal.) 

to resist displaeement due to horizontal loading of the wires. The load-
ings should be preetdeulated, taking into account the weight, number and 
tension uf the wires under the most extreme conditions of wind and ice to 
be encountered at the site, stresses at corners and bends in the line, and 
the soil resistance (mechanical) for the size and depth at which the pules 
are set, into the soil or rock. The design of the crossarm structures must 
also be based on these considerations. 
The spans between poles may vary between 25 and 150 feet, and the 

permissible sags may also vary. Allowance must be made for wind and 
ice loading and displacement for the range of temperatures of the 
wires through the year. In some eases it may be desirable to use turn-
buckles for adjusting line tension from time to time or to eliminate 

stretching with age or to employ counterweighting to maintain a constant 
tension automatically. 
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Certain wire configurations may be susceptible to vibration at certain 
wind velocities. When this happens. it is desirable to vary the distances 
of successive spans so that they have different natural periods of vibra-
tion. When all the wires of a system are equally stressed, they swing 
together and maintain mutually normal positions. When small wire 

spacings are used, wires that are in parallel at the same potential may 
require the use of metallic spacers and, when of different potentials, 

Fin. 4.74. Tile-covered coaxial feeder for 50-kilowatt medium-frequency amplitude-
modulation broadcast station WNBC, Port Washington, New York. The station 
building is in the background. (Photograph courtesy of National Broadcasting 

Company.) 

spacers of insulating material. It is more economical to use long spans 
with rather light wire tensions, and spacers where necessary, than to 
employ short spans with heavy tensions for the wires. 

Pole-line construction is an old art, and there are numerous handbooks 
available giving detailed information from power-line and telephone 
practices. There is also a wealth of standardized assembly hardware 
commercially available, and the designer should have at hand several 
suppliers' catalogues. Radio insulation is much different from that used 
for power and telephone transmission, and special catalogues for radio 
insulators are also available. The engineer thus has a wide choice of the 

details of construction and assembly. 
The various photographs included in this chapter are intended as 
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location of the wires, which may be supported on pin or post insulators or 
suspended on strain insulators. One or more lines may often be sup-
ported oil the same pole. When several circuits are to be run on the same 
supports, two or more poles may be set with a cross frame for supporting 
the wires. There are regions where wood is scarce or where it deteriorates 
too rapidly; then poles of tubular steel, structural steel, or concrete are 

more economical in the long run. Poles and frames may require guying 

Fm. 4.73. Details of a renier pule fur a feeder uf the six-wire unbalanced type built 
on untreated wood pole with steel-angle erosearms. The high-potential pair of wires 
is insulated by means of double-egg poreelain insulators with steel yokes. Sparer: 
are used between the two inner wires to maintain uniform spacing. (Photograph 
courtesy of RCA Victor Company, Ltd., Montreal.) 

to resist displacement due to horizontal loading of the wires. The load-
ings should be precaleulated, taking into account the weight, number and 
tension of the wires under the most extreme conditions of wind and ice to 

be encountered at the site, stresses at corners and bends in the line, and 
the soil resistance ( mechanical) for the size and.depth at which the poles 
are set into the soil or rock. The design of the crossarm structures must 
also be based on these considerations. 
The spans between poles may vary between 25 and 150 feet, and the 

permissible sags may also vary. Allowance must be made for wind and 
ice loading and displacement for the range of temperatures of the 
wires through the year. In some cases it may be desirable to use turn-

buckles for adjusting line tension from time to time or to eliminate 
stretching with age or to employ counterweighting to maintain a constant 
tension automatically. 
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Certain wire configurations may be susceptible to vibration at certain 
wind velocities. When this happens, it is desirable to vary the distances 
of successive spans so that they have different natural periods of vibra-
tion. When all the wires of a system are equally stressed, they swing 
together and maintain mutually normal positions. When small wire 
spacings are used, wires that are in parallel at the same potential may 
require the use of metallic spacers and, when of different potentials, 

FIG. 4.74. Tile-covered coaxial feeder for 50-kilowatt medium-frequency amplitude-
modulation broadcast station WN BC, Port Washington, New York. The station 
budding is in the background. (Photograph courtesy of National Broadcasting 
Company.) 

spacers of insulating material. It is more economical to use long spans 
with rather light wire tensions, and spacers where necessary, than to 
employ short spans with heavy tensions for the wires. 

Pole-line construction is an old art, and there are numerous handbooks 
available giving detailed information from power-line and telephone 

practices. There is also a wealth of standardized assembly hardware 
commercially available, and the designer should have at hand several 
suppliers' catalogues. Radio insulation is much different from that used 
for power and telephone transmission, and special catalogues for radio 
insulators are also available. The engineer thus has a wide choice of the 
details of construction and assembly. 
The various photographs included in this chapter are intended as 
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examples of what has been done and to serve as suggestions for new 
installations. They represent a wide variety of individual ideas; yet they 
are few in comparison with the number of satisfactory methods that one 
may use. Initial cost will play a prominent role in the detailing of the 
construction, though the minimum cost will be determined by the amount 
of power to be transmitted, the frequency, the layout of the station plot 
in so far as it affects the length of the line. the proximity of the lines to 

Fla. 4.75. View of a 10-inch coaxial feeder built for Station WJZ in 1937 and designed 

for 2,000-kilowatt peak power transmission. The feeder is straight and is fret to 
expand and contract with temperature changes. The flanges on the feeder mark the 
length of each section and the location of the insulator supports for the inner con-
ductor. (Photograph courtesy of National Broadcasting Company.) 

various antennas, the climatic conditions, and the designer's choice of 
factors of safety. 

1.13.1. Supports. The majority of radio applications in the tem-
perate zones use wood poles for supports because of their availability and 
relatively low cost, ease of working, and satisfactory durability and 
strength. Cedar and chestnut poles give long life without protective 
treatment, and termite damage is relatively infrequent. Other natural 
round poles may be of many kinds that are locally available. Square-
sawed timbers from 5 up to 8 inches square are often used and of course 
have a neater appearance. The part set in the ground can be dipped in 
creosote for rot protection and the aerial part of the pole painted. Some-
times the entire pole is creosote-dipped. The pole can be set directly in 
the ground or in concrete. 
A line of poles should be surveyed with a transit and set in a neat line. 
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Where there are differences in grade level, the pole heights may be varied 
to keep the line straight in a vertical plane if beat appearance is desired. 
Otherwise the line level can follow the grade with constant wire height 

above the ground. 
A small change in the direction of the line may be made at a suspension-

type pole where the suspension insulators hang at an angle, but when the 

4.78. Details of a coaxial feeder, as built for Station WJZ, designed for a trans-
mission capacity of 2,000 kilowatts. The conical porcelain insulator supporting the 
inner conductor at. each 20-foot section joint is assembled to the flange on the outer 
pipe before the next section is bolted on. A flux-grading flange for the ends of the 

feeder in shown at right. The line was designed for full rating without pressurizing. 
(Photograph courtesy of National Broadcasting Company.) 

direction of the line changes more than 45 degrees, the corner pole should 
be of the strain type and guyed on the outside to withstand the side stress 
of the bend. Where a sharp bend is wanted, it is best to make the bend 
over a distance of two or three spans if there is space enough and there is 
no interference with other lines or structures. An example is shown in 

Fig. 4.22. 
The recommended depths of setting for poles are shown in Table 4.4. 

TABLE 4.4. TYPICAL Derrus FOR Serrimi RADIO-FREQUENCY TRANAMISSION•LINE 

Poi.as 

l'oie length, feet 

10-18 
20 22 
25 
30 

35-50 

Depth of setting in 1 Depth of setting 
firm ground, feet in rock, feet 

3 

4 3 
5 3 
5'4 3 
6 r 4 
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Guy anchors in soil should be set at the same depth. In rock, a guy 
anchor can be set in a drilled hole with molten lead retaining an eyebolt. 

4.13.2. Wire Stringing. The tensile strengths of hard-drawn copper 
and copper-clad steel wires are given in many handbooks and commercial 

Fin. 4.77. Arrangement of pressurized coaxial feeders from the transmitter building 
to six radiators of the direetive-antenna system for Station KTBS. (Photograph 
courtesy of W. M. Willy.) 

catalogues. The relations between span, sag (or dip), wire size, and 
tension are given in the following equation, 

WV 
S = 

87' 

in which S is the sag in feet, W the weight of the wire in the span, L the 
span length in feet, and T the tension in pounds. 
The stringing of the wires must take into account the temperature at 

the time of stringing and also the minimum temperature to which the 
system will be exposed. In a system that is not counterweighted to 
retain a constant tension, the contraction of the wire at minimum tem-
perature, together with wind and ice loadings, must not stress the wire 
beyond the ratio of its ultimate breaking strength and the designer's 
factor of safety. The weight of ice and the effective weight of the wind 
loadings are added to W in the above equation, and the maximum 
expected displacement is computed for this extreme condition. A factor 
of safety of from 2 to 3 is usually adequate for this purpose. In stringing 
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the wire in calm weather at some higher temperature, the extreme condi-
tion can be approximately simulated by dividing the total calculated 
weight of ice and wind load into four. equal static loads and attaching 
them to the wire at points of approximately equal distance between the 
two poles of a span. The sag is adjusted then to be about 10 per cent more 
than that computed for the extreme condition to allow for the effect of 
contraction. Sag can be measured with a transit. Another way is to 

Itieltletfere 
RR** Ellie 

Fin. 4.78. Details showing pressure gages fur the dehydrated-air-distribution system 
for the coaxial feeders of Fig. .4.77 at Station KTBS. (Photograph courtesy of W. M. 

compute the sag as before for the extreme condition and then string the 
unloaded wire for this same sag. The tension of the wire loaded only by 
its own weight can then be calculated from the same equation. This 
tension can then be measured with a dynamometer during stringing or by 
timing the natural period of vibration of the wire and applying the follow-

ing equation, 

T = 1.00 )2i; 

in which T is the tension in pounds as derived from the previous equation 
and is the time in seconds for N complete fundamental vibrations of the 

whole span. 
This measurement is made as follows: Snap the wire at its mid-point by 

pulling it to one side and releasing it. At the moment of release a stop 
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watch is started, and the number of complete swings of the wire are 
counted (say 10 vibrations), at which moment the watch is stopped. 
Applying this information to the foregoing equation gives its tension. 
Most wires when stressed appreciably will stretch slightly. This 

stretch is a partial allowance for contraction at lower temperatures. 

Flo. 4.79. Fla. 4.80. 
Fia. 4.79. Two-wire balanced feeders, using the crossarm suspension type of con-
struction. 

Fia. 4.80. Double-vertical bend at the mid-point of a two-wire balanced dissipation 
line where the direction of the line is reversed. (Photograph murkily of Royal Canadian 
Navy.) 

Guy wires can be correctly stressed using the same formulas. 
There are three classes of loading used to design pole lines, designated 

as shown in Table 4.5. 

TABLE 4.5. W IRE LOADINOS 

Loading 

Light  

Medium ..... 
Heavy  

1% "id ine'e'llre' Pc"Inds ' Temperature ( minimum), Radius of 
per square feet, on ! 

degrees Fahrenheit ice, inches projected areas 

12 30 
15 

o 

o 

h 

4.13.3. Vibrational Stress of Wires. In wire systems that are tightly 
strung there should be a liberal allowance for the additional stress imposed 
by high-frequency vibration of the wires, over and above the relatively 
static stresses due to wind and ice loadings. The effect of transverse 
vibration, regardless of mode, is to increase the lateral displacement and 
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stretch the wire. The sum of all vibrational and static stresses should, of 
course, never equal the ultimate tensile strength of the wire, even after 
allowing for some degree of weakening with time due to fatigue of the 
metal. 

FIG. 4.81. FIG. 4.82. 
FIG. 4.81. Details for several two-wire balanced lines for medium-power trans-

tri  

Flo. 4.82. Details showing the use of strain insulators and the use of copper splicing 

leevea for terminating wires at the insulators. 
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Flo. 4.83. Rigger working on a pole carrying balanced two-wire feeders for high-
frequency broadcasting. This typifies many applications of this style of construction 
and hardware for broadcasting and communication use. This photograph was taken 
during construction, and the lines are not in final condition. Note the use of copper 
splicing sleeves at insulators, the attachment of guy wires, and crossarm hardware 
details. (Photograph courtesy of National Broadcasting Company.) 



RADIO- FREQUENCY TRANSMISSION LINES 471 

Fie. 4.84. Strain-pole assenibly for eight balanced two-wire feeders, with two 

feeders routed (roui this support to antennae to the right. These feeders are used to 
feed any one of eight antennas from a 50-kilowatt high-frequency broadcast trans-
mitter. Steatite block insulators are attached to eyebolts on the crossarms by 
devises. The feeder wires are formed in eyes to attach to the insulators and are 
closed with pressed-metal retainer& (Photograph courtesy of Radio Nacional, Rio de 

Janeiro and RCA International Division.) 
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Fin. 4.85. Entrance details for eight balanced two-wire feeders as used by a 50-kilo-
watt high-frequency broadcast station in Rio de Janeiro. Pyrex bowl insulators (in 
pairs) serve as entrance insulators. Note the porcelain tubes used na ventilators to 
remove condensed moisture from the space in the wall between the bowl insulators. 
(Photograph courtesy of Radio Nacional, Rio de Janeiro and RCA International Division.; 
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, 

Fm. 4.86. Details showing a terminal pole for two balanced two-wire feedera and the 
manner of maintaining constant tension on the vertical feeders for a beam antenna. 
These methods were used for transmitting 50 kilowatts for high-frequency broadcast 
service. The station building can be seen in left background. (Phi)lograph rourieny 

ce Radio Nacional, Rio de Janeiro and RCA MO-motional Division.) 
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FIG. 4.87. Details showing the method used at t he Minas, California, high-fre-
quency conimunieation station for distributing balanced two-wire feeders to several 
20- to 40-kilowatt radiotelegraph transmitters. (Photograph courtesy of RCA COI». 
municatimu, Inc.) 
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Flo. 4.88. Details showing the guying of a very high wood pole, a strain pole for a 

four-wire aide-connected balanced feeder and the rigging details, a vertical corner, 
and the use of post insulators on the vertical section of the feeder. This is part of a 
beam system for 200-kilowatt high-frequency broadcasting at Dixon, California. 
(Photograph courtesy of National Broadcasting Company.) 
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Flo. -1.89. This photograph slum s e‘ cral inturveing fvaturea. A guyed pipe frame-
work is used instead of a pole to support a four-wire balanced aide-connected feeder 

for high-power short-wave broadcasting in England. Two forma of impedance 
matching are shown: the pinched section of higher characteristic impedance at the 
left, and inductors in series (with center grounded to support frame) and surrounding 

the line insulators as a substitute for an inductive parallel stub line. A guyed steel 

mast for supporting high-frequency dipole arrays is seen in the background. (A 
British Broadcasting Corporation photograph, included here with the permission of the 
Institution of Electrical Engineers.) 
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Fin. 4.90. A method of construction for the four-wire aide-connected balanced 

feeder. (Photograph courtesy of Australian Postmaster-General's Office.) 

4.91. A branching junction in a four-wire side-connected balanced feeder, 
showing structural detailing where the main line divides to go on to two portions of a 

dipole array for slewing purposes. The impedance-matching stub is shown at the 
right, and another is seen in the background associated with another feeder. (Photo-
graph courtesy of A uetralian Postmaater-General's Office.) 
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ittommume. 

Fig/ 4.92. Reverming junction for a dipole-array lied with four-wire aide-connected 
balanced (cede, ehowing quarter-wave etuba and short-circuiting ewitchea. (Ph040-
graph courtesy of Australian Postmaster-General's Office.) 
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Fin. 4.03. Cor.tactor switching system for a 50-kilowatt high-frequency broadcasting 
station at Rio de Janeiro, showing the branching circuits from one transmitter to 
eight two-wire balanced transmission lines feeding separate antennas. The con-
tactors are low-capacitance double-pole double-throw devices designed for radio-
frequency service. Balanced static drain coils, center-grounded, are associated with 
each feeder. (Photograph courtesy of Radio Nacional, Rio de Janeiro and RCA 

International Division.) 
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, 
FP, 1.94. A system of feeder and phasing sections associated with a elewable reversa-
hie dipole array with reflector curtain, for 100-kilou at t Operation in the high-frequency 
hroadeast service of the lirit ish Broadcast irig Corporat ion. The photograph illustrates 

various assembly and rigging details, steel-poet utilization, the use of cages of con-
ductora to maintain uniform characteristic impedances, and the use of four-wire 
balanced side-connected feeders. A portion of the dipole array is seen in the hack-
ground. Switching is accomplished manually, moving the flexible cage section to 
three positions. (Phoiograph by British Broadraaling Corporaiion and reproduced by 
courtesy of Inatitution of Electrical Engineers.) 
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Flo. 4.95. Line construction for supporting several feeders of the four-wire cross-
connected balanced type as used at the Riverhead receiving station for connecting 
diversity high-frequency receiving antennas with the diversity receivers. Note the 
small cross section of each feeder and the large separation between feeders to obtain 
very low line pickup and cross talk. RCA fishbone:antenna arrays are in the back-
ground. (Photograph courtesy of RCA Communications, Inc.) 

FIG. 4.96. Building entrance detail for several two-wire balanced feeders. (Photo-

iraph courtesy of Canadian Broadcasting Corporation.) 
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FIG. 4.97. Fla. 4.98. 
FIG. 4.97. Turning a corner and changing the height of a two-wire balanced feeder 
and maintaining constant wire lengths in each side of the circuit. Shown against a 
background of feeders used at the Canadian Broadcuting Corporation high-power 
high-frequency broadcasting station at Sackville, New Brunswick. (Photograph 
courtesy of Canadian Broadcasting Corporation.) 

no. 4.98. Double-strain pole in a two-wire balanced feeder system. (Photograph 
courtesy of Canadian Broadcasting Corporation.) 
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Fla. 4.99. Corner pole in a two-wire 

balanced feeder system with the feeder 

plane turned so as to make the turn with 
the same length of wire in each side of 
the circuit. (Photograph courtesy of 

Canadian Broadcasting Corporation.) 

Flo. 4.100. A right-angle bend in a 
balanced two-wire feeder, made so 88 to 
maintain constant length in the wires 

on each side of the circuit. (Photograph 

courtesy of Canadian Broadcasting Cor-
poration.) 

