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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. I t  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 a t  the lower frequencies as the spectrum conditions become more 
difficult. 

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

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

The purpose of a transmitting antenna is to project'radiant energy over 
a given wave path in the most effective and economical manner. The 
purpose of a receiving antenna is to absorb a maximum power from a 
passing wave field, with the maximum exclusion of n6ise and interfering 
signals. The transit of a wave field between the two depends upon the 
physics of wave propagation. The antenna engineer must be famillar 
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. I t  may be expected that 
future developments in our knowledge of propagation will have their 
influence on future antenna design. 

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 Some of the information is from unpublished sources and 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

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

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

Term 

Low frequency 
(long wave) 

Medium frequency 
(medium wave) 

High frequency 
(short wave) 

Wherever possible we have used the meter-kilogram-second system of 
units in the formulas. However, in a practical work of this nature i t  is 
necessary to adhere to prevalent engineering usage of heterogeneous sys- 
tems of units. For example, in the United States i t  is standard engineer- 
ing practice in broadcasting to base the performance of an antenna on 
millivolts per meter a t  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 t o  
the earth. Intermediate polarizations also exist. 

Comprehensive bibliographies are given a t  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, 
311d 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. -4s one advances further and 
further in the antennaengineering art, the need for reference to these 
original sources becomes more pressing and the value of an extensive 
l)ibliography becomes evident. 

Abbrevia- 
tion 

LF or If 

M F  or mf 

HF or hf 

Approximate band 

Up to 500 kilocycles 

200-5,000 kilocycles 

3-40 megacycles 

Most useful propagation 

Ground waves 

Both ground and sky waves 

Sky waves propagated by way 
of the ionosphere 
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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 a t  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. Krausloo2 is a useful one for those desirous 
of becoming familiar with the theoretical principles of antennas. I t  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 Henney, Edi- 
tor-in-Chief of Radio Engineering Handbook, who suggested that this book 
be written, a t  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 ihe style and arrangement. 

The following men kindly contributed some of the photographs showing 
construction details: R. F. Guy of the National Broadcasting Company; 
J. L. Finch of RCA Communications, Inc.; H. B. Seabrook and J. B. 
Knox of the RCA Victor Company, Ltd.; A. 0. Austin, Barberton, Ohio; 
Lt. D. V. Carroll of the Royal Canadian Navy; J. A. Ouimet and J, E. 
Hayes of the Canadian Broadcasting Corporation; Harold Bishop of the 
British Broadcasting Corporation; E. J. Wilkinson of the Australian Post- 
master-General's Department; W. M. Witty, Dallas, Texas. E. W. 
Davis of the Mutual Broadcasting System contributed the map repro- 
duced in Appendix VI 11. 

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

EDNUND A. LAPORT 
GLEN RIDGE, N. J. 

January, 1952 
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Introduction 

Radio communication is accomplished by the transmission and reception 
of electromagnetic waves that  are propagated between two geographical 
locations by the phenomenon of electromagnetic radiation. A radio- 
frequency generator, called a radio transmitter, delivers its output power 
to a transmitting antenna. The transmitting antenna transforms the 
radio-frequency energy in the antenna circuit t o  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 los meters per second.* . In other mediums, the velocity of propaga- 
tion of plane electromagnetic waves1001 is 

-34 , 
v = C [ ~ ( d 1 + & ~ + 1 ) ]  meters per second1001 

This equation is in the rationalized meter-kilogram-second (mks) sys- 
tem of units. Here, p, is the magnetic permeability relative to free 
space, and c, is the dielectric constant, or inductivity, of the medium 
relative to  free space. c, is the permittivity of free space, which has the 
value of 8.85 x 10-l2 farad per meter. u is the conductivity of the 
medium in mhos per meter. w is 27r X j, the frequency in cycles per 
second. 

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

-4 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 

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

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

1 
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The size of an antenna is related to the wavelength of emission in some 
mariner; it may have a length of a half \ravelength, a quarter wavelength, 
one-twelfth wavelength, or in some cases one or more ~vavelengths. The 
range of wavelengths primarily coricerning us in this book is from about 
10 meters t o  perhaps 20,000 meters. One can realize immediately that 
an antenna one wavelength high a t  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 t o  make this 
ratio as large as possible. At the shorter wavelengths efficiencies very 
near to 1.0 can be achieved conveniently, while for the longer wavelengths 
the best that can be achieved is much less than this, and sometimes as 
low as 0.05. 

Antennas are in general open-circuit systems of electrical conductors 
projecting into the space in which the radio waves are propagated. These 
conductors are connected to the transmitting and receiving apparatus, 
which are closed-circuit devices. The charges moving in the transmitting 
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antenna cause disturbances in the surrounding space which generate the 
waves propagated outward into space, with attenuation and variations 
which increase with the distance from the transmitting antenna. The 
passing wave field induces the movement of charges in the conductors 
of the receiving antenna, which causes currents and potentials t o  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,1001 Skilling,loo4 and Kraus.1002 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 i t  will be used frequentl$, 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 

i = I. sin wt 

Consider further that the middle of this doublet is the center of a 
system of polar coordinates with the axis of the conductor along the 0 
axis of the coordinate system. The angle 0 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 \\.ill 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, +, and r, 

Ee = 
37711 sin 0 

2rX 
volts per meter 

This equation expresses the absolute magnitude and relative phase of 
the field at  all values of 0 and r ;  hut, owing to axial symmetry, the field 
is independent of +. If we consider only the factor giving the magnitude 
of the field, it is seen to  be directly proportiona1,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 8 = 90 degrees; and that it is inversely proportional 
to the distance and to  the wavelength when r, 1, and 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 
volt per meter, for 8 = 90 degrees. Therefore a doublet with a moment 
of 1 degree-ampere corresponding to  the above conditions will produce a 
free-space field strength of 325 microvolts per meter a t  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 r3 and r2, respectively, and which therefore 
quickly fall to negligible values as the distance increases. The induction 
field has decreased to  1 per cent. of the value of the radiation field a t  a 
distance of 16 wavelengths. 

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

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

E a I sin 0 

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

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

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

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

6010 sin wt cos (90 cos 0 )  ej36k,X Ee = 
T sin 0 

volts per meter 

where I 0  is the instantaneous peak value of the current at  the center of 
the dipole. 

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

A .  This is the amplitude factor which shows that the field strength is 
proportional to the current varying sinusoidally in time, with a peak 
instantaneous value of I. a t  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 /2~ ,  very nearly, where 377 (ohms) is .the intrinsic impedance of 
free space to a plane I\-ave. 
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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 8. 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 a t  the source a t  any instant by 360 degrees per wavelength, 
measured along the propagation path. This is because of the finite 
propagation for a wavefront to arrive a t  the distance T ,  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 

Pe = 
I cos (90 cos 0) 

sin 0 

where I is the rms current a t  the center of the dipole and the electric 
force Fo is now in arbitrary relative units. If instead of using the colati- 
tude angle 0 we wish to  measure el as a latitude angle from the equatorial 
plane of the system, as we do frequently, we take as the complement of 
I9 and by substitution, to obtain 

I cos (90 sin el) - 
Fe = 

cos 01 

A half-wave dipole has a moment of 114.5 degree-amperes per ampere 
a t  its center. This produces a field strength of 37.3 millivolts per meter 
a t  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 a t  1 mile per ampere a t  those 
angles where the direct and reflected waves add in phase. 

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

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

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

The free-space radiation pattern for a half-wave dipole is the solid of 
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revolution generated by an oval tangent to the dipole with its major axis 
rlormal 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 0 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 = -  
377 ampere-turns per meter 

in air. In this relation E is in volts per meter, and 377 is a constant 
known as the "intrinsic impedance'' q of free space in ohms. I t  is 
obtained from the relation 

where p, is the permeability of free space, which is 4~ x lo-' 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 H 
gives the Poynting vector P, or the power flow in watts per square meter 
in the direction of propagation or in the plane of the equiphase surface 
of the wave. Both E and H are vector quantities in that they both have 
direction and magnitude a t  any point in space. They are perpendicular 
to each other and to  the direction of propagation. Through these simple 
equations, which are consequences of using the meter-kilogram-second 
(mks) system of units, plane-wave relations become analogous to Ohm's 
and Joule's laws for circuits. Therefore we can go on to  other obvious 
relations such as 

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

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

Radio transmission sometimes is t o  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 estent 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 ~vith those reflected 
from the earth and other objects against which the waves inevitably 
impinge. Therefore even antennas that are regarded as omnidirectional 
are so only in a certain sense-usually in the sense that the antenna is 
nondirective geographically in the earth plane. 
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The receiving antenna has the function of extracting the maximum 
power from a passing wave field and at  the same time intercepting a 
minimum of other radiations inevitably present owing to unwanted 
signals from other stations that cause interference and to natural or man- 
made electrical noise. The most important factor at  the radio receiver 
is the signal-to-noise ratio, in this case considering interfering signals 
from unwanted stations as a component of the total noise present. Radio 
communication is impractical when signal-to-noise ratios fall below cer- 
tain values, the values depending upon the kind of communication, 
whether telegraph, telephone, facsimile, television, 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 
classes of antenna design, a rBsum6 is given of the characteristics of 
propagation, leading up to the antenna-design techniques best adapted 
to the special propagation conditions existing in the relevant portions 
of the radio spectrum. 