FIG. 4.101. Detail of a double-strain 

pole in a balanced two-wire feeder. 

(Photograph courtesy of Canadian Broad-
casting Corporation.) 
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Fie. 4.102. Detail of a parallel-wave drain on a two-wire balanced feeder systetn, 

consisting of a quarter-wave balanced stub across the feeder, the end of which is 

connected to ground with a single conductor one-quarter wavelength long. (Photo-
graph courtesy of Canadian Broadcasting Corporation.) 
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FIG. 4.103. Flo. 4.104. 
Fla. 4.103. Corner pole in a two-wire balanced feeder. (Photograph courtesy of 

Royal Canadian Navy.) 
Fm. 4.104. End pole in a two-wire balanced feeder, where it riBem to the antenna, 

(Photograph courtesy of Royal Canadian Nary.) 

PIG. 4.103. Ceramic insulator cromarm used for two-wire balanced lines. (Photo-

raph rourtety of Wind Turbine Corn pa ny.) 
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Fro. 4.106. Detail showing the feeders for a receiving installation using four-wire 
cross-connected open-wire feeders terminating at a building mid entering through 
coaxial feeders. The wide-hand high-frequency balance to unbalance transformers 
are in the weatherproof black boxes on the building. (Photograph courtesy of Royal 
Canadian Nary.) 

Fla. 4.107. Several feeders uf the three-wire type V ttwo outer s, grounded' 
with 235-ohm impedance for inside connections to directive-antenna tuning and 
phasing equipment. (Photograph courtesy of RCA Victor Company, Ltd., Montreal) 



RADIO-FREQUENCY TRANSMISSION LINES 

BIBLIOGRAPHY 

General Theory and Balanced Lines 

1. Eagledeld, C. C., Characteristic Impedance of Transmission Lines, Wireless 

Ere., 22:222, May, 1944. 
2. Carter, P. S., Charts for Transmission Line Measurements and Computa-

tions, RCA Rev., 3:355, January, 1939. 
3. Rocirenstein, H. O., Conduction of High-frequency (WaistAiry Energy, Proc. 

IRE, 19:1849, October, 1931. 
4. Alford, A., Coupled Networks in Radio-frequency Circuits, Proc. IRE, 

29:55, February, 1941. 
5. Jamieson, FL W., and J. R. lArhinnery, Equivalent Circuits for Discon-

tinuities in Transmission Lines, Proc. IRE, 32:98, February, 1944. 
6. Roder, H., Graphical Methods for Problems Involving Radio-frequency 

Transmission Lines, Prot. IRE, 21:290, February, 1933. 
7. Salzberg, B., Graphs for Transmission Lines; Reference Sheet, Elecironics, 

15:47, January, 1942. 
8. Paine, R. C., Graphical Solution of Voltage and Current Distribution and 

Impedance of Transmission Lines, ¡'roc. IRE, 92:686, November, 1944. 
9. Alford, A., High-frequency Transmission-line Networks, Elec. Commute., 

17:301, January, 1939. 
10. Smith, P. H., Improved Transmission-line Calculator, Electronics, 17:130, 

January, 1944. 
II. Fuchs, Morton, Intereoupled Transmission Lines, Elec. Commun., 21:248, 

1944, 
12. Harris, C. C., Losses in Twisted-pair Transmission I.ines at Radio Frequen-

cies, Proc. IRE, 24:425, March, 1936. 
13. Bloch, A., Lossless Transmission Lines; Analysis by Means of Two Simple 

Diagrams, Wireless Engr., 21:161. April, 1944. 
14. Spangenberg, K., Propagation Constant and Characteristic Impedance of 

Righ-loss Transmission Lines, Efertrosic.s, August, 1942, p. 57. 
IS. Alford, A., and S. Pickles. Radio-frequency High-voltage Phenomena, Trans. 

AIEE, 59:129, March. 1940. 
18. Howe, G. W. D., Reflections from Unmatched Feeder Terminals; Spindle 

Graphical Method, Wireless Env ., 20:215, May, 1943. 
17. Huxley, L. G. H., and W. Jackson, Solution of Tramunission-line Problems 

by Use of the Circle I hagrain of Impedance, J.1EE, 91(part 3): 105, Septem-

ber, 1944. 
18. Chestnut, R. W., H. A. Affel, and R. H. Mills, Transmission Lines, Bell 

System Tech. J., 13:285, August, 1934. 
19. Paine, R. C., Transmission-line Calculator, Electronics, March, 1945, p. 140. 
20. Pierce, J. E., Transmission-line Equation in Terms of Impedance, Bell 

System Tech. J., 22:263, July, 1943. 
71. Streba, E. J., and C. B. Feldman, Transmission Lines fur Short-wave Radio 

Systems, Proc. IRE, 20:1163, July, 1932. 



4188 RADIO ANTENNA ENGINEERING 

22 Colebrook, F. M., Transmission-line Theory in Terme of Propagation Chansc-
teristice and Reflection Coefficients, Wireless Engr., 21:167, April, 1944. 

Tapered Transmission Lines 

23. Christiansen, W. N., An Exponential Transmission Line Employing Straight 
Conductors, Proc. IRE, 36:576, June, 1947. 

24. Burrows, C. R., Exponential Transmission Line, Bell System Tech. J., 17:555. 
October, 1938. 

25. Gent, A. W., and P. J. Wallis, Impedance Matching by Tapered Transmis-
sion Linea, J. ¡BE, 93(part 3a): 559, 1946. 

26. Wheeler, H. A., Transmission Lines with Exponential Taper, Proc. IRE, 
27:65, January, 1939. 

Open-wire Unbalanced Transmission Lines 

27. Duncan, R. D., Characteristic Impedance of Grounded and Ungrounded 
Open-wire Transmission Lines, Communications (N.Y.), June, 1938, p. 10. 

28. Brown, G. H., Characteristics of Overhead Unbalanced Transmission Lines, 
Broadcast News (RCA), May, 1941. 

29. Laport, E. A., Open-wire Radio-frequency Transmission Linea, Proc. /RE, 
31 :271, June, 1943. 

High-frequency Transmission Systems 

30. Chamberlain, A. B., CBS International Broadcast Facilities, Proc. /RE 
30:118, March, 1942. 

31. McLean, F. C., and F. D. Bolt, Design and Use of Radio-frequency Open-wire 
Transmission Lines and Switchgear for Broadcasting, Jour. IEE, 93(3): 191, 
May, 1946. 

32. Wilkinson, E. J., Testing of High-frequency Aerial Systems and Transmission 
Lines, Proc. IRE (Australia), February, 1947. 

33. Hayes, L. W., and B. N. Mcl.arty, The Empire Broadcasting Station at 
Daventry, J. 1EE, 85:321, 1939. 

Concentric (Coaxial) Transmission Lines 

34. Andrew, V. J., Applications of Concentric Transmission Linen, Eledronics, 
March, 1937, p. 40. 

:15. Kenney, N. D., Coaxial Cable Design, Electronics, May, 1945, p. 124. 
36. Whinnery, J. R., H. W. Jamieson, and T. E. Robbins, Coaxial Line Dis-

continuities, Proc. IRE, 32:695, November. 1944. 
:17. Hollingsworth, L. M., Concentric-section Resonant Transmission Line. 

Proc. IRE, 29:356, June, 1941. 
38. Larrick, C. V., and H. H. Race, High-frequency Coaxial Line Calculations, 

Elec. Eng., 61:526, July, 1942. 
39. Epperson, J. B., Installation of Coaxial Transmission Linee, Electronic., 

July-August, 1939. 
40. Duttera, W. S., New Coaxial Transmission Line at WTAM, Eketronics, 

March, 1939, p. 30. 



RADIO-FREQUENCY TRANSMISSION LINES 489 

41. Hansell, C. W., Resonant Lines for Frequency Control, Elec. Eng., 54:852, 

August, 1935. 
42. Hansel!, C. W., and P. S. Carter, Frequency Control by Low Power-factor 

Line Circuits, Proc. IRE, 24:597, April, 1936. 
43. Dietsch, C. G., Terminating Concentric Lines; Theory and Practice of 

Coupling Low-impedance Concentric Transmission Lines to Antennas, 

Electronics, December, 1936, p. 16. 

Special Subjects and Measurements 

44. Frankel, S., Characteristic Impedance of Parallel Wires in Rectangular 
Troughs, Proc. IRE, 30:182, April, 1942. 

45. Brennecke, C. G., Equivalent T and Pi Sections for the Quarter-wavelength 
Line, Proc. IRE, 32:15, January, 1944. 

46. Easton, I. G., Measurements of the Characteristics of Transmission Lines, 
Gen. Radio Experimenter, 18, November-December, 1943. 

47. Harrison, C. W., On the Pickup of Balanced Four-wire Lines, Proc. IRE, 

30:517, November, 1942. 
48. King, R., Coupled Antennas and Transmission Linee, Proc. IRE, 31:626, 

November, 1943. 
49. Labus, J. W., Measurement of Resistance and Impedance at High Fre-

quencies, Proc. IRE, 19:452, March, 1931. 
50. Morton, H. B., and J. W. Whitehead, Two Transmitters on One Aerial, 

Eledronic Eng., 20:157, May, 1948. 
M. Lutkin, F. E., R. H. J. Cary, and G. N. Harding, Wideband Aerials and 

Transmission Lines for 2 to 85 Me/s, J. IEE, 93(11ra): 552, 1946. 
52. Laport, E. A., Simplified Network Synthesis, Broadcast News, January 

May, 1939. 
53. Brown, G. H., Directive Antennas, Proc. IRE, 26:78, January, 1937. 
54. Smith, N. S., High-frequency Broadcasting in Australia, ¡'roc. IRE (Aus-

tralia), October, 1948, p. 4. 
56. Arnold, J. W., and R. C. Taylor, Linearly Tapered Loaded Transmission 

Lines, Proc. IRE, 20:1811, November, 1932. 
56. Bechberger, P. F., and J. W. Arnold, Sinusoidal Currents in Linearly-tapered 

Loaded Transmission Lines, Proc. IRE, 19:304, February, 1931. 
57. Marchand, N., Transmission-line Conversion Transformers; Methods for 

Joining a Balanced Two-wire Line to a Coaxial Line, Electronics, December, 

1944, p. 142. 
58. Fubini, E. G., and P. J. Sutro, A Wideband Transformer from an Unbalanced 

to a Balanced Line, Proc. IRE, 36:1153, October, 1947. 
59. Thornhill, W. T., and E. W. Beasley, Influence of Corona Formation upon 

the Design of High-voltage Apparatus, Marconi Rev., 90:87, July-September, 

1948. 
60. Sarbacher R. I., and W. A. Edson, Hyper and Ullra-high Frequency Engi-

neering, Chaps. 8 and 9, John Wiley tqc Sons, Inc., New York, 1943. 
61. Terman, F. E., Radio E'nginerrs' II arulbook, McGraw-Hill Book Company, 

Inc., New York, 1943. 
82. Harper, A. E., Rhombic Antenna Design, I). Van Nostrand Company, 

Inc., New York, 1941. 



CHAPTER 5 

Graphical Synthesis of 

Impedance-matching Networks 

The design of impedance-matching networks is an important part of 
antenna engineering. One of the quickest and easiest methods for design-
ing impedance-matching networks is the graphical method described in 
this chapter. The accuracy of this method is adequate for engineering-
design purposes, giving slide-rule accuracy with moderate care in drawing. 
At radio frequencies this is usually equal to or better than the accuracy of 
measurements. This type of solution shows at a glance the physical 

principles of operation that most engineers want to know, as well as the 
effects of variations in the circuit elements. The method will be demon-
strated by a series of typical engineering problems. 

There are many ways in which rotating vectors may be employed for 
circuit analysis, but not all lend themselves to circuit synthesis. The 
technique best adapted to synthesis is that where only current and 
potential vectors are used. The results then come out directly in resist-
ance and reactance by using quantitative vector ratios. 
The following are general suggestions for obtaining maximum benefit 

from the graphical method of impedance-matching network synthesis: 
I. Reasonable care with drawing will produce 10-inch slide-rule accu-

racy on by II-inch paper. It is a great convenience to use polar 
coordinate paper for vector calculations, using the printed decimal divi-
sions thereon for scales. Radial vectors and angles are thus directly 
revealed, while nonradial vectors can be measured with dividers and 
referred to the basic scale of the paper. This avoids the use of protractor 
and rule. In using plain paper, the L scale of a slide rule, in combination 
with dividers, provides a handy decimal-dimension base. Diagrams 
should be constructed carefully and with a sharp pencil. 

2. An impedance is represented by the ratio of a potential vector of 
assigned value and a current vector of assigned value, related by some 
phase angle. 

490 
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3. To avoid confusion, the closed arrowhead A should be used for cur 
rent, and the open arrowhead V for potential. 

4. One scale should be used for all potentials and another scale for all 
currents, in any single vector diagram. There need be no relation 
between the scales for potentials and currents, except that the indicated 
vector ratios be correct for the resistances, reactances, or impedances 
involved. 

5. The current and potential vectors representing the load impedance 
should be drawn as the reference vectors and the network worked back-
ward to the input. This gives vector addition throughout for currents 
and potentials. 

6. The triangle method of addition is ordinarily used instead of the 
parallelogram, because it makes a simpler, clearer diagram by conserva-
tion of lines. 

7. Where a network includes two or more stages, each stage is solved 
separately as an individual problem. The stage that includes the ulti-
mate load is solved first. Then its input impedance is used as the 
terminal impedance for the next preceding stage, etc. By this method, 
quite complicated networks can be handled easily. 

8. A rotating vector diagram represents steady-state conditions at a 
single frequency. To analyze the performance of a network at several 
frequencies, a new vector diagram is required for each frequency. 

9. Following generally accepted conventions, advance in time is 
counterclockwise. A potential across an inductive reactance, leads the 
current through the element 90 degrees. When the voltage is lagging 
90 degrees, it is a capacitive reactance. A current in phase with a 
potential is a positive resistance, and a current 180 degrees with respect 
to a potential is a negative resistance. 

5.1. Type I Problem* 

Problem. Design a network which will match a 500 ohms resistance 
load to a 100-ohm source with a phase shift of — 30 degrees through the 
network. 
Procedure. For vector circuit calculations in general, the first step is to 

set up the original problem in vector form, using convenient scales for 
potentials and currents and taking the power derived therefrom into 
consideration. 
Draw a potential vector and a current vector in phase in a reference 

direction representing, according to some convenient scale, the 500-ohm 
load (for example, Vo = 500 volts and /0 = I ampere). According to 

*For an analytical formulation of type I problem, mcc II. Brown, Prof. IRE, 
16:130. 
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this arbitrarily chosen scale for the vectors, the power Wo represented 
would be 500 watts. If the impedance-matching network is to have pure 
reactances, the power input to the network must equal the power repre-
sented in the load. 
The next step is to draw a potential vector and a current vector, in 

phase, according to the same scale of vectors, which will have a ratio 
representing the input resistance, a product which gives a power equal to 
that in the load, and a direction which gives the specified phase shift. 

Since Wo = 500 watts, 

V,. = -V500 X 100 = 224 volts 
and 

1i. = •VW97i-u) = 2.24 amperes 

Figure 5.1 illustrates these first two steps for the problem outlined. 
This figure represents the problem written Tenurially. 

'be 
N.ot 

-3e 

10-10 
5.1 

vo•500 

Fla. 5.2 

R,500 

We now have a choice of a T or a w solution. Let us choose a T network 
first and label all the potentials and currents in the load, network, and 
input in a manner which will satisfy Kirchhoff's laws (see Fig. 5.2). At 
this point we know Vo and /0, V,. and /i., Ro and R,.. We represent the 
network elements as X's because we do not know what is required yet. 
We also know, from elementary alternating-current theory, that 

I,. = lo + I 1 vectorially 
12 = 1.0 I.1 vertorially 
rio = l't vectorially 

Similarly, we know that. for circuit elements which are purely reactive, VI 
is perpendicular to fo, V3 is perpendicular to 1,., and V2 is perpendicular 
to h. These facts give us enough information to complete the vector 
diagram for the entire network. This vector diagram has all the informa-
tion necessary to reveal the nature and magnitude of X1, X2, and Xa. 
There are only three currents in the circuit, and at the outset of the 

problem we already know two of them. The unknown current II can be 
drawn immediately by connecting the tips of lo and l. The direction of 
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is that which, when added to Io, gives a vector SUM /,.. Thus, /1 is 
directed toward I. Its magnitude is determined by its length according 
to the scale for the current vectors. 
The intersection of perpendiculars through Vo and V,„ locates Vo, as 

shown in Fig. 5.3. The directions are found from considering that 
Vo -I- V, = VI vectorially and V. = V, + VO vectorially. From the 

scales for the diagram 

Vo = 500 volts /0 = 1.0 ampere 
V, = 418 volts I, = 1.5 amperes 
V, = 670 volts 1, = 2.24 amperes 

V, ---- 611 volts 
V. = 224 volts 

lin 

X, l'1 
/0 

where VI lags 

Vo 

where Vo lags 

1., 
X, = 

—j418 ohms 411 

/0 by 90 degrees, 

670 
—j448 ohms 

1.5 

II by 90 degrees, and 

611 = j273 ohms 
2.24 

where V, leads f,. by 90 degrees. 
The network becomes that shown in 
Fig. 5.4. 
A check on the accuracy of con-

struction is offered by the angle 
between /1 and V, vectors, which 
should be 90 degrees. 
The problem specified a phase difference between Vo and V,.. A 

different solution results from each different value of phase shift through 
the network. If phase shift is immaterial, we can find a solution where 
Xt 0 and the circuit is simplified to two reactive elements. This is 
the case where V, passes through Vo and V, vanishes; also V, Vo. 
The phase shift çb becomes cos-' ( 17,./170). For values of eti greater than 
the value where Xi = 0, the sign of X, changes from —j to -Fj.• When 

• When this circuit is used as a tank circuit for a radio-frequency amplifier, its 
cnergy-etorage ratio Q increases with increasing phase difference between the load 
current and the input current. This ratio approaches infinity as phase difference 
approaches 180 degrees, a physically unrealizable limit. Most practical tank circuith 
will lie between phase-shift angles of 120 and 165 degrees. (See Fig. 4.33.) 

5.3 
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• is positive instead of negative, the signs of all the elements reverse 
likewise. 
Taking now the T-network solution for the same problem, the circuit 

becomes that shown in Fig. 5.5. In this case, we know Vo, Io, V,o, 1,.. 
and 0. We also know X1, X:, and X3 to be pure reactances. Therefore 

X3. j273 XI. - 1418 

R.•500 

tin 

R1,-,•100 

F O. 5.4 Fm. 5.5 

N0•500 

II must be perpendicular to Vo, lo must be perpendicular to VI, and 11 
must be perpendicular to Vio. Since we know Vo and V,,„ we can draw 

immediately, as shown in Fig. 5.6. From the scales of the diagram 

12 

Vo = 500 volts 
VI = 325 volts 
V,. = 224 volts 

Fin. 5.6 

lo = 1.0 amperes 
/I = 2.76 amperes 
/3 = 2.95 amperes 
/3 = 1.9 amperes 
/,„ = 2.24 amperes 

X, =  1. = ,T76 = —j181 ohms 
I., 323 

= -1; = = jI 10 ohms 

I. 224 
X3 = = — = jI 18 ohms 

The network becomes that shown in 
Fig. 5.7. 

If the value of 41, is immaterial, 
there is a value at which /3 =O and 

0.-30* X* = oo. This particular solution 
simplifies the circuit to two reactive 
elements. For values of 0* greater 

90' to than this particular value, the sign of 
X3 reverses. Study of the vector 
diagram enables one, by inspection, to 

foresee the influence of variations in the network for a given impedanre 
transformation and to select a design for maximum circuit economy or 
energy economy. 
To demonstrate the solution for the t wo-element circuit to obtain this 
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transformation, we set up input and output vectors but do not specify a 
phase shift. Instead we allow the input vectors to assume a position 
which, in the T case, causes V3 to pass directly through Vo and, in the e 
case, causes /1 to pass through J. xei no 
For example in the r case we draw 
the loci of V. and I,. for variable 0, 

%ow 
as shown in Fig. 5.8. Then we erect R0•500 

11 perpendicular to Vo through /o. 
Where this cuts the locus of 
locates the vector /,.. 

In the ease of the T, X1 becomes O. and in the case of the r, X3 becomes 

. Thus, the T and w solutions merge into a common solution at this 

' 
LOCUS OF I,, FOR l• 

VARIABLE • 

LOCUS OF V., FOR ,90. 
YRRIABLE • •"'-

Me 

90. 

Fm. 5.8 

Fin. 5.7 

Flo. 5.9 

R. •500 

value of • where two reactive elements suffiee to solve the problem. as 
shown in Fig. 5.9. 

Where • is larger, for the T MSC, the diagram becomes that shown in 

VI 

'In 

x •Jv-3 
I in 

Vie R1. 100 

I. 

Flo. 5.10 

X • Jlo 

Flo. 5.11 

Fig. 5.10. The circuit becomes that shown in Fig. 5.11. Complete 
curves of reactances for both e and T networks for this transformation as 
a function of are reproduced in Figs. 5.12 and 5.13 to show the nature 

of the variations. 
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Any impedance-matching problem can be reduced to a type I problem 
by correcting the power factor of the load or of the generator, when they 
are other than resistive. This can always be done in either of two ways— 
by adding series reactance or by adding parallel reactance. The choice 
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3 
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-4--J 
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x, xe X3 
_ 

10*  

30 

-J1636 

-J418 
-J1359 
-J450 

- J7503 
+J273 

II 45' -J178 -J314 +J213 
GO' -J27 -J260 +J210 

II 
- 

1 

75' +J95 - J234 4-J205 
90'  +J224 -J224 
120* *J547 -J257 

+J224 
4-J315 

150' 1-J1284 -J437 +J608 
180* c0 03 43 

1AT 63.5' x,PASSES THROUGm 0 
r t 1-

,,  

1e 20. 3e 40 50. 6e 70. 80. 90. 100.110. 
NEGATIVE PHASE ANGLE 0 

FIG. 5.12 

depends upon the relative physical convenience of the ohmic values 
obtained, whether the desired phase difference is between the currents or 
the potentials, and the cost or convenience of obtaining the proper reac-
tive components. If a T network is to be used, series power-factor correc-
tion of the load impedance or the generator impedance has the advantage 
that the power-factor-correcting reactors can be combined in value with 
those found to be necessary from the design synthesis, so that fewer coin-
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ponente are ultimately required—three instead of four or five. In the 
same sense, if a r network is chosen, the parallel method of power-factor 
correction permits the use of three reactive components instead of four or 
five by combining the power-factor-correcting reactances with those 
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Flo. 5.13 

derived from the network synthesis. This is virtually what is done in 

the type II problems. 
In general, it is always wise to employ network designs requiring the 

least possible energy storage—that is, the least number of total volt-
amperes in all the reactive components. This not only economizes the 
ratings of the individual components but minimizes the selectivity of the 
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network. This has special importance whenever the band width to be 
transmitted exceeds 1 per cent. 

The various individual reactances for a network can be made up of 
lumped capacitance or inductance; or equivalent values of transmission-
line sections may be used at frequencies where line sections are preferable. 

5.2. Type Il Problem 

Problem. We desire to couple a load circuit having an impedance of 
Zo = 75 — j30 to a circuit which requires a terminating impedance of 
Z,„ = 600 + j150. The transformation, let us say, must be made with a 
phase difference between the load current and the input current of plus 
60 degrees. What is the network design required? 

Procedure. The problem is set up in vector form first, on the basis that 
power input equals power output. 

Let 
/0 = 1.0 ampere 

Vo* = 75 volts 
and 

Vox = —j30 volts 
Vo = 81.3 volts 

Power in load 75 watts 
Power input = 75  watts  

= -V75 X 600 = 222 volts 
V.. x = 0.354 X j150 = 53 volts 

I. = N/7%00 = 0.354 ampere 
= 233 volts 

To solve for the network required 
to make the indicated transforma-
tion, romplete the veetor diagram as 
shown in Fig. 5.14, and obtain there-
from the nature and magnitude of 
the required reactances. There is a 
choice between a lr and T network. 
Let us illustrate by using a T net-

V3 VI 

In 

z„,.600+,50 

Fin. 5.15 

`43al 
Z0•75-130 
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work. Draw the circuit, and label all potentials and currents, as in Fig 

5.15. 

V Oft — 01 
Zo 

10 

  1 ,. 

Draw I., in a direction perpendicular to / 0, starting at Vo, as shown in 
Fig. 5.16. Then draw V: in a 
direction perpendicular to ./,„, 
through V,.. The intersection of 
these perpendiculars locates the 
lengths of VI, V:, and Vs. Draw 
Vs from the origin to the inter-
section. As a check on accuracy, 
measure the angle between II and 
V: —it should be 90 degrees. As 

v,„„ 

Fla. 5.16 

iyi2G3 

Z „ 600 • J60 

FED. 5.17 

before, h is drawn to connect f: and I. From the scales of Fig. 5.15 

V: = 81 volts h LO ampere 
V, = 184 volts / 1 = 0.875 ampere 
V, = 230 volts /,„ = 0.354 ampere 
= 93 volts 

V,. = 233 volts 
V, 184 

X, /0 = 1.0 = —j184 ohms 

V2 230 . 
X: = • • = Ô.875 j263 ohms 

/1  

X .L/-• 93 . = =  o7 = j263 ohms àP 

The network becomes that shown in Fig. 5.17. 
Solving this same problem on the basis of a ir network ( Fig. 5.18), we 

construct Fig. 5.19. Tabulating values from vector scales, we obtain 
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Vo = 81 volts 1: = 1.0 ampere 

If = 159 volts I = 0.72 ampere 
V. = 233 volts 12 = 1.47 amperes 

/3 = 1.50 amperes 
I. = 0.354 ampere 

X1 = V° 81 = —j113 ohms 

X: = V! 159 -Tt = —j108 ohms 

X, V '" 233 = = j155 ohms 

The circuit becomes that of Fig. 5.20. 

Flo. 5.18 

X.,•- j106 

75 

Vic 5.20 

5.2.1. Extreme Case of a Type II Problem 

Problem. Calculate the required elements of a network which will 
make a transformation from 1,500 + j300 (load) to 300 — j400, so that 
the potential across the load is in phase with the input potential. 

Procedure. Vector statement of this problem is, after resolving the 
input and load potentials into their resistive and reactive component$ 
on the basis of equality of power at input and output, shown in Fig. 
3.21 with the scales chosen (for example, 1 inch = LO ampere and 
I inch = 500 volts). 
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V... = N/1,500 X 300 670 volts 

/1. 1'500 =   = 300 2.24 amperes 

V.. = 2.24 X 400 = 893 volts 
V,. = 670 + j893 = 1,118 volts 

This shows V,. in phase with Vo as required, and the relative directions 
of /0 and /... It also is marked to show the potentials and currents pre-

vailing in the load and for the is,.30300 

input to the network. From this 
point, the vector diagram must be 
completed for either a r or a T net- voesoo 
work. We shall demonstrate both \ 

and compare them. 
The block diagram of the T net-

work version for this problem is 
shown in Fig. 5.22. The vector 41/4 i,n« 2 24 

diagram shows that Vo and V,. Fin. 5.21 
are in phase. Vectors hand / 3 must both be perpendicular to the direc-

tion of Vo and V..; thus they can never intersect. A solution with a a. 

network is therefore impossible. 

Fin. 5.23 Fro. 5.22 

The T network provides a solution for the problem as shown in Fig. 

5.23. 
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Vo = 1,530 volts /0 ---- 1.0 ampere 

Vi = 364 volts Ii = 1.62 amperes 
= 1,575 volts = 2.24 amperes 

l'o = 603 volt. 

v.. = 1,118 volts 

_ 364 
TA- - j364 ohms 

1,575 
- j960 ohms 

603 
X, = / = = j270 ohms .„ 2.24  

The network is shown in Fig. 5.24. 
NOTE: If the problem had specified that the load and input currenle be 

x .-j2ro Xi•)364 in phase, then a or solution would be .  
passible and the T solution impossible 

11:)() 5.3. Type Ill Problem 

Problem. What elements are re-
'500 quired for a phase-shifting network 

F 524 which will introduce a phase shift 
m. .  

of — 120 degrees in a circuit having a 
characteristic impedance that is 100 ohms resistive? 

Procedure. Write the problem vectorially as shown in Fig. 5.25 
Because input impedance equals the load impedance, the input is repre-
sented by vectors of the same length as for the load, but with the specified 
phase difference. Then, if we chose a T network ( Fig. 5.26), we erect 

Z •300.J400 

Fr. 5.25 

v,o 
V3 

Fro. 5.26 

R0.100 

perpendiculars through VD and l' ,„ and connect /0 with I,„ as shown in 
Fig. 5.27. From this we obtain the solution shown in Fig. 5.28. 

Had we chosen the solution, the vector diagram would have been as 
shown in Fig. 5.29. 

A reversal of the phase angle in any problem reverses the signs of all the 

elements. For instance, in this problem, if the phase angle had been 
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1-120 degrees, all elements would change from L to C, and vice versa, 

maintaining the same numerical values. 
A phase-shifting network of this type is equivalent to a section of an 

infinite transmission line having a characteristic impedance Ro and an 
electrical length equal to that of the angle of phase shift, which in such 

cases must be negative. This provides a handy device to study certain 
properties of lines, such as the 45 degree and the 90 degree sections which 

1,o 

Vin 

53:J en 

3.28 Fi'.. 5.29 

50.100A 

X —1-
2 112 

100e 

have special properties. For example, how does the input impedance of a 
45 degree section of a transmission line change with variation of the 
terminal resistance from 0 to cc ? Solve for the equivalent single-stage 
network having a characteristic impedance Ro when it is terminated in a 
resistance Ro by assuming it to be a — 45 degree phase-shifting network. 

(We illustrate with the T network.) The vector diagram is shown in 
Fig. 5.30. Thus, taking Ro as unity, we obtain the ratio of all other ele-

ments to Ro. We can then assume any value of terminal resistance and 
ealculate the resulting input impedance. We obtain the circuit of Fig. 

5 31. 
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The limiting conditions are quickly examined by assuming open-circuit 
and short-circuit terminal conditions. For the former, Z. is the sum of 
j0.42 and —j1.42, which is j1.00. For the latter, the solution for Z. 
yields +j1.00. So we easily find that Z0 remains constant in magnitude 
for all conditions of resistance termination but varies in character from 
pure capacitive reactance, through pure resistance to pure inductive 

reactance as the terminal resistance 
varies from co to 0. 

Proceeding in the same manner. 
the 90-degree network is analyzed. 

j0.42 

lo 

Flo. 5.30 

10.42 

F o. 5.31 

LOO 

Its special property of impedance inversion is worthy of digression to see 
why it works as it does. The vector diagram for a — 90-degree T network 
with a characteristic impedance Ro is given in Fig. 5.32. From this we 
find the equivalent circuit elements, in terms of Ro, to be those of Fig. 
5.33. 

All the elements of the network have reactances equal in magnitude to 

Ro. At this point we can test the 
vs 

circuit for open- and short-circuit 
vi terminal conditions and see what 

happens to Z. When R, = Ro. 
Zi. R.. When R, = 0, Xi and 

Va 

1. Vo 
5.32 

in parallel give a condition of anti-

510)1.0 

Fit: 5.33 

L 0 

resonance and Z, = cc. When R, X2 and XX in series tune to 
series resonanee. making Z,. = O. Thus the boundary conditions of 
impedance inversion in a 90-degree network or transmission-line section 
are demonstrated. 
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5.4. Type IV Problem 

Problem. Supply two resistance loads with specified potentials in a 
:pecified phase relationship from a common generator. Load A is 250 
ohms and requires a potential of 800 volts, this potential to lag the 
generator electromotive force by 90 degrees. Load R is 550 ohms, its 

terminal potential must be 

electromotive force by 45 
volts. What networks are 

generator? The problem is 

VB• 1200v t_e_4_Z 

/ 11(e IB•2.113 

Vas 800v I-90° 

TA.3.2 

Vla •1500w 

NETWORK 

A 

VA. 800v L101 

NETWORK 

e 

RA.250-fL 

V •1200vb45! 

le REi.550.11 

Fia. 5.34 

1,200 volts, and it must lead the generator 
degrees. The generator potential is 1,500 
required? What impedance is seen by the 

illustrated in Fig. 5.34. 
Procedure. Set up the known con-

ditions in the form of a vector dia-

gram of potentials and currents, as in 
Fig. 5.35. The problem does not 
specify an input impedance to either 

network A or network B. If we 
choose the simplest possible circuit to 

make the specified potential transfor-

mations, we can use a two-element 
L network for each branch, provided 

V, 

RA 
OR Re 

IA 

Fin. 5.35 Flo. .5.36 

that we are not particular about the power factor of the input imped-
ance. Such a circuit for each branch would be that of Fig. 5.36. 

In the vector form of the problem we lack only the potentials for l' I for 

each network. We know lo. We do not know I but know its direction 
with respect to Vo. We do not know / 2 but know its direction with 

respect to VI. We can draw l' I directly since Vo and V, are specified. 
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Fro. 5.37 

Thus we have enough information to complete the vector diagram of Fig. 

5.37. This diagram reveals the nature and magnitude of each reactive 
element, and we obtain 

VA = 800 volts IA = 3.2 amperes 

VIA -= 1,700 volts Ii. = 1.72 amperes 

Vg = 1,500 volts I4 = 3.6 amperes 
Vol = 1,310 volts Is -= 2.18 amperes 
V9x = 700 volts = 0.28 ampere 

= 1,200 volts h = 2.19 amperes 
1718 = 1,058 volts 1 = 3.9 amperes 

xi, l'A 800 
—3465 ohms 

/I. = 1.72 = 

• VIA _ 1,700 
24 =— 1(3 — j472 ohms LA  

• l'B _ 1,200 
— -0.28- — 4,290 ohms 

X2, V1, 1 058 = , • 
2.1 —j483 ohms I2g 1i 

The input impedance to the two networks in parallel is V,//,, where 

is the vector sum of 124 and /2.. The two series components of the 
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input impedance are 

Zi. = R. -F jX,. 
ii here 

V" 1'310 R,. 336 ohms = —   —3., 

X ,„ = 1-17,'Qx = 7;7c? = j180 ohms 

The entire circuit required to satisfy the problem is shown in Fig. 5.38 

In a similar manner problems 
having a multiplicity of loads fed 
in any specified amplitudes and 
phases of potentials can be solved 
readily. Some examples of what Zrn .336*J180 
can be done in this same simple 
procedure are given herewith. 

The following problem represents 
a special case of potential trans-
formation with two equal loads for 
changing from a single-end generator to a balanced (puA-pull) load. 
Problem. It is desired to feed two 250-ohm loads in push-pull with 500 

volts across each resistance from a single-end generator having a terminal 
potential of 300 volts. What network is required, and what impedance 

is presented to the generator? 

VOS 

OS 

toa 

VA& 

j472 

Via. 5.38 

Fin. 5.39 

Procedure. Set up vectors representing the desired potentials at 180 

degrees for the load, and draw the vector for the generator potential at 
90 degrees to each of the load potentials. Thus we have stated the prob-

lem vectorially, as shown at the left of Fig. 5.39. 
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The choice of the direction of 172, at 90 degrees to the load potentials is 
arbitrary. It could be any angle between the two. The 90-degree 
choice, however, has symmetry which is usually desirable. 

V,4 

SS 
FIG. 5.40 Fu:. 5.41 

On the basis of L networks, we complete the vector diagram to obtain 
the desired information, as in the previous problem. The usual ele-
mentary considerations provide the basis for this procedure, from which 
we get Fig. 5.40 and Fig. 5.41. Tabulating vector lengths, 

VOA = 500 volts 
VIA 585 volts 
V. = 300 volts 
Vos = 500 volts 
Vie = 585 volts 

/04 = 2.0 amperes 
/14 = 3.28 amperes 
/24 = 3.84 amperes 
104 = 2.0 amperes 
/IN = 3.28 amperes 

= 3.84 amperes 
= 6.65 amperes 

V 300 
= = 45 ohms (resistive) 
/9 0.115 

x _ .1704 _ 52 500 
= 1: ( —j) ohms 

— 11A — 3.28 
VIA 585 

X2A = = 3.8.1 = 1.52 ( -1-j) ohms 

= same ITS XIA except sign = 132 ( 4-j) ohms 
Xt0 = same as X1, except sign = 152 ( — j) ohms 

These %•alues yield the circuit shown in Fig. 5.42. 
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5.5. Calculation of Circuit Losses 

nee, the choice of potential and cur-
quired in a network of given perform-

rent values at the beginning of the 
problem is immaterial and deter-

250 

In solving for the reactance re-
z..45 àr 

mined by convenience only. For I 
j152 

definite design applications, how-

ever, it may be best to work the 
problem with potential and current 
values corresponding to the power expected in reality. The values 
derived from the completed vector diagram then not only provide 

the necessary network solution but show the currents and potentials 
existing at all points in the circuit. On this basis, the power loss and 
circuit efficiency can be computed with little effort, provided that the 
dissipation factors (Q's) of the reactive elements are known approxi-
mately. The vector diagrams are worked out on the assumption that the 
reactive elements are lossless. Unless the Q of a reactance is less than 20, 
this is correct enough for drawing the diagrams. Finally, to determine 

the losses which were previously neglected, it is necessary only to calcu-
late the energy in each reactance by multiplying the potential across it by 
the current through it. This reactive energy in volt-amperes, divided by 
the Q of the reactance, gives the power loss in watts for the element. 
With synthesis made easy, many networks can he examined with the 
view of obtaining minimum energy storage and therefore minimum 

cirruit loss. 

x,A•j152 

28 .-J152 

ele -J52 

FIG. 5.42 

5.6. Generalized Case of Impedance Transformation 

Any four-terminal network whose output power is equal to its input 
power must be composed of pure reactances. This was the basis of 
reasoning in all the preceding problem solutions. 

It is of some academic value to look at the case where this power 
equality is not specified. Let us choose a scale of vectors for a given load 
impedance, and make a specified impedance transformation without 
equating input and output powers. This is possible since an impedance 
is merely a ratio of a potential to a current. In the preceding problems, 
we always solved for those particular values which not only gave the cor-
rect ratio but also represented the same power. We need discuss the 
present case only qualitatively to show that, instead of pure reactances, 
the network elements may be complex and that there are an infinite 
number of solutions possible. 
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Let us transform a low value Zo Ro — jX0 to a large value 

Z. = jX,, 

with random phase shift (Fig. 5.43). We start from the load as before 
and set up a vector statement of the 

problem at that point. We do the 
same for the input impedance, in-
cluding phase angle between input 

and output potentials or currents, as 
shown in Fig. 5.44. The original 
problem is written vectorially in 
solid lines. The unknown current is 
/1 (Fig. 5.43), which must connect /0 
with Ii,. We draw this immedi-
ately. But when it comes to deter-
mining Vi and Vo, we find an infinite 

2.• ro t }X. 

Fun. 5.44 

number of choices. Let us select, a point P at random, anywhere in the 
entire plane of the diagram. Completing the diagram through P, we 
obtain 

Z1= --= R jX 
lo 

where l' I leads /0 less than 90 degrees, 

Zo =--- = — R — ji 

where / I leads more than 90 degrees. and 

17 3 
Z3 = = jX 

where Va leads I,„ less than 90 degrees 

5.7. Single-phase to Polyphase Transformations 

To derive a system of balanced three-phase potentials from a constant, 
frequency single-phase generator, all that is required is to consider the 
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original source as one of the phases. The second phase is derived from 
the original source by connecting it to a 1-to-1 phase-shifting network 
with a phase shift of — 120 degrees and terminated by a resistance R. 
The third phase is derived in the same manner by bridging the source with 
a second phase-shifting network with a phase shift of + 120 degrees, with 
a 1-to-1 ratio, and terminated in the same value of resistance R. If the 

1-.--i 000 \--.----• 
X2 

R e-- X, X3=---

1 R• •   

-120* 

V3 

original source has also a resistance R directly across it as the load for the 
first phase (see Fig. 5.45A), the potentials across all three resistors will be 
equal in magnitude and at successive 120-degree angles. As shown, one 
side of each resistor is common, so that the balanced three-phase Y 
arrangement is obtained, as represented in Fig. 5.45C. 
The circuit of Fig. 5.45B is the same as that of Fig. 5.45A after taking 

into account the fact that X4 = Xi. Since both reactances are directly 
in parallel, they mutually become infinite in impedance owing to anti-
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resonance and are eliminated from the real circuit. The other element-i, 
are unchanged in value. 

If a delta three-phase connection be desired, the resistors R can all be 
removed and three other resistors with a value RI can be substituted but 
connected, respectively, between points 1 and 2, 2 and 3, and 3 and 1. 
To maintain correct loadings equivalent to R of the Y arrangement, for 
which the design was derived, R1 = 3R. 

It is evident from the preceding examples that, with networks of this 
type having fixed values for the reactance8, the phase shift will vary with 
any deviations from the value R which terminates each phase. There-
f ore, true balanced three-phase potentials are dependent upon the load 
resistance's for each phase remaining constant at the value for which the 
networks were designed. 

It is apparent that other polyphase relations may be derived by the 
same principle. In fact, any number of vectors at any angle and with 
any magnitude can be developed from the single-phase source by employ-
ing paralleled or cascaded networks of the proper phase shift and trans-
formation ratio, each terminated in some preselected value of resistance, 
according to the desired power division among the loads. 
The design of a feeder system for a multielement directive antenna of 

the type so frequently required for medium-frequency broadcasting sta-
tions is in fact the design of a single-phase to polyphase network, the num-
ber of phases being determined by the number of radiators that are to be 
fed. The relative phases of the currents in the several radiators have to 
be derived from a common single-phase generator, which is usually the 
main feeder, or sometimes the transmitter itself. 

In general, the impedances of the inputs to the several radiators, when 
the system is performing correctly so as to obtain the specified radiation 
pattern, are unequal. Therefore, the power transmitted through each 
phase to its associated radiator is different from that in the others. The 
feeder system as a whole is for that reason an unbalanced polyphase 
circuit, unbalance meaning that the phase relations may be unsym-
metrical and the powers in the several phases unequal. 

It is evident that the excitation for any one phase can be derived from 
any other phase instead of connecting every phase directly across the 
main source. The impedance-matching and the power-dividing net-
works can be distributed along a series of transmission lines running from 
radiator to radiator instead of bringing separate transmission lines from 
each radiator to the transmitter. Both methods are used, the choice 
being one of cost. and convenience. The individual-feeder method may 
often be preferred when switching is required to change the pattern for 
a multielement array, as is often done for day and night operation. 
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Logarithmic- potential Theory 

Logarithmic potentials have been mentioned frequently in the previous 
chapters of this book and have been used to obtain essential design 
information for antennas and transmission lines. The logarithmic-
potential method of calculating various antenna and transmission-line 
parameters is an invaluable tool for the antenna engineer. With it, he 
can calculate quickly, and with sufficient accuracy, problems that would 
otherwise cost him enormous amounts of time and labor. 

All students of electrophysics are familiar with logarithmic-potential 
theory, but as customarily taught it is associated entirely with electro-
static theory. By the straight electrostatic method, the computations 
for engineering usage are unnecessarily complicated. In engineering one 

may take advantage of certain well-known dynamic relationships which, 
at a certain point in the work, lead to valuable direct approaches to the 
desired answers. In the method to be described, • electrostatic principles 
are used only for writing the potential equations due to the charges on a 
system of cylindrical conductors that are parallel to a perfectly conducting 
plane called the " ground" or " image" plane. After the potential equa-
tions have been written and condensed to a compact form, use is made 
immediately of the dynamic concept of the characteristic impedance of a 
transmission line expressed in terms of its capacitance per unit length 
and the velocity of propagation of transverse eleetromagnetic waves in 
the system. From then on, in one step one has found the formula for the 
capacitance per unit length of the system and in the next step the charac-

teristic-impedance formula. 
Another dynamic relationship that is employed directly is that which 

exists between the charge and current. This relationship is as follows: 
The current / flowing in a wire is related to the charge per unit length Q 

on the wire by 
= rQ 

Therefore in any system where v is constant, the current is directly pro-
portional to the charge per unit length. This permits one to interpret 

charge ratios directly as current ratios. 

' Due to Brown, ref. 28, p. 488. 
513 
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The meter-kilogram-second system of unite and common logarithms are 
used, which accounts for the numerical coefficients that appear in all equa-
tions. The charge per unit length Q is in coulombs per meter on each 
conductor, identified by subscript for the conductor of that number and 
by double subscript for its image charge, which is always of the opposite 
sign of the charge on the conductor, ln order to apply to each logarith-
mic term the sign of the real or image charge under consideration, recip-
rocal distances are uaed for all linear distances from the axes of the con-
ductors. This avoids the problem of signs, because the sign of the 
logarithm of a reciprocal of a distance will then always be the same as 
that of the charge from which this distance is measured—otherwise, it 
would always have the opposite sign. Furthermore, we shall take 
advantage of the fact that a transmission line of low loss, which includes 
almost all practical radio-frequency lines, has a characteristic impedance 
Zo =- •VL/C, and since u = i/.'/L?, Zo = 1/ve. The velocity of propa-
gation y for air-dielectric systems has the value 3 X 10' meters per 
second. The capacitance per unit length is defined in the usual way 
us the charge per unit length divided by the potential difference, 

The symbols used will have the following meanings: 

Q = root-mean-square charge, coulombs per meter 
X = constant derived from an indefinite integral 
VI = root-mean-square potential, volts (with respect to 

ground), on conductor 1, etc. 
k = charge ratio less than unity 
K = charge ratio greater than unity 
Zo = characteristic impedance, ohms 
C' = capacitance, farads per meter 
= propagation velocity, meters per seeond 

p = radius of the conductor in the same units as the other 
cross-section dimensions 

a, b, c, etc. = center-to-center spacings between various conductors 
h = height, or in some cases mean height, of the conductor(s) 

above the image plane 
rs, rt, ra, etc. = distances from the conductors, I, 2, 3, etc., to a point in 

space 

r11, r22, etc. -= distances from images of conductors 1, 2, etc., to a point 
in space 

All cross-sectional dimensions must be in the same units (inches or 
centimeters), and the ground is assumed to be perfectly conducting. 
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6.1. One Wire obove Ground 

The simplest case to study is that of a single elevated wire parallel to 
ground (Fig. 6.1). The potential on 
the wire, in terme of its charge per 
meter, is written 

= (138vQ logio 1-,1) + x 

The induced potential on the wire 
due to its image is 

1 
= — {(138vQ logo x 

The total potential on the wire is 
the sum of these direct and induced 
potentials. 

WIRE 
RADIUS p 

7 P 

1 2h 
V = 13884) -p) + x — (logio F7) — xl 138vQ 'Ogg° —p 

In taking the ratio the unknown integration constant a- is eliminated. 
The reciprocal capacitance is 

1 V 2h 
= = 138v log10 --p 

The characteristic impedance for this wire is 

2h 
Zo = —1 = 138 log10 — 

vC 

In this way the circuital characteristics of the wire system are derived 
directly from the cross-sectional dimensions of the system, and from now 
on it can be handled as a typical circuit element. We understand the 
characteristic impedance to apply to a circuit which is a wire of infinite 
length in which charges are propagated only in one direction. If reflec-
tions exist on the system, the impedance of the wire as a circuit can then 
be treated by transmission-line theory and derived from its value Zo. 
There are many applications where it is necessary to find the potentials 

in space in the region of a transmission line, and we may wish to. locate 
the equipotential lines. The electric lines of forre are everywhere normal 
to these equipotential lines. From such calculations the potential gradi-

ents can be computed. 
For this single-wire line, the potential at a point P in space in the region 
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of the wire is obtained exactly as before, except that the point at which 
the potential is calculated, which previously was on the surface of the 
wire, is now some distance from it. The equations are then written 

Vpi = 138cQ log in -1  
r, 

V, -- - ( 138v9 log,,, + 

VP = v,,,, + f, = 1381..Q logio nr 
Then 

ru 
logio — 1'   r,  

V , 2h 
log, o -  

From this equation the equipotential lines can he completely located and 
potential gradients found. 

In the following developments the same general philosophy applies so 
that at the outset we can omit the integration 
constant x in writing the potential equations since 
it will always fall out when we arrive at the point 
of taking the ratios in which we are primarily 
interested and from which all the essential infor-
mation is derived. 

Another application of basic simplicity is the 
derivation of the characteristic impedance, the 

FIG. 6.2 capacitance per unit length, and the field distribu-
tion for a concentric line (Fig. 6.2). 

In this case the potential on the inner conductor due to its own charge 
is, after omitting the integration constant x, 

V, = 138,9 logm -1 

These charges set up a potential at the inside surface of the outer con-
duct« which is 

• 
V, = 138:•Q log, o 1 

The image charges on the inner surface of the outer conductor set up 
field which will reduce the total potential on its surface to zero. This is 
the same as equating 1.R to zero. After this step, we proceed as before 



LOGARITHMIC- POTENTIAL THEORY 517 

and obtain 

V, - V, = 138t9 logo 

VI, = 

V, = 138rQ logio -R 

V 
= = 138u logo -p 

z° = 1 = 138 logo - 
P 

At a point P in the dielectric space between conductors, the potential will 
be the same as if the radius of the inner conductor were increased to the 
value ri, the distance of the point P from the axis. Therefore we can 

substitute V, for V, and write 

V, = 138rQ logio - 
r1 

Then 

6.2. Two-wire Balanced Transmission Line 

The wire potentials are always 
with respect to ground, or zero po-
tential. A balanced two-wire line 
has two parallel wires of radius p, 
spaced a distance a and located at a 
height h above ground. The poten-
tial between wires is twice that of 
each wire to ground. The calcula-
tion of the capacitance, the char-
acteristic impedance, and the field 
equipotential surfaces proceeds in 
this case as follows (see Fig. 6.3): 
The potential of wire 1 is written 

I.- 0-.4 
, 

/ 

Fin. 6.3 

= 13802(10g ,, - - log o - log io - login 7 4-7---F+-ai) 
2h a 

1 

2ha  
138vQ logic p V411' + ci2 
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and for wire 2, V2 = VI. Then 

1 2V1 2ha  
= = 276e log io 

p .V4h2 a2 
and so 
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1 2ha 
Zo = = 276 logio 

p 
When h >> a, 

Zo 276 log 10 -a 

It is evident from this development that when the height is very large 
with respect to the wire spacing the effect of the presence of ground 
becomes negligible and the line may be considered to be in free space. 
The electric field around a balanced line parallel to ground can be com-

pletely calculated iñ the following way: 
The potential at a point P in space is the sum of the potentials from the 

two wires and their images. This gives 

Ve = 138PQ (login — login gio — lo 1 — logio \ 
r2 ru r2 r22/ 

= 1382{2 log,. roar, 

In terms of the potential at the surface of wire l 

r,,r. 
1'p rir.. 
— 

login  2ha 

p •V•th' -I- a° 

When a two-wire balanced transmission line is far enough removed 
from ground so as to be considered to be in free space, r11 and roo are 
eliminated and the field can be plotted from the relation 

Vp log,. —T2 
ri 

VI = a 
log,, 

A field map derived from this equation is shown in Fig. 6.4. It is 

instructive to examine this map to determine what additional informa-
tion it can yield. The equipotential lines are plotted at intervals cor-
responding to 10 per cent of the wire potentials, which are actually con-

focal cylindrieal surfaces enclosing the charged wires. As the potential 
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in space approaches zero, the cylinders become larger, until when the 
potential is zero their radii are infinite. This makes the zero-potential 
surface a flat plane midway between the wires. The fields each side of 
this plane are mirror images of each other and have reversed polarities. 

According to the principles of electrostatics, any equipotential surface 
in space can be replaced by a coincident metallic surface without dis-
turbing the field in any way. If this metallic surface is closed, and ite 
charge is on the outer surface, the external field is undisturbed but the 
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FIG. 6.4 

internal field vanishes. In this particular case where the equipotential 
surfaces are cylinders it would be physically practical to substitute a 
metallic cylinder for those shown in the map. Remembering that 
C = Q/V and therefore that Zo = V/vQ, one can read from the map the 
relative capacitance Coo/Co per unit length and the relative characteristic 
impedance Zoo/Zo in proportion to the values for which the map was 
originally plotted, for any combination of two cylindrical conductors 
lying on the equipotential lines shown. Figure 6.4 was plotted for a 
600-ohm balanced transmission line. The contours higher than 0.7 of 
the wire potential cannot be legibly shown for the scale selected for this 

figure. 
The confocal circles of this figure represent one of the simplest field 
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configurations. If the zero-potential plane is taken to be ground, the 
field on one side can be that of a single-wire transmission line with a 
characteristic impedance of 300 ohms. 

Let a transmission line be formed by conductors lying on the equi-
potential surfaces 0.7 and — 0.7 of Fig. 6.4. The original conductors 
forming the 600-ohm line lie on the surfaces 1.0 and — 1.0 ( not shown), so 

that their total potential difference is 2.0. For the 0.7 surfaces, the total 

potential difference becomes 1.4. Since the propagation velocity and the 
charge per unit length are constant for this map, the characteristic 
impedance Zoo for the two conductors on the 0.7 surfaces can be found 
from the relation 

Z00 = 0.7 X 600 = 420 ohms 

Co 
C00 1.43C0 

0.7 

The field between these two conductors remains unchanged by this 

substitution. The field inside each of the two cylindrical conductors 
vanishes. 

Next consider a balanced transmission line composed of two cylindrical 
conductors of unequal radii, one lying on the 0.5 line of Fig. 6.4 and the 

other on the — 0.3 line. The potential difference is now 0.8. For this 
arrangement 

600 X 0.8 
Zoo=  2 — 240 ohms 

Then consider the eccentric transmission line formed by one cylinder 
lying on the 0.5 line and the other enclosing it with its inner surface on the 
0.2 line. Their potential difference is 0.3, and 

600 X 0.3 
Zoo — = 90 ohms 

2 

The same kind of analysis applied to any equipotential field map will 
yield similar information, but the equipotential surfaces usually do not 

have shapes which are easily obtained practically, such as the cylinders 
which result from this particular map. 

6.3. Systems in Which One or More of the Conductors Are Grounded 

Unbalanced lines employing both high-potential and grounded wires. 

all parallel to ground, can be computed by equating the potentials on the 

grounded wires to zero. In such cases another step of procedure is neces-
sary to solve for the charge ratios among the various wires and the ground 
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charge, since in practical systems of this type there is always some stray 
capacitance direct from the high-potential wires to ground, as well as to 

the grounded wire(s). 
To illustrate the procedure, consider a six-wire unbalanced line having 

the sectional geomet ry of Fig. 6.5. The two middle wires on each side are 
in parallel at high potential. The four outer wires located at the corners 
of a square are grounded. The configuration is located at an average 

height h which is sufficiently large 
with respect to a to allow the con-
venience of employing a constant • 3 4* -F--f 
value of h for all the wires with 0.50 o 

We see that there is symmetry to 
this problem, which makes evident •43 

negligible numerical error. 

Ere  
at once that the charges on the • 5 

wires on the left will be the same as 
for those on the right. If h is suffi-
ciently large with respect to a, as 
assumed and as justified in the 
majority of practical applications, 
there will be symmetry of charge 
distribution across the upper and   
lower halves of the configuration. Fio. 8.5 
In other words, the total ground-
wire charge will be equally divided among the four grounded wires. 
From these considerations the potential equations are written as follows: 
For the two high-potential wires 1 and 2, 

2h 2h) 
V1 = VI = 138v [ Q, (log is ± log 10 

2h 2h 
+ Q2 (2 10g 10 , , h logis — )1 

0.25a3 

= 13"1 (1°gI° log " o.5a24h%/2 1-7. 273) 
4ht 2(22 

For the four grounded wires 3, 4, 5, and 6, 

Vs. V4 = Vb = Ve = 138'' (logis -0.àa .°F4" a -V1.25 

+ (23 (login _2h 2h , 2h  
2 logic) -7 + 1c)glo a vi)] 
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or 

4h2 Qt 16/14 VI 138eQi (log 10 - — log 10 — 
0.5a2 VI.25 Qs pal s/2 

Solving for the ratio 

e, 
Ql 

log io 
X1'0 

Making this substitution in the first equation permits the desired informa-
tion to be derived. Since Qi is the charge on one high-potential wire and 
(22 the charge on one grounded wire, the characteristic impedance becomes 
(using the manipulations previously employed and remembering that 
there are two high-potential wires in parallel), 

4/12  
log,, 

0.5a2 V -1.25 k 
16h' 

4/0 4h'  
Zo = 69 (log,, -I- 2k log,, ap 0.5a2 V1.25/ 

It is always of importance to know the ratio of the return current in the 

grounded wires to the current in the high-potential wires. In this 
example, where there are four grounded wires each with charge Q2 and 
two high-potential wires each with charge (21, the total charge ratio on the 
wires (and therefore the current ratio) will be 4Q2/2Q1 = 2k. There-
fore, if / is the total current in the high-potential wires, the total return 
current in the grounded wires will be 2k1. 

That portion of the total current / which does not return in the 
grounded wires must return through the ground. Therefore the ground-
return current. 1,, = /( I — 2k). 

6.4. Application to Noncylindrical Conductors 

We shall now apply the theory for cylindrical wires to the calculation of 

empirically shaped conductors. By a series of successive steps, accurate 
determinations of the capacitance and characteristic impedance can be 
made for linea made of conductors of any arbitrary shape. In practice 
one must often use a certain structural member as a transmission line. 
The calculations are tedious since they sometimes involve sets of several 
simultaneous equations to solve for the charge ratios. The urgency of 
the situation would determine the actual need to submit to this procedure. 
The method is ba.sed on the premise that a sufficient number of small 
wires would eventually assume the complete outline of the empirical 

surfaces. This process automatically solves the charge-distribution 
problem over all the surface in terms of those on the discrete wires 
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assumed in the development. Actually, one need not pursue this 
development through many steps to have adequate information for 

extrapolation to the limit and the final result. 
An example of this process is the case of two parallel fiat strips of half 

thickness p with spacing a, used as a balanced transmission line. The 

r- 0.5031 

- 
0.500 IN 
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10 • 185 
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numerical resulta of each step only are included. The dimensions used 

are as follows (see Fig. 6.6): 

Thickness 0.031 inch (p = 0.0155 inch) 
Width 0.500 inch 
Spacing 0.500 inch between center lines 

In step 1, the extremities of each strip are replaced by four wires of 
diameter equal to the thickness of the strips and having the same outside 

dimensions. Solving this as a balanced line, 

a N7-2- 
Zo = 138 logic, — 227 ohms 

In step 2, another wire is placed midway between each of the above pairs 

and given the same potentials, and for this step Zo = 185 ohms. The 
charge ratios for step 3 (Fig. 6.6) for the inner wires are found to be 
(23/Q1 0.418 and = 0.600. The computed value Zo = 178 ohms. 

These values can now be plotted in Cartesian coordinates. If we call 
N the number of wires in one side of the circuit and plot the computed 
values of Zo against 1/N, as in Fig. 6.7, the ultimate value of a continuous 
strip of wires conforming to the originally desired flat strips can be found 

at the intersection of this curve with the value 1/N = 0. This value is 

seen to be about 175 ohms. 
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The process can be applied to complex surfaces such as angles, channels. 
or other structural forms which are much more complicated than t 
simple example. 

6.5. Application to Antennas 

An example of a very-low-fre-
quency antenna closely resembling a 
transmission-line problem is that of 
the Rocky Point type of antenna 

(see Fig. 1.39). The dimensions of 
2 

220 
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the flat-top croas section are shown in Fig. 6.8. The configuration is 
symmetrical and so can be analyzed with six potential equations for the 
12 wires. Ail wires are at the same potential to ground, and one may 
wish to know the ratio of currents in the various wires or the capacitance 
per meter of length for the wire system only. 
One proceeds with logarithmic potentials by writing the potential of 

each wire, numbers 1 to 6. The equation for wire 1 is, for example, 

4h 2 -th 2 , 4h 2 
l5 = 138v (Qi , y2 1-bz- Q3 login 2tio' ap 

-lh 2 4h 2 4h 2 
+ Q4 log,. - Q Qt, log in -I- Q. log,. --- 

36a- 4-10 50a') 

After solving all six such equations simultaneously, the charge (current) 
ratios are found to be 

Qt Q3 Q4 Q Q6 17 1 ee 0.756 0.654 = 0.613 b ---- 77 = 0 621 
(11 = 0.720 
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Proceeding through the successive steps to solve for Ze, it is found to be 
201 ohms. The capacitance is 16.6 micromicrofarads per meter. 
An obstacle to the application of logarithmic potentials to many of the 

problems of engineering is the enormous labor of solving large blocks of 
simultaneous equations. Electronic calculators for several simultaneous 
equations facilitate such work and thus make it feasible to study a large 
variety of such problems rapidly. The above charge ratios were solved 
with the RCA Simultaneous Equation Computor in less than 10 minutes. 
.1. great deal of new information can be obtained with such a calculator by 
eliminating the tedious arithmetical labor required by manual solution, 
which has always impeded comparative analyses of complicated systems. 

6.6. Computation of Potential Gradients 

Any solution for the potential at a point in space near the conductors of 
a transmission line can be applied to the computation of the potential 
gradient at the surface of a conductor. The potential can be computed 
for a point very near to the conductor and compared with the potential at 
the surface. The fall in potential from the conductor surface to the 
point in space, divided by the distance between them, will yield an aver-
age gradient. The exact solution can be obtained by differentiating the 
potential equation at the surface of any of the conductors, which would 
give the rate of change of potential versus distance from the conductor. 
A practical approximation which is simpler will suffice for engineering 
usage. If the distance between the surface of a conductor and a point in 
space at which the potential is computed is very small with respect to the 
radius of the conductor, the potential difference across this space divided 
by the distance will give a gradient that can be converted to standard 
units, such as volts per inch or volts per centimeter. For example, if we 
compute the potential on a wire of a system of radius pi, and then com-
pute the potential at a point distant àp, where tàp is very small with 
respect to pi, the gradient across àp will be very nearly the maximum 
gradient. If the wire radius is 0.100 inch and we take the point in space 
0.005 inch from the surface, the potential at the point would be the same 
as if the wire was increased in radius by 0.005 to become 0.105 inch, with 

the same charge on the wire. 
One is usually interested to know the gradient near the high-potential 

wires of a feeder when a power W is being transmitted into the feeder 
that is correctly terminated in its characteristic impedance. Then 

V = 

Then, since the potential gradient VIT = f(p) for a given configuration uf 

wires, 
vVi = f(31) and VV, = f(pi + Ap) 
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Then the approximate potential gradient VV will be 

—VV = 
ap 

This is applied to practical design problems as follows: Assume that it 
is desired to find the approximate potential gradient at the surface of a 

cylindrical wire of radius 0.100 inch when its potential with respect to 

ground is 10,000 volte. The wire is far removed from all other wires so 
that its peripheral-charge distribution is uniform and its electric field 
strictly radial. 

We can employ the device of assuming that this wire is the inner con-
ductor of a coaxial transmission line of very high characteristic impedance 

—say 400 ohms arbitrarily. For such a value the radius R of the outer 
conductor must be (from the characteristic-impedance formula for the 
coaxial line) 

Zn 
R = p logo' = 79.17 inches 

and the ratio Rip = 791.7. 

If now we increase p by 0.005 inch, so that we can compute the potential 

at a point 0.005 inch from the wire, and apply the equation previously 
derived for the potential at a point in the dielectric apace of a coaxial line, 
we obtain, by using five-place logarithms, 

R 
Vp login  , 

-t- ouu5 2.87737 
_ — 0.9927 V, R = 2.89855 

'['he fall in potential across the first 0.005 inch from the wire is 

10,000(1 — 0.9927) = 73 volts. 

The average gradient across this distance is then 73/0.005 = 14,600 volts 
per inch. 

The same method can be applied to determine the potential gradient at 

the surface of the high-potential wires of any transmission line for which 
the characteristic-impedance formula is known. The reason for this is 
that when the charge per unit length remains constant, the potential of a 
wire decreases as its periphery increases, or, as a consequence, as its 

characteristic impedance decreases. Since the accuracy of the results 
depends upon the accuracy of very small differences, slide-rule accuracy is 
not sufficient and the computations should be carried out to four or, 
preferably, five significant decimal places. 
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0.918 
0.805 
0.064 
0.600 
0.340 
0.225 
0.135 
0.071 
0 

0 
0.682 
0.998 
0.777 
0 139 

-0.674 
-0.970 
-0 891 
-0 391 
0.309 
0.848 
0.990 
0.707 
0.174 

-0.485 
-0.883 

993 
-0 777 
-0.358 
0.174 
0.629 
0.908 
1.000 
0.914 
0.069 
0.373 
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-0.242 
-0 
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-0.820 
-0.914 
-0 966 
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-I 000 

0 
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0.629 

-0.139 
-0 819 
-0.985 
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0.993 
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-0.969 
-0.900 
-0.423 
0.166 
0.669 
0.99n 
0.956 
0 690 
0.242 

-0 250 
-0 044 
-0 820 
-0 995 
-0 990 
-0.914 
-0.7n 
-0.629 
-0.464 
-0.292 
-0 Ile 
-0.070 
0 

0 
0.777 
0.982 
0 454 

-0.407 
-0.961 
-0.848 
-0.156 
0.642 
0.097 
0.707 
0.191 

-0.707 
-0.990 
-0.743 
-0.139 
0.630 
0.934 
0.970 

0 
0.819 
0.048 
0.299 

-0.629 
-0.998 
-0.137 
0.309 
0.040 
0.041 
0.122 

-0.600 
-1.000 
-0.6811 

0.6,00 
0.731 
1.000 
0.760 
0.191 

Tabulation of the functions sin (i s sin e) and sin [S sin (90 - for values of S from 180 to 2,520 degrees in 180- 

degree stepe. These are the patterns in the equatorial plane of two identical parallel nonstaggered radiators with equal 
currents in antiphase relation. By dividing the column headings for S (degrees) by 2, each column can he read as a vertical 
pattern for a horizontal antenna over perfectly conducting ground. 
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Tabulation of the functions cos - sin .$) and coa [ 2- sin (90 - 0)1 for values of S from IPA to 
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2,520 degrees in 180-degree steps. These ore the patterns in the equatorial plane of two identical 

parallel nonenitgerert radiator's with equal cophaserl currents, 
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APPENDIX V- C 

Degrees 
Function 

e 
Degrees 

o 
2.5 

5.0 
7.5 
10.0 
12.5 
15.0 
17 5 
20.0 

22.5 
25.0 
27.5 
30.0 
32.5 
35.0 
37.5 
40.0 
42.5 
45.0 

47.5 
50.0 
52.5 
55.0 

67.5 
60.0 
62 5 
65 0 
67 5 
70 0 
72 5 
75.0 
77.5 
80.0 
82 5 
85.0 
87.5 
900 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
0.628 
0.594 
0.559 
O 523 
O 488 
0.453 
O 414 
0.380 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 

000 
997 
990 
983 
976 
962 
950 

933 
916 
891 
869 
843 
816 
785 
.756 
725 
695 
660 

345 
309 
271 
240 
204 
171 
138 
103 
070 
036 
000 

90 

87.6 
85.0 
82.5 
80.0 
77.5 
75.0 
72 5 
70.0 
67.5 
65.0 
62.5 
60.0 
57.5 
55.0 
52.5 
50.0 
47.5 
45.0 
42.5 
40.0 
37.5 
35.0 
32.5 
30.0 
27.5 
25.0 
22.5 
20 0 
17 5 
15.0 
12.5 
10.0 
7.5 
5.0 
2.5 
0.0 

Tabulation of the functions and C-91' nº-1-9s-8), the radiation pattern 
cos sin 

for a half-wavelength cylindrical dipole in free space, with the angle e measured from 
the normal te the dipole, and the angle e measured from the dipole axis. 
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APPENDIX VI 

World Noise Zones and Required Minimum Field Strength for 

Commercial Telephone Communication* 

Natural atmospheric noise frequently is the limiting factor in radio communica-
tion. Until recent years the existing magnitudes of atmospheric noise were 
known only in a qualitative way. Recent systematic measurements made 
throughout the world have given some statistical values for such noise which is of 
basic engineering importance. More data on this subject are needed, and the 
available information will increase as the result of work that is now in progress. 
Atmospheric noise varies throughout the day and throughout the yearly cycle. 

It also varies with frequency, being of greatest magnitude statistically at the 
lowest radio frequencies and decreasing as the frequency increases. An arbitrary 
system of designation for average noise levels of different values has been devised 
through international cooperation on the problems of noise cataloguing, and 
are indicated us various noise grades from 1 to 5. The world's noise zones, under 
this system of grading, are shown for the four seasons in Appendix VI-A, B, C, 
and D. In the absence of more specific data on particular locations, these figures 
may be used as a general guide to probable noise grades in any locality. Because 
of the fact that reliable radio communication depends upon the signal-to-noise 
ratio at the receiver, antenna engineers must be as interested in the subject of 
noise as they are in the power of their transmitters, because a 10-decibel rise in 
noise level is equivalent to reducing the transmitter power to one-tenth its original 
value. It is therefore of prime importance to make atmospheric noise measure-
ments at locations where important receiving facilities are to be installed. Such 
measurements should be made in such a way as to reveal the diurnal and yearly 

range of noise field strengths in the parts of the radio spectrum that would be 
used for radio communication. The choice of a site for a receiving station must 
take noise into account always, although both atmospheric and man-made noise 
are involved in site selection. 

Appendix VI-E to J is included here to show the average values of field 
strength required for standard double-sideband amplitude-modulated radio-
telephony to secure 90 per cent reliability with different frequencies for different 
noise grades at different hours of the day during different seasons. It is useful to 
replot these data curves for specific operating frequencies for any particular 
receiving location to obtain the necessary information in simpler form. It must 

be emphasized that these data apply only to atmospheric noise. If other sources 
of electrical noise are present near a receiving location, and such noise equals or 
exceeds the atmospheric noise, the required minimum received field strengths 

• Data for Appendix VI after Centred Radio Propagation Laboratory. 
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for the signal, shown in these figures, must be increased in the same ratio as the 
extraneous noise exceeds the atmospheric noise. If locally received noise exceeds 
atmospheric noise at certain times by 10 decibels, the minimum required received 
field strength of the signal must be 10 decibels higher than shown by these figures. 
It is for this reason that extraneous noise picked up at a receiving site should 
preferably always be less than the minimum atmospheric noise in order that radio 
communication will not be limited more than nature permits. 

It is evident from these data curves that atmospheric noise is a severe limita-
tion on the lower radio frequencies, because relatively high field strengths are 
needed to give the same degree of communication reliability. 







60 

30 

20 

143 

20 

60 

— 

o 

o 

M M M M M M *0 140 OD 

EAST WEST 
100 00 60 40 20 0 20 40 60 

Irej :7 e% 

bh."1.1 

£.11110•11111à1 

elan", 

4ei LIM 1111211111111111111\teliellnill 

OIL tea1111M1111111111131Melliffl 

11119MIZIIIVAIIIIMIR 

O iirailM11111111111IM lthiralIMEMMITI 
ià iMMINIMUMMIN IM 

I OMMIMMIMMUMM M-
4111  
LAST 11E37 

.esKelk 
19%gal/de 
etliiiinige% de% 
dinCESIF .\ 

• 

 _ Iii „flu-
O 40 40 100 120 140 160 160 160 140 120 100 60 60 40 Sb 20 40 

-40 

110 

70 

60 

SO 

AO 

30 

20 

lo 

0 

20 

30 

•0 

SO 

60 

70 

40 

o 

60 SO 

Noise distribution for the period June-August. 



09 OP OZ OZ OP 09 011 001 Oil OP1 091 091 091 Obi 021 001 09 
• Slai Lira 

01 

OL 

09 

OS 

09 

Aimm. 
gudillare 

1111111111111111MOMMIUM11111 m 
lenionneemengaini mourn 

C111111/11ftemillif usarressoluir- iimmuum.imiliPoinimilo. 
ozirierimmare Imimumilimmiitglimmi 
01 

°dui 4.aul i 
rair e .111 Eu NIsmmusiimakinicami/ 

1311MIIIIIIIIIMEele Eli . 
. 

E. IIUr ' lbt lib itilla11111111011111113111Ë 11111° 
- 111:1111MMUI1111111IUM11131 Oop 1 . 

All1111101P1M11111111111OBI 'tee' .11' 
iiiial* 'IUMMIIIIG, 

* IMEligfeent iiiiiimiger 
riommulak. h ‘Mniiiirei; 
-AdlIMUME-117. . re-

iiiiiiiiklIMIIIIHMIliiiiiiiigniiiiiiiiiii 
09 Of OZ O 01 09 09 09 001 011 011 091 001 091 091 OZ1 001 09 

OL 

OS 

Of 

01 

02 

04 

0* 

OL 

Os 

OP 

04 

09 

OL 



APPENDIX VI-E,F 

90 

80 

70 

60 

50 

40 

2  30 

zo 

o • lo 

bi 

At -.0 
-20 

bi 

t 30 

40 

e 90 
En 
o 80 
-1 

I.- 60 

CI 50 

Z 40 

o 
w 30 
cr 20 

lo 
o 

-10 
20 

30 

-40 

30 

I III I 1 I I 

MINIMUM REQUIRED INCIDENT FIELD STRENITHS 

• 
TO ASSURE RADIOTELEPHONE COMISUNiCATION - 

90%0F THE TIME IN THE PRESENCE Of 

ATMOSPHERIC AND COSMIC NOISE _ 

04 LOCAL III« AT TOC ITECliviell LOC•11011 VIE EVIIII40• 
• COUVI ION 1111 COEN LISA Tnan fo• nunSINI On 
colons motcatt NOIS 110001 AT Ell metrom• LOCATION -T 

V- « MEE . 105111 1.01041 Ws«. 

4-wes 

REFERENCE UNE 

Osid. „0, 

, 

10400 LOCAL TIME AT RECE VINE STATION1 

181 2 4 6810 

FREQUENCY IN MEGACYCL 

20 40 

10000 

1000 

100 

10 

60 000 

I I 1 I I I I I . 

MINIMUM REQUIRED INCIDENT FIELD STRENGTHS 

70 ASSURE RADIOTELEPHONE COMMUNICATION - 

90% Of THE TIME IN THE PRESENCE or 

ATMOSPHERIC AND COSMIC NOISE 

GA LocA, tun at TOE clICE,T.All LOCATION ..R1 IOW.» 
CIATTEI FOR LATITUDES LEss tem• Son ONMIIIIIII ON 

ISOICA 

'............... 

WAIVES E NOISE INA« AT TOEIIICE/11.10 LOCATION - 

41.1•EAVI VISTEN I- PAMIR 

S. 
•••• S.. 

-.... 

S. S. 

.... 
......w. 

lidil\ 

li e;::: N. Gee N pu; — 

.... S 
° row woe ....• ' , 

e,e5 cou.se.„ 
5 

f s a ' 
I (moo LOCAL TIME AT RECEIVING STATION 

02 0.4 06081 2 4 6 810 
FREQUENCY IN MEGACYCLES 

ITT 0 

o 

o 

0010  

6 
En 

C100021 

1000 

e 

aoo 

lo 

0.1 

Œ0b 

20 40 60 80100 

548 



APPENDIX VI-G,H 

90 

80 

70 

60 

50 

40 

30 

11 20 
LLi 
g lo 

0 
5 
• -10 

in _1 -20 

-30 

40 

L- 50 
o CU 

INJ 
cc 90 

no 
80 

9 
ta 70 
u. 
•  - 60 

O 5° 

E • 40 

o 30 

à 20 

cc 10 

o 

10 

I 7 I 

MINIMuid REWIRED INCIDENT FIELD EEEEEE THII 
TO ASSURE RADIOTELEPHONE CONNUNICATION 
90% Or THE TIME IN THE PRESENCE or 

ATMOSPHERIC ANO COSMIC NOISE - 
It Loc.,. TINE At TN( ACCI.vINO LOCATION 

ALL 11000•1 

NUIRACITO No CUIIVIII ITIOICATI ROM ARA« - 

AT IOC ITecctroN• LOCATION 

":070_/1111:112L:I 
_ 

NINO 

4--
STATION I 

__ 
peoo LoYii. TIME AT RE• 

02 04 0.6 08 I 2 

Al EG AC YC L 

40 

I I. i I I • I . I r 

MINIMUM REQUIRED INCIDENT FIEL.D STINE NNNNN 
TO ASSURE RADIOTELEPHONE CO•fiduNICATION - 
90% OF THE 'TIME IN THE PRESENCE Of 

ATMOSPHERIC AND COSMIC NOISE - 

IS LOCAL froO AT Toil ITCCIII•neo LOCATION 'AC COMMA  
°Oral TON LATITLIOCI UZI ' NAN SO. NY NNNNN 0« 

least eta« A, TTIC ITCCTI1IINIT LOCATION --3 waves ageolcan 
••••CATel want'', 1-01.111Amele• 

''s •••••,... 

... 

',.. 

,.. 

,.. 
.... 

-..., 
4 

L 

.....„.._........,.. 
, 

.... 

sl 

, , 

- - 
- - , 

1 REFERENCE LINE  /.._  

ge%  

/.._ 

ge%  

e 

,.... •• 
% 

c°s'e£ sclise_..: 
— .. - - 

, 

. 5 

416043 LOCAL TIME AT R/CEIVING STATION1-.— 

000 

000 

too 

10 

ro n 1 

0.1 

0.01 

rÇ,'000-. 

lo  

2 
-e 

000 x 

)00 r 

lo 

_ 20 0 I 

30 

-40 

0.1 02 0.4 0.6 0.8 I 2 4 6 8 I 
FREQUENCY IN MEGACYCLES 

0.01 



APPENDIX VI-I,J 

90 

eo 

70 

60 

50 

40 

> 30 e 
la • 20 
o 
▪ 10 

0 

( -10 

Iii -20 
03 

-ao 
I/1 

? 40 

È 50 
z 0.1 
bi 

• 90 

o 80 

to- -ro 

1- • 60 
lAi 

• 50 
L.) 
z ao 

w 30 

Ill 
3 20 
e  o 

o 

-po 

-zo 

30 

40 

-50 
0.1 

. • . . . . . 
MINIMUM REQUIRED INCIDENT FIELD EYRE NNNNN 
TO ASSURE RADIOTELEPHONE GONNUNICATION ... 
90% Of THE 7 ME IN THE PRESENCE OF 

ATMOSPHERIC AND COSMIC NOISE 
— roux. TNN At THt OSUMI'S LOCATION At Mar» 

CUTort TOO INVITAS IT LIDS T“•• to. SUSSE Nt Ou 
CITSIMIS MICA II NOISE   AT TITI IIIIXCIVINS LOUT*. _ 

re-f..EGISON 
—.:.•• 

•• SCANS •OTTIIII 111•1•1411 MIMS 

L 
• .2e 

...U-1-.40; -- - 
--0, 

,.., 
, e• II\ 

— —..eliMIL 

REFERENCE LINE 
1., 

co,c E___ . , , . .1 
,....... TIME AT RECEIVING surioN1 

0.2 0.4 o 08 2 4 6810 
FREQUENCY IN MEGACYCLES 

20 40 

10 000 

100 

10 

80 80100 

1 Ill I __I 1 1 
MINIMUM REQUIRED INCIDENT FIELD STRENGTHS 

........ 
ID ASSURE IUDIOTELZPIIONE COMMUNICATION - 

110%0F TIIE TIME IN THE PRESENCE OF 

•••,... 

ATMOSPHERIC AND COSMIC NOISE * 
00 LOCAL Tool AT TIll •ICILIsIOS LOGSTIOIS IS Men 
curve. Me LaTITLIDIS LUI TI.S• 110.555111•11 00 

... _ 
— .. 3- 

01.440 

0 CIASal MOIC•fl IsOnit ISM* AT tit IIIUSIOVIne LiKeTIOIT — 
•• HEAPS Shutt Ill 11•101 MS Mann 

.. .,._ 

IT 

I-5 

•••—_,  s 
• REFERENCE LINE 

\ % 

17J -0 7.11CAL TIME AT RECEIVING STATION 

02 0.4 06 08 1 2 4 6 8 10 
FREQULNCY IN MEGACYCLES 

10 000g 

2 
0 

1000 

100 

PO 

ai 

0.01 

20 40 60 60 100 

550 



APPENDIX VII 

Minimum Operating Signal-to-noise Ratios for Various Classes 

of Commercial Service in Telecommunication 

A ppro.risinte ,Ifintutum 

Type of Radio Service S N ( Decibels) 

I. Double-sideband radiotelephony (3- kilo-
cycle bandwidth).   15 

2. Single-sideband radiotelephony (3-kilocycle. 
bandwidth). 9 

3. Broadcasting (5- kilocycle bandwidth) 26 
4. Manual Morse radiotelegraphy (for average 

operators) ..... 
5. Frequency-shift radiotelegraphy ((i0-word 

teleprinter speed)  6 
8. Single-sideband two-tone radiotelegraphy, 

one tone marking and one tone spacing, 60-

word speed  8 
7. Single-sideband four-tone radiotelegraphy, 

two tones marking and two tones spacing, 

80-word speed  6 
& Radio facsimile with 8-decibel contrast ratio 

using double-aideband amplitude modula-
tion    18 

9. Radio facsimile with 8-decibel contrast ratio 
using carrier-shift  12 
NOTE I: The signal-to-noise ratios given are those required for reli-

able commercial operation, assuming the limiting factor is only noise. 
NOTE 2: Noise includes all extraneous interference due to atmos-

pheric static, man-made static, or interfering signala from other 

stations. 
NOTE 3: Professional operators engaged in handling telegraph or 

telephone traffic often are able to copy faithfully when S/N is 10 to 15 
decibels below the values stated for I, 2, and 4. The others, with the 

exception of 3, are intrinsically machine methods. 
NOTE 4: Consult documents of the International Radio Consulting 

Committee (CCIR) for standards under study on this subject. 
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APPENDIX VIII 

Example of the Use of Directive Antennas for Minimizing Inter-

ference between Cochannel Medium-frequency Broadcasting 

Stations 

The map shows the broadcasting stations on 620 kilocycles as they existed in 
North America in 1949. Under the North American Regional Broadcasting 
Agreement (NARBA) 620 kilocycles is a regional channel. The directive 
antenna pattern for each station on this channel is shown. Those in broken 
lines are used during local daylight hours, while those in solid lines are for night 
hours. In some cases a station is nondirective during daylight. It is seen that 
WROL and KCOM, for example, use different directive patterns day and night. 
Stations like WDNC and WHJB use the same pattern day and night but with 
different power. 

The purpose of directive antennas is to provide a local service and, at the same 
time, to protect the service areas of stations that were already on the channel 
before a new station is installed. It will be noted that protections are not mutual 
in all cases. This is because existing stations are not required to change theii 
antenna systems when a new station enters the channel, but the new station must 
protect the existing stations to rigidly prescribed limits. Directivity is also used 
to protect stations on adjacent channels when necessary. 

The patterns shown indicate their shape only, and the size of the pattern as 
drawn does not in any way indicate a station's coverage. Each pattern is marked 

with the stat!on call letters and its licensed power day and night. The symbol 5.0 
indicates 5 kilowatts unlimited (day and night); 0.5-1 LS means 1 kilowatt during 
daytime until local sunset and 0.5 kilowatt after local sunset. The symbol CP 
means that at the time the map was prepared the station had a construction 
permit to install the antenna system and the transmitter power using the pattern 
shown. (Map supplied through courtesy of Mutual Broadcasting System.) 
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APPENDIX VIII 

Example of the lise of Directive Antennas for Minimizing Inter-

ference between Cochonnel Medium-frequency Broadcasting 

Stations 

The map shows the broadcasting stations on 620 kilocycles as they existed in 
North America in 1949. Under the North American Regional Broadcasting 

Agreement (NARBA) 620 kilocycles is a regional channel. The directive 
antenna pattern for each station on this channel is shown. Those in broken 
lines are used during local daylight hours, while those in solid linea are for night 
hours. In some cases a station is nondirective during daylight. It is seen that 
WROL and KC0111, for example, use different directive patterns day and night. 
Stations like WDNC and VVHJB use the same pattern day and night but with • 
different power. 

The purpose of directive antennas is to provide a local service and, at the same 
time, to protect the service areas of stations that were already on the channel 
before a new station is installed. It will be noted that protections are not mutual 
in all cases. This is because existing stations are not required to change their 
antenna systems when a new station enters the channel, but the new station must 
protect the existing stations to rigidly prescribed limits. Directivity is also used 
to protect stations on adjacent channels when necessary. 

The patterns shown indicate their shape only, and the size of the pattern as 
drawn does not in eny way indicate a station's coverage. Each pattern is marked 
with the station call letters and its licensed power day and night. The symbol 5.0 

indicates 5 kilowatts unlimited ( day and night); 0.5-1 LS means 1 kilowatt during 
daytime until local sunset and 0.5 kilowatt after local sunset. The symbol CP 
means that at the time the map was prepared the station had a construction 
permit to install the antenna system and the transmitter power using the pattern 
shown. (Mop supplied through courtesy of M1411101 Broadcasting System.) 
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A 

Abbott, F. R., 299, 300 
Acton, W. A., 360 
Adcock antenna, 60-67, 214-215 

American Telephone gk Telegraph CO., 
58-59 

Ammeter, remote, 177 
sliding, 457-458 

Anchor, guy, 183, 355 
Angles, of arrival (see Propagat ion, 

angles of arrival) 
of radiation for one-hop circuits, 232 

Antennalyzer, 176 
Antennas (see particular types of 

antennas) 
Aperture, effective, 7 
Arc, standing (see Plume) 
Artificial transmission line, 63, 65 

(See also Building-out network) 

Attenuation, 95 
feeder, 367, 375-403 
ground-wave, 16-17, 214 

plane-wave, 10-11, 15, 116 
traveling-wave, 97 

Auroral zone, 14, 209 

absorption map, 210 
clearance, 188, 209 

Austin, A. 0., 34, 73, 144, 186, 190 
Australian Postmaster-General's Office, 

353, 477, 478 

Balance to unbalance transformations, 

133, 146-147, 426-432, 507-509 
Ballantine, 8., 77-79, 81-82 
Bandwidth, IS, 36-38, 40, 43-45, 60, 81, 

107, 124-127, 146, 182, 221 

Bandwidth, of emission, 124, 248 

horizontal half-wave dipole, 246-250 
Bazooka (balun), 430 
Beacon, flasher, 143-144 

omnidirectional, 24, 26 
Beasley, E. W., 444 

Beverage, H. H., 55, 223, 340 
Beverage antenna (see Wave antenna) 
Bibliography, general, 527-531 

high-frequency antennas, 363-365 

high-frequency propagation, 217-2 t 8 

low-frequency antennas, 76 
medium-frequency antennas, 102-194 

transmission lines, 487-489 
Bierworth, R. A., 392n. 
Binomial current distributions, 161-166, 

281-285 
Bolt, F. D., 377, 399 

Bonding, connections, 177 
ground wires, 122-124 

tower sections, 176 
Brewster angle, 320 
Bridge, impedance, 124 
British Broadcasting Corporation, 399, 

438, 476, 480 
Broad-banding, 249, 404-406 

Broadcast antenna, antifading, 79-80, 
82, 107-108, 118 

medium-frequency, 77-78, 83, 94-95 

102, 105, 178-187 

(See also Vertical antenna) 
Broadcast directive antenna, 82-83, 87, 

134 
allocation map for 620-kilocycle chan-

nel, 552 
binomial, 163, 166 
dissimilar radiators, 155-156 
Fourier, 174-176 
linear array, 149, 153 

553 



334 

Broadcast directive antenna, multiele-
ment, 147 

parallelogram, 188-171 

random, 175 
stability, 176-182 

two-element, 149, 153-154 
Broadcasting, high-frequency, 197, 215, 

217, 228, 237, 250 

minimum required signal-to-noise ratio, 
551 

tropical, 265 

Brown, G. H., 106, 112, 119, 120, 139, 

142, 251, 260, 261, 376, 392n., 491n., 
513n., 533-537 

Building-out network, 426-427, 502-504 

Cage antenna, biconical, 250, 252 
conical, 30 

cylindrical, 30, 42, 44-45, 249-250, 
252, 345 

spreader construction, 30 
Canadian Broadcasting C,orporat ion,347-

352, 481-484 

Capacitance, cylindrical cages, 32, 249 
four-wire cage, 31-32 

four-wire plane flat-top, 32 

six-wire cage, 31 
stray, 98, 114 

two-wire cage, 31 
unit length of line, 514-525 

Carter, P. S., 238, 259, 292, 293, 304, 418 
Catenary (See Triatic) 

CCIR (International Radio Consulting 
Committee), 55) 

Central Radio Propagation Laboratory 

(CRPL), 104, 196-218, 542-550 
Chalk, J. H. H., 226n. 

Characteristic impedance, cages, 33, 379-
381 

half-wave dipole, 240 

line with noneylindrical conductors, 
522-524 

long wire, 28, 310 

tapered lines, 126, 422-125 

transmission lines, 43, 243, 366-367, 
371-404, 513-524 

vertical antenna, 27-21) 
wave antenna, 56-57 

Charge-current relationship. 513 
Choke (see India-tor' 

INDEX 

Christiansen, W. N., 317-31A, 335, 337, 
338 

Circle diagram for transmission line, 413-
414, 416, 418-421, 439-442 

chart, 440 

construction, 441-442 

Circuits, space, multihop, 201, 211, 212, 
2)5 

single-hop, 201, 212, 215, 228 
two-hop, 228, 229 

(See also Networks) 

Civil Aeronautics Authority, 62 
Cleckner, D. C., 247 

Coaxial (concentric) transmission linee, 

334, 370, 392-395, 432, 463-467, 
518-517 

Common antenna for two transmitters, 
146 

Communication, 218-226 
with aircraft, 214 

point-to-point, 18 

ship-to-shore, 214 

Complementary antennas, 196, 215-217, 
220, 231, 332 

Computers, for radiation patterns, 176 
for simultaneous equations, 525 

Conductors, high-strength, 70 

Conduit, flexible, 177 
Corona, 46, 48, 443-448 

Corona shields (grading rings), 48, 71, 4-44 
Corrosion, 176, 177, 244, 448 
Counterpoise, 49, 52-54, 139 

construction, 53-54 

potential, 52, 53 
reactance, 52 

Counterweight, 75, 346, 360, 361 
Coupled sections, 421-422 
Couplet factor, 288 

Coupling, between antenna and feeder, 
243 

between antennas, 229, 230 
(See also Cross talk) 

Coupling networks, 
coupling) 

Course bending, 61-67 

Course squeezing, 61 
Coverage, daylight, 85 

intermittent, 91, 104 

night, 85 
prediction, 83 

sky-wave, 156 

(see Networks, 
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Critical potential gradients, 444-446 

Cross talk, between antennas, 230 
between feeders, 396-398, 433 

Current distribution, 20-23, 27, 79, 95-

99, Ill 

binomial, 161-166, 281-285 
cophased ( Franklin), 82 

empirical, 102 
Fourier, 149, 174-176, 300-301 

ground-wire, 121 
Linear, 20 
in multiwire antennas, 30 
in multiwire feeders, 378-392, 395-403, 

520-522 
shunt-fed antenna, 106-108 
sinusoidal, 78, 80, 94, 239 

trapezoidal, 24 

(See also Waves) 
Current ratio in folded dipoles, 252-253 

D 

Defrosting, 40-41, 71, 75 
Degree-amperes, 4, 5, 23-24, 26-27 
Delay, multipath, 209, 212, 216, 237 

Diamond antenna, 40-41, 69 

Diffraction, wave, 15 
Dipole antenna (see Half-wave dipole 

antenna) 
Direction finding, 54, 67, 214 

Directional antennas, use of, for broad-

casting allocations, 552 

(See also particular types) 
Director-reflector antenna, 259-261 
Discharges, static, across insulators, 177 

Dissipation factor Q, 22, 509 

Dissipation lines, 448,-453 
attenuation, 450 

attenuative length, 450 

construction, 452 
steel-wire, 450 
thermal radiation, 449 

using ground loss, 453 
Distortion, telegraph, 37, 38, 214 
Diversity reception, 215, 222-226 

gain, 223, 228 

space, 334 
Double-sideband amplitude-modulated 

telephony, 218, 221, 223, 542, 551 
minimum required field strengths 

according to noise grade, fre-

quency, and hour, 548-550 

Doublet, 3, 5 
Down lead, antenna, 72, 74, 75 

Drain circuits, parallel-wave, 243, 276, 

484 
static, 333, 410, 447, 449, 460-461 

Driving-point impedance, 128-129, 295-

300 

E 

Eddy currents, 51, 121 

Efficiency, feeder, 448 
radiation, 18-17, 21-22, 24, 27, 38, 40, 

77-78, 81, 107, 117, 148 

terminal, 15-16 

Electric field distribution, 516 
equipotential surfaces, 515-520 
map, 600-ohm balanced line, 519-520 

symmetry, 519-521 
End effect, 20-21, 32, 237 

Epstein, J., 106, 119, 120 

Equipotential surfaces, 515-520 

zero-potential, 519-520 

Fading, 78, 104, 282 
introduced by receiving antenna, 219-

220, 332 
selective, 78, 85, 102 

wall (ring), 78, 102, 103 
Federal Communications Commission 

(FCC), 83, 84, 87, 91, 156 

Feeder systems, 134, 146, 154 
for directive array, 131-139, 294 
for two transmitters into one antenna, 

146-147 
Feeders, balanced, 370, 379-403, 517-520 

coaxial (concentric), 47, 60, 63, 65, 125, 
141, 180, 334, 370, 392-395, 432, 

463-487, 516-517 
impedance-matching techniques, 406-

425 
transmission-line design, 387, 486 
(See also Networks; Transmission 

lines) 

Feldman, C. B., 377, 450 
Field, magnetic, of the earth, 209 

Field strength, for an array, 165 
basic radiation equation, 4 

degree-amperes, 4-5 
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Field strength, effect of ground conduc-
tivity, 238 

ground-wave, 84, 86-87, 102 

measurements, 88, 91 
meter, 87-88 

minimum required for double-sideband 

amplitude-modulated telephony, 
548-550 

relative, from vertical antennas, 80 

unattenuated, 1 mile, 24, 26, 27, 83, 162 

f'ishbone antenna, English, 340-341 

RCA, 197, 339-341, 361, 481 

Fisher, C. J., 299, 300 
Fitch, E., 226n. 

Flashovers, spurious, 447-448 
Flat-top, 16, 28-30, 39, 41-42 

Folded-dipole antenna, 109, 250-256 
construction, 255-256 
current ratios, 252-253 

Folded unipole (monopole), 42-45, 109-
111 

Foster, Donald, 322 
Fourier radiation patterns, 174-176, 

300-301 

Franklin, W. C. S., 82 
Fraunhofer region, 4, 176 
Frequencies, critical, 201-202 

diurnal characteristic, 203, 208 

fundamental, 20-21, 26, 29, 7'7, 79 
low, 18 
maximum usable, 200-201, 203-208 

optimum working, 200-201. 208, 221 
very low, 18 

Frequency-modulation (FM) antenna, 
114, 145, 156 

Fresnel equation, 118, 233 
Fresnel region, 178 

G 

Gain, 8, 79-81, 331 
directivity, 153, 171, 199, 221, 258, 

260, 336 
diversity, 226 
maximum from a pair of egoieurrent 

radiators, 153 

Goniometer, crom-coil, 62-65 

Graphical solutions, array patterro=, 171 
impedanee-matehing nets‘iirk,i, 490-

512 
Ground, 10, 116, 229, 244 

Ground conductivity, 15, 17, 53-56, 83-
85, 120 

composite, 85 

fresh water, 116 
land, 116 
measurements, 87-88, 91 

ocean water, 116 

Ground currents, 13, 15, 36, 49, 54, 82. 

116-118 

antenna, 29, 43, 109, 122 
conduction, 11, 49, 115-116 

density, 40, 49, 52, 116-118, 122 

displacement, 11, 115, 117 
distribution, 38 

in ground radials, 122 

penetration, 10-11, 15, 49, 8.5, 532 

skin depth (thickness), 10, 11, 117, 522 
unbalanced open-wire feeders, 376-395, 

522 
Ground plane, 513 
Ground-screen antenna, 139 

Ground systems, 36, 39, 49, 66, 81-83, 
112, 114, 121-123 

bus, 124 

directive antenna, 122 
low-frequency, 49, 71 

multiple-atar, 49, 51 

radial, 49-50, 71, 79, 115, 117-119, 121 
optimum design, 82, 120 

resistance, 44, 107 
screen, 50, 51, 54, 123, 187 
stability, 124 

star, 49, 51 

(See also Counterpoise) 
Ground wave, 103 

propagation, 14-19, 214, 229 
Guy (stay) anchor, 183, 355 
Guy wires, 351, 468 

insulators, 183, 351-352 

radiation from, 351-352 

Hallhorg, H. E., 209, 213 

Half-wave dipole antenna, 5-6 
center-fed, 242 

characteristic impedance, 240 

cud-felt 250-251 
horizontal, 228, 232-250 
mutual impedance, 292, 293, 208 

radiation patterns, 5, 6, 233, 246-247, 
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Half-wave dipole antenna, with screen 

reflector, 258-259 
shunt-fed, 238, 245 

vertical, 106 

wide-band, 252 
Harmonic suppression, 411, 415 

Harper, A. E., 322 

Hayes, L. W., 277-279 

Height, electrical, 23 

optimum, 78-81 
Height factor for horizontal antenna, 234 

angles of maximums and nulls, 235 

Height-to-diameter ratio, 44 
Hemisphere coordinates, orthographic, 

151, 152 
stereographic, 322-330 

History of antenna developments, high-

frequency, 195-201 

medium-frequency, 77-83 

Holtz, R. F., 145 
Horizon clearance, 226-228 
Horizon profile, 227 
Horizontal rhombic antenna, 229-230, 

315-339 
arrays, 334-339 
construction, 316, 319, 361 

impedance, 333-334 

optimum design, 320-321, 326, 329-331 
radiation patterns, 317-318, 321, 323-

329 
stereographic design charts, 322-328 

terminal loss, 331 
terminations, 333-334 

Hoyler, C. N., 392n. 
Hyperbolic radian, 367n. 

Icing, 75 

Image, charges, 513-525 
currents, 513-525 

plane, 513 
radiation, 16, 243, 297 

Impedance, intrinsic (see Intrinsic im-

pedance) 

mutual (see Mutual impedance) 
of vertical cylindrical antennas, 112-

113 
of vertical radiators, 111-115 

Impedance invention, 368, 504 
Impedance matching, 125, 238, 242-243, 

245-246 
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Impedance matching, networks (see Net-
works, impedance-matching) 

techniques, 400-425 
Impedance transformations, 42, 105, 

110, 115 

complex impedance to complex im-
pedance, 498-502 

generalized solution, 509-510 
resistance to resistance, 491-498, 502-

504 

Inductivity, ground, 15, 116, 118, 120 
Inductor, antenna tuning, 21, 29, 42-16, 

66, 141 

loss, 29 

current-equalizing, 52 
tower-lighting, 115, 143 

Insulated controls, 48, 444 

Insulation, aerial, 34 
base, 73, 115, 124, 128, 145, 180, 182, 

185-187 

cost, 29 

glass window, 189, 190, 481 

guy, 183, 351-352 

loas, 244 
oil- filled safety-core, 34, 35, 73, 186, 

187 

tubular strain, 34, 71 

Interference, atmospheric, 13 

(See also Noise) 

signals, 83, 85 

wave, 85, 118 

International Radio Consulting Com-

mittee (CCIR), 551 
International Telecommunications 17iiion 

(ITU), 188 

Intrinsic impedance, of antennas, 97-98, 

112, 114-115 

of any medium, 10 

of free space, 5, 10 

Inverted-L antenna, 16, 28, 67, 08 

Inverted-V antenna, 331, 341-343 

Ionosphere, 78, 195-217 

D layer, 18 

E layer, 199, 201, 206, 211 
E sporadic, 199, 201-203, 207 

F layer, 199, 201, 203-205, 211 

tilting, 212 
virtual height, 199-201 

Isolation circuits, 104, 145 
stopper, 146, 422 
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Isolation circuits, for very-high-frequen-

cy antenna feeders, 187 

Isotropic antenna, 8 
radiation pattern, 8 

Jelonek, J., 226n. 

Keying, on-off, 37-38, 447, 551 

frequency-shift, 551 

interlocked A-N, 61-62 
Kirchhoff's law, 492 

Kraus, J. D., 3 

Lazy-H antenna, 275 

Lee, R. E., 185 

Length, electrical, 23 

Lewis, R. F., 119, 120 

Lighting, aircraft obstruction, 143-145 

choke (see Inductor) 

transformer (see Transformer) 

Lightning, 105 

Lobe splitting, 156, 276, 280 

Logarithmic potentials, 28, 44, 513-526 
Logarithmic spiral, 95-96 

Long-wire antennas, 301-339 

standing-wave types, 302-304, 311-

312, 314 

radiation patterns, 303, 304 

traveling-wave types, 304-312, 315-

329 

radiation patterns, 305-308 

Loop antenna, 54-55, 60 

Low-frequency antennas, 18-76 

broadcast, 43, 45 

directive, 54-67 

electrically short vertical, 2, 18-19, 45, 
Il6 

multiple-tuned, 16, 38 45 

radiation pattern, 16 

radiation rcsistance, 16, 23, 25, 39, 67 

reactance, 29, 46-47, 117-70 

total re:48111m.y, 22, 24, 46, 52, 70, 118, 
120 

McEarly, B. N., 277-279 
McLean, F. C., 377, 399 

Magnetic field of earth, 209 

Magnetic force, 7 

Masts, 69, 350, 360, 362 

(See also Towers) 

Mid-phasing, 171 

Mismatch, 406 

Models, scale, 3.5-36, 67, 79, 197 
Monitor, phase, 177 
Nfultipath control techniques, 196, 262 

Multipath interference, 211-212, 237 

Nfultipath signals, 258, 262 

Multiple tuning, 16, 38-45 

Mutual Broadcasting System, 552 

Mutual impedance, 109, 115, I2g 129, 
155, 171, 180, 243, 267 

cancellation, 129-131 

collinear dipoles, 293 

parallel dipoles, 292, 295-300 

vertical radiators, 533-536 

N 

National Broadcasting Company, 178-

185, 189, 190, 356, 358-360, 463-465, 
470, 475 

Navigational aide, 19, 55, 60-67 
Neper, 11, 367n. 

Networks, balance to unbalance, 133, 
146, 147, 507-509 

coupling, 114, 125, 132, 408-411 

for directive array, 131-139, 191 

graphical synthesis, 134-139, 490-512 

impedance-matching, 138, 408-4 I I, 
490-512 

L, 495, 505, 508 
tr, 494, 497, 499-50I 

T, 492 493, 495-496, 498-499, 501 
502 

louden, 509 

phasing, 132, 133, 502-504 

polyphase conversion, 510-512 

power-dividing, 132, 133, 505-507, 512 

for two transmitters into one an-

tenna, 146 

Nodes ( mtnitnums or zeros), 99-101 
Noise, 13, 221, 231 

ambient, 87, 91, 221, 222 

atmospheric, 94, 104, 221, 231, 542, 551 
ignit ion, 231 

man-made, 93, 221, 231, 232, 5.51 

precipitation static, 231, 245 

world zones, 14, 18, 222, 542-547 
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Normalizing, 160 

North American Regional Broadcasting 

Agreement (NARBA), 87, 156, 161, 

552 
Nulls (zeros), multiple, 168-170 

in pair patterns, 538 
in a radiation pattern, height factor, 

235 
in traveling- and standing-wave pat-

terns, 305 

o 

Omnidirectional antenna, 94 
Open-wire tranamission lines, 370, 374-

392, 395-405, 411-438 

Outrigger, 44-45 

Pairs of radiators, 153-175 
radiation patterns, 537-540 

Paralleling, of synchronous transmitters, 

131 

two transmitters of different frequen-

cies on common antenna (diplex-
ing), 146 

Parasitic dipole, 260 

Parasitic reflectors, 264, 299-300 
Patterns (see Radiation patterns) 
Penetration of ionosphere layers, 211-213 

Permeability, of free space, 7 
of transmission-line wires, 371, 451 

Permittivity of free space, 1 

Peterson, 11. 0., 223, 340 

Phase diagram, 135, 137 
Phs.ae transformations, single to balanced 

three-phase, 510-512 
single to balanced two-phase, 507-509 
single to unbalanced polyphase, 512 

Pierce, G. W., 81 

Plow, ground-wire, 123, 189 

Plume, 29, 46, 48, 250, 443 
Polarization, definition of, vii 

horizontal, 16, 196-197, 214 

variations due to propagation, 214-215 

vertical, 16, 55, 196-197, 214 

Poles, 348-349 
concrete, 350, 473 

depth of planting, 465 

splices, 357-359 

Poles, steel pipe, 478 
mood, 348-349, 356-357, 359-383, 459-

462, 464-466, 468-471, 475, 477, 

478, 481-485 
Potential, antenna, 29, 45-47, 51, 107, 

141, 234-242 

corona, 29, 241, 442-448 

counterpoise, 52 

distribution, 46, 95-99, 141, 240 

equations, 514-526 

flashover, 29, 443 

Potential gradients, 29, 34, 46-48, 143, 

238, 271, 442-448, 516, 525-526 
effect of frequency, 448-448 
maximum safe, 444-448 

pluming, 29, 48, 48, 250, 443 

Power, transmitter, 222-223, 225-226 

Power-dividing networks, 132-133, 505-

507, 512 
Poynting vector, 7, 116 

Profile, horizon, 227 
(See also Topography) 

Proof of performance, 176 

Propagation, 9 

angles of arrival, 214-215, 217, 219, 

331, 334 
azimuthal variations, 212, 215, 219, 

334 
vertical-angle variations, 92, 214, 219 

attenuation, 16-17, 85-87 

of currents in systems of linear con-

ductora, 366-370 

ground-wave, 14-19, 214, 229 
high-frequency, 199-217 

references, 217-218 
horizon clearance, 226-229 

medium-frequency, 84, 86, 88-90 

data, 84, 89-90, 93 
multipath, 196, 211, 222, 225 

ray theory, 216 
scattering at reflection, 15, 201 

sky-wave, 18, 91-93 
(See also Ionosphere) 

stability, 199 

Propagation constant, 367 

Proximity, of antennas, 229-210 

effect of, 398 

Q, antenna, 37, 38, 240-242 

dissipation factor, 22, 509 
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Q, inductor, 22, 40, 43, 509 

(See olio Standing-wave ratio) 
Quarter-wave vertical radiator, 20, 105, 

182 

with parasitic element, 299-300 

Radiation, from feeders, 375, 378 

from guys, 351-352 
parasitic, 106 

Radiation patterns, to accommodate 

changing arrival angles, 220 

asymmetric, 147 

composite, for complementary and 
uncomplernentary antennas, 216-
217 

control, 19 

double dipole, 257 

for end-fed antennas, 246-247 

figure-of-eight, 61, 64, 65 
Fourier, 174-176, 300-301 
fundamental doublet, 3, 6 

half-wave dipole, 5, 6, 233, 246-247, 
541 

horizontal, 148, 150, 267-279, 281-283, 
286-292, 537-540 

isotropic antenna, 8 
rnultielement array, 147-149, 261-292 

nulls in vertical patterns, 149-153 

for pairs of radiators, 148-149, 537-540 
power di.stribution, for dipole arrays, 

277-279 

RCA fishbone antenna, 340-341 

rhombic antenna, 317-318, 321, 323-
328 

secondary-lobe suppression. 156-176, 
201-267, 276-2112 

standing waves on long wires, 302-305 

symmetrical multiple-null, 168-171 
synthesis, 148-166, 173-176, 262-272, 

281-290, 301, 322-329 
tilting of main beam due to feeder 

Anemia' ion, 202-263 
traveling waves on long wires, 304-308 
vertical, 16, 94, 100-102, 120, 148-150, 

261-267 

for vertical radiators with sinusoidal 

current distribution, 99, 101 
Radiation resistance, 2, 21-23, 77-78, 81 

definition of, 8 

half-wave dipole, 238, 240 

INDEX 

Radiation resistance, low-frequency an-
tennas, 18, 23, 25, 39, 67 

Radio range, four-course, 14, 19, 60-67 

nonsimultaneous, 66 
simultaneous, 87 

Radio stations, Bolinas, Calif., 474 
CRK, 185 

CKLW, 187, 191 

CK WS, 459 

Dixon, Calif., 475 
KOA, 185 

KTBS, 54, 187, 188, 466, 467 

Radio Nacional, Rio de Janeiro, 357, 
471-473, 479 

Riverhead, N. Y., 361, 481 

Rocky Point, N. Y., 72, 524-525 
Sackville, New Brunswick, 347-352, 

481-484 

WJZ, 178, 179, 180, 464 
WNIAQ, 181 

WN13C, 184, 190, 463, 465 
WTAM, 189 

Radiophare, 24, 26 

RAF Shortwave Communication Hand-

book, 253 
RAF Signal Manual, 234, 269-270, 273, 

307 
RCA Antennalyzer, 176 
RCA Communications, Inc. 72, 472, 473, 

479 

RCA International Division, 471, 472, 
473, 479 

RCA Laboratories Division, 106 
RCA Simultaneous Equation Computer, 

525 
RCA Victor Company, Ltd., Montreal. 

187, 191, 363, 459, 460, 461, 462, 486 
Reactance, antenna, 29, 46-47, 67-70 

counterpoise, 52 
tuning-inductor, 43 

vertical cylindrical antennas, 113 

Receivers, 245-246 
Receiving-station sites, 230-232 

Reflection, wave, 18, 118, 228 
E-layer, 104, 199, 212 
F.-layer, 199-212 

Fr-sane equations, 118, 233 

from ground, 10, 15, 201, 216, 244 
in transmission lines, 308-373 

(See also Current distribution. 

Standing-wave ratio) 
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Velocity of propagation, 9, 95 
in antennas, 27, 57 

in coaxial cables, 368 
in dielectrics, I 
in free space, 1 
in open-wire transmission lines, 294, 

366-367, 372, 514-525 
Vertical antenna, 20-23, 26-29, 44-45, 

54, 69, 80, 82, 112-114, 117-118 
on building roof, 139-141 
current distribution, 19-23, 25-27, 78-

80, 94-99, 106-107 
field strength, 86 
impedance, 38, 42-44, III, 114-115, 

128-129, 134 
mutual (see Mutual impedance) 

nonuniform cross section, 102, 114 
with parasitic element, 299-300 

radiation pattern, 16, 94, 99-102, 106, 

108 
reactance, 113 
resistance, 25, 112 

sectionalized, 81, 181 
top-loaded, 80, 181 
as a uniform transmission, 94-97 

Very-high-frequency antenna, 114, 145, 
156 

Vibration, of antenna rigging, 343 
of feeders, 463, 467 
st ress, 468-469 

W 

Water, drip, 48 
Wave antenna, 55-60, 197 

array, 58-59 
directivity, 57-58, 60 
Houlton, Maine, 58-59 

Wavelength, 1 

fundamental, 21 

Waves, Brewster angle, 120 
parallel transmission mode, 243 

plane, 9 
spherical, 9 

standing (stationary), 94, 125, 154, 
197, 302-304, 311-312, 314 

tilt of wavefront, 15, 55-56, 115, 215 

traveling (progressive), 94-96, 197, 
304-312, 315-339 

(See (Liao Propagation) 
Wells, N., 249 
Wide-angle suppression, 156-174 

Wind Turbine Company. 485 
Wire, drop, 109-111 
ground, 122-123 

Wire stringing, 466-468 

tension, 467 
Witty, W. M., 54, 187, 18R, 466, 467 

Wolf, 1., 175-175 

Woodward, O. M., Jr., 112, 113 
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Reflection coefficient, 118, 121, 229, 233. 

235 
Reflection factor, 368 

Reflector, active, 270, 314 
parasitic, 259-261, 264-265, 299-300, 

315 
screen, 259-260, 271-272, 275, 280, 284 

Refraction, wave, 18 
Reliability of communication, 224 

Resistance, antenna, total, 22, 24, 46, 52, 

70, 118, 120 
conductor-loss equivalent, 22 

folded dipole, 253 
folded unipole (monopole), 109 

ground terminal, 22, 53, 81, 117, 120 

insulator-loss equivalent., 22 
negative, 129, 491 

tuning-inductor, 22 
vertical cylindrical antennas, 112 

Response, angular, 213 
uncomplementary antennae, 216 

Rocky Point very-low-frequency an-

tenna, 72, 524-525 
Rods, ground, 49, 50, 52, 82, 121, 122 

Root-mean-square value of a pattern, 

148, 164-185 
Rotary-beam antenna, 281 
Royal Canadian Navy, 35, 73-75, 468, 

485, 486 

Scattering, wave, 15, 201, 216 

attenuation due to, 116 

Screen, ground, 50, 54, 123, 140 
Secondary-lobe suppression, 156-176, 

261-267, 278-292 

Selectivity, 36-37, 42, 107, 125, 127 
(See also Bandwidth) 

Self-impedance, 115, 128, 155, 295-300 

Self-matching, 407-408 

Sense antenna, 55 
Service area (see Coverage) 

Shadows, 15 

Shield, rain, 71, 72 
Shunt coil for impedance matching, 417-

421 
Shunt-fed antenna, horizontal dipole, 238, 

245 
impedance-matching, 238 

vertical, 104-105 
radiation patterns, 106-108 

Signal intelligibility, factors affecting, 

218-228 
facsimile, 218 
manual telegraph, 218, 225 
multiplexed teleprinter channels, 218, 

223, 225, 551 

radiotelephony, 218, 221, 223, 551 
Signal-to-noise ratio, 9, 17, 87, 91. 103, 

221-226, 231, 246, 258, 542 
for double-sideband AM telephony, 

548-550 
for various types of emission, 551 

Signaling speed, 38, 212 
Similitude, 2, 21, 36 

(See also Models, scale) 
Single-sideband telegraphy and teleph-

ony, 551 

Ski!ling, H. H., 3 
Skin depth (thickness), 11, 49, 54, 117, 

522 
Skin effect, 371 
Sky waves, angle of radiation, 92 

low-frequency, 18 

medium-frequency, 91-93, 103 

propagation, 18, 91-93 
Sleet melting, 40-41, 71, 75 
Stewing, beam, 271-272, 274 

Soil, moisture content, 85 
texture, 85n. 

(See aleo Ground) 

Spark gap, 114, 177, 188 
Spreader, 30, 348, 349, 350 
Spurious flashovers, 447-448 

Stability, array, 66, 176-182 
Standing-wave ratio, 243, 248, 368-369, 

439 
measurements, 453-458, 460 

reflectometer, 455-157 
sliding ammeter, 457-458 

Standing waves, 94, 125, 154, 197, 302-
304, 311-312, 314 

Station sites, high-frequency, 226-232 

low-frequency transmitting, 15-16 

Sterba, E. J., 377, 450 
Stopper circuits, 146, 422 

Stratton, J. A., 3 
Structural design, high-frequency an-

tennae, 242, 252, 255, 259, 316, 319, 

336, 342-363 
low-frequency antennas, 69-75 
medium-frequency antennas, 182-191 
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Structural design, transmission lines, 382, 
385, 387, 390, 392, 396-397, 403, 
452, 459-486 

Stub lines, 416-417, 420, 477 
Sunrise wall, 208 
Sunspots, activity, 203 

critical zone of solar disk, 214 
cycles, 203, 209, 223 

effect on ionosphere, 195 
numbers, 195 

Supports for antennas and feeders 

Meats; Poles; Towers) 

Switching of feeders, 432-438, 478-480 
Symbols, general, 11-12 

transmission-line, 369, 374-375 

Symmetry, array patterns, 154 
electric field, 519-521 

electrical, 154 

(ere 

T antenna, 16, 28, 33, 68, 75, 78 
Tank circuit, 411, 493n. 
Taper, cage, 249-250 

Tapered transmission line, 126, 422 -425 

Telegraph distortion, 37, 38, 214 
Teleprinter operation, 38 

frequency-shift, 551 
single-sideband two-tone and four-

tone, 551 
Television antenna, 114, 145, 156 

Thornhill, W. T., 444 
Time-losa factor, 226 

Top loading, 19, 23-29, 46 
Topography, 88, 227 

profiles, 15, 227, 229, 244 

Towers, 69, 72, 77, 79, 182-183, 350, 360 
guyed, 178-181, 188 
lighting, 104, 114, 128 

tapered, 110, 111, 184, 185 
(See alxo nuita; Poles) 

Transformation ratio, folded dipole, 253 
folded unipole, 110 

shunt fceiler, 105 
Transformer, balance to unbalance, 133, 

146-117, 426 432, 507-509 

impeduner, 109, 36)1, 370, 411-115 
reflection, 56-57, 59 

tower-lighting, 73, 114, 143, 186, 187, 
189 

Transmission lines, artificial, a3, 65 

halaneeil, 370, 379-403, 517 520 

Transmission lines, balanced, four-wire 

side-connected, 398-400, 476-478, 
480 

two-wire. 395-398, 412-425, 430 - 

431, 455-457, 468-175, 479, 481 - 
485, 517-520 

circle diagram for (See Circle diagram 

for transmission line) 

coaxial, 354, 370, 392-395, 432, 463-
467, 516-517 

design equations, 374-396, 399 -403 
eccentric, 520 

enclosed, 370, 374-392, 395-405, 411--
438 

general equations, 367-389 
infinite, 366, 515 
irregularities, 372 

compensation, 373, 395 
mechanical construction, 481-486 

noncylindrical conductors, 522-524 
open-wire, 370, 374-392, 395-405, 411 - 

438 

power-transmission capacity, 442--448 
tapered, 126, 422-425 

unbalanced, 370, 379-395, 520-522 
six-wire, 388-389, 459-462 

Traveling-wave antenna, 55-56, 3a4-331 
(See oiso Fiahbone antenna; Wave 

antenna) 

Traveling waves, 94-96, 197, 304-312, 
315-339 

Triangular flat-top antenna, 70-71 

Triatic, 40, 344-347 
loadings, 345-346 

Tuning-house equipment, 50, 72, 75, 180, 
185, 189, 190 

Umbrella antenna, 40-41 
Units, rentim('ter-grant-aecond (e603), eler-

troinagnetie, 117-118 

11S, 235 
nicier-k j Logra un-se-rond (mks), 7 

Univeraal antenna. 255-257 

V 

V antenna, 311-315 
RU.1 Model f), 314 

ItC.t Model G, 315 
Vernire, rotating, 95-97, 490-491 
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Velocity of propagation, 9, 98 

in antennas, 27, 57 
in coaxial cables, 368 

in dielectrics, 1 
in free apace, 1 
in open-wire transmission lines, 294, 

366-367, 372, 514-525 
Vertical antenna, 20-23, 26-29, 44-45, 

54, 69, 80, 82, 112-114, 117-118 
on building roof, 139-141 
current distribution, 19-23, 25-27, 78-

80, 94-99, 106-107 
field strength, 86 
impedance, 38, 42-44, 111, 114-115, 

128-129, 134 
mutual (see Mutual impedance) 

nonuniform cross section, 102, 114 
with parasitic element, 299-300 

radiation pattern, 16, 94, 99-102, 106, 
108 

reactance, 113 
resistance, 25, 112 

sectionalized, 81, 181 
top-loaded, 80, 181 
as a uniform transmission, 94-97 

Very-high-frequency antenna, 114, 145, 

156 
Vibration, of antenna rigging, 343 

of feeders, 463, 467 
stress, 468-469 

Water, drip, 48 
Wave antenna, 55-60, 197 

array, 58-59 
directivity, 57-58, 60 
Houlton, Maine, 58-59 

Wavelength, 1 

fundamental, 21 

Waves, Brewster angle, 120 
parallel transmission mode, 243 

plane, 9 
spherical, 9 

standing (stationary), 94, 125, 154, 

197, 302-304, 311-312, 314 

tilt of wavefront, 15, 55-56, 115, 215 

traveling (progressive), 94-96, 197, 
304-312, 315-339 

(See also Propagation) 

Wells, N., 249 
Wide-angle suppression, 156-174 

Wind Turbine Company, 485 
Wire, drop, 109-111 

ground, 122-123 

Wire stringing, 466-468 

tension, 467 

Witty, W. M., 54, 187, 188, 466, 467 
Wolf, I., 175-175 

1Voodwaril, O. M., Jr., 112, 113 
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screen, 259-260, 271-272, 275, 280, 284 

Refraction, wave, 18 
Reliability of communication, 224 

Resistance, antenna, total, 22, 24, 46, 52, 

70, 118, 120 
conductor-loss equivalent, 22 

folded dipole, 253 

folded unipole (monopole), 109 
ground terminal, 22, 53, 81, 117, 120 
insulator-low equivalent, 22 

negative, 129, 491 

tuning-inductor, 22 

vertical cylindrical antennas, 112 
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Rods, ground, 49, 50, 52, 82, 121, 122 
Root-mean-square value of a pattern, 

148, 164-165 
Rotary-beam antenna, 281 
Royal Canadian Navy, 35, 73-75, 468, 
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Scattering, wave, 15, 201, 216 
attenuation due to, 116 

Screen, ground, 50, 54, 123, 140 

Secondary-lobe suppression, 156-176, 

261-267, 278-292 
Selectivity, 38-37, 42, 107, 125, 127 
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Self-impedance, 115, 128, 155, 295-300 

Self-matching, 407-408 
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Shield, rain, 71, 72 
Shunt coil for impedance matching, 417-

421 
Shunt-fed antenna, horizontal dipole, 238, 

245 
impedance-matching, 238 

vertical, 104-105 

radiation patterns, 106-108 

Signal intelligibility, factors affecting, 

218-228 
facsimile, 218 

manual telegraph, 218, 225 
multiplexed teleprinter channels, 218, 

223, 225, 551 

radiotelephony, 218, 221, 223, 551 
Signal-to-noise ratio, 9, 17, 87, 91, 103, 

221-226, 231, 246, 258, 542 

for double-sideband AM telephony, 
548-550 

for various types of emission, 551 
Signaling speed, 38, 212 

Similitude, 2, 21, 36 
(See also Models, scale) 

Single-aideband telegraphy and teleph-

ony, 551 

Skilling, H. H., 3 
Skin depth (thickness), 11, 49, 54, 117, 
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Skin effect, 371 
Sky waves, angle of radiation, 92 

low-frequency, 18 

medium-frequency, 91-93, 103 
propagation, 18, 91-93 

Sleet melting, 40-41, 71, 75 
Stewing, beam, 271-272, 274 

Soil, moisture content, 85 

texture, 85n. 
(See aleo Ground) 

Spark gap, 114, 177, 188 

Spreader, 30, 348, 349, 350 

Spurious flashovers, 447-448 
Stability, array, 66, 176-182 
Standing-wave ratio, 243, 248, 368-369, 

439 
measurements, 453-458, 460 

reflectometer, 455-157 

sliding ammeter, 457-458 
Standing waves, 94, 125, 154, 197, 302-

304, 311-312, 314 
Station sites, high-frequency, 226-232 

low-frequency transmitting, 15-16 

Sterba, E. J., 377, 450 
Stopper circuits, 146, 422 

Stratton, J. A., 3 
Structural design, high-frequency an-

tennas, 242, 252, 255, 259, 316, 319. 
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Structural design, transmission lines, 382, 
385, 387, 390, 392, 396-397, 403, 

452, 459-486 
Stub lines, 416-417, 420, 477 
Sunrise wall, 208 

Sunspots, activity, 203 

critical zone of solar disk, 214 

cycles, 203, 209, 223 

effect on ionosphere, 195 

numbers, 195 

Supports for antennas and feeders (see 
Masts; Polea; Towers) 

Switching of feeders, 432-438, 478-480 

Symbols, general, 11-12 
transmission-line, 369, 374-375 

Symmetry, array patterns, 154 

electric field, 519-521 
electrical, 154 

T antenna, 16, 28, 33, 68, 75, 78 
Tank circuit, 411, 493n. 
Taper, cage, 249-250 

Tapered transmission line, 126, 422-425 
Telegraph distortion, 37, 38, 214 

Teleprinter operation, 38 
frequency-shift, 551 

single-sideband two-tone and four-
tone, 551 

Television antenna, 114, 145, 158 
Thornhill, W. T., 444 
Time-loss factor, 226 

Top loading, 19, 23-29, 46 

Topography, 88, 227 
profiles, IS, 227, 229, 24.4 

Towers, 69, 72, 77, 79, 182-183, 350, 360 

guyed, 178-181, 188 
lighting, 104, 114, 128 

tapered, 110, 111, 184, 185 
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Transformation ratio, folded dipole, 253 
folded unipolc, 110 

shunt fee' ler, 105 

Transformer, balance to unbalance, 133, 
116-117, 426 432, 507-509 

impedance, 109, 369, 370, 411-115 
reflet ion, 56-57, 59 

tower-lighting, 73, 114, 143, 186, 187, 
189 

Transmission lines, artificial, 63, 65 

hmlanred, 370, 379-403, 517 520 

Transmission lines, balanced, four-wire 

side-connected, 398-400, 476-478, 
480 

two-wire. 395-398, 412-425, 430-
431, 455-457, 468-475, 479, 481 - 
485, 517-520 

circle diagram for (see Circle diagram 
for transmission line) 

coaxial, 354, 370, 392-395, 432, 463-
467, 516-517 

design equations, 374-396, 39'9 403 
eccentric, 520 

enclosed, 370, 374-392, 395-405, 4 1 1-
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general equations, 367-389 
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irregularities, 372 
compensation, 373, 395 

mechanical construction, 461--186 
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power-tramonission capacity, 442-I4K 

tapered, 126, 422-425 

unbalanced, 370, 379-395, 520-522 
six-wire, 388-389, 459-462 

Traveling-wave antenna, 55-56, 304-331 
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Traveling waves, 94-96, 197, 304-3 12, 
315-339 

Triangular fiat-top antenna, 70-71 
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Units, cent inicter-grarn-accond ( cgs), elec-
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Vector'', rotating, 95-97, 490-491 
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80, 94-99, 106-107 

field strength, 86 
impedance, 38, 42-44, 1 11, 114-115, 
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Water, drip, 48 
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array, 58-59 
directivity, 57-58, 60 
Houlton, Maine, 58-59 

Wavelength, 1 

fundamental, 21 

Waves, Brewster angle, 120 
parallel transmission mode, 243 

plane, 9 
spherical, 9 
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tilt of wavefront, 15, 55-56, 115, 215 

traveling (progressive), 94-96, 197, 
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tension, 467 
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