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



10 RADIO ANTENNA ENGINEERING 

the orientation of the electric vector of the wave with respect t o  the 
interface-whether parallel to  it, normal to it, or oblique, with both 
parallel and normal components. I t  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. 

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

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

In homogeneous imperfect dielectrics the attenuation of a plane electro- 
magnetic wavelool is 

-- -- 
us $5 

nepers per meterlool 

All units are in the meter-kilogram-second (mks) system. 
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When a2/tV2t,2a2 >> 1, conduction currents predominate over displace- 
ment currents and the equation for attenuation reduces to 

a = 1.987 X . \ / g u  nepers per meterloo' 

Appendix I1 gives the so-called "skin depth" of ground currents (depth 
at  which the wave attenuation is 1 neper or 8.686 . . . decibels) for this 
case. [For conversion from meter-kilogram-second (mks) t o  electro- 
magnetic centimeter-gram-second (cgs) units, ad, = 101lu,,,.] 

When u 2 / t , 2 ~ , 2 ~ 2  << 1, displacement currents predominate over conduc- 
tion currents and the equation for attenuation reduces to 

nepers per meterloo1 

For geologic materials p, is 1, usually. 

SYMBOLS FREQUENTLY USED IN TEXT 

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

a symbol for special quantities 
C Capacitance in farads ,' 

c Free-space wave velocity (3 X lo8 meters per second) 
D Distance 
d Diameter; distance 
E Electric field strength, volts per meter 
F Field strength; a functional notation 
f Frequency; a functional notation 
f a  Fundamental frequency 
G Length of a conductor, electrical degrees 
G Length of a horizontal conductor, electrical degrees 
C;, Length of a vertical conductor, electrical degrees 
Go Length of a vertical conductor, radians 
h Height above ground 
I Current, amperes 
3 Operator = 2/---i = a 90-degree rotation counterclockwise 
L Inductance in henrys 
1 Length (physical) 
Q Dissipation factor X / R ;  a standing-wave ratio I,,,/I,,, 
IZ Resistance, ohms 
r Radial distance 
V Potential, volts 
v Velocity of propagation, meters per second 
1 '  Power, watts 
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Symbol 
X 
Z 
20 
Z m  
a 

Meaning 
Reactance, ohms 
Impedance, ohms 
Characteristic impedance, ohms 
Mutual impedance, ohms 
Angle above the horizoLta1; also the attenuation factor in the 

propagation constant 
Azimuth angle from some reference direction 
Inductivity or dielectric constant 
A colatitude angle in polar coordinates; also occasionally used 

as general designation for an angle 
Free-space wavelength in meters 
Fundamental wavelength in meters 
Radius 
Conductivity 
Phase difference; a longitude angle in polar coordinates 
Phase difference; a latitude angle 
Angular frequency 23rf 
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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 a t  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-communica,tion world, with the 
consequence that for many years low frequencies were believed to be 
discarded. For this reason low-frequency techniques almost became a 
lost art, even though the applications for low frequencies have been con- 
stantly growing throughout the world. If it were not for the relatively 
congested condition of the low-frequency spectrum, there would be more 
extensive uses for this band from 15 to 500 kilocycles. 

-In 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), 
I\-hich makes it possible to communicate a t  considerable depths under the 
sea or under ground. 

I t  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 
decil)els. Thunderstorms in the general area of the receiving station may 
increase this range to 80 or 100 decibels on occasion. The variations 

13 
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for frequencies down to  100 kilocycles for the different noise zones for 
different hours of the day can be deduced from the curves reproduced as 
Appendix VII. These curves explain why the range of a low-frequency 
station is determined by ambient noise rather than by actual fading of 
the radio wave. These curves also indicate the very large differences in 
noise conditions between the various noise zones from grade 1 to grade 5 .  
I t  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 t o  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 t o  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, a ~ d  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 \raves arc propagated hy means of radiating 
structures which arc, in terms of rraveleligth. electrically very close to 
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earth. Thus all propagation which can be utilized is in this region close 
to the interface bet\\-eeri earth and air, where the ground plays a very 
important role in the propagatiorl 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 

"). ' 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 11.) 

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 t o  it and to the surface. 

The wave mechanics at- the interface between air a@ ground are very 
complicated even under the simplest physical circumstances. The solu- 
tion of Max~vell's equations in this region has long been in dispute, and 
serious work on the subject continues. 

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

Optimum ground-wave propagation is obtained over salt water because 
of its conductivity (many times that of the best soils to be found on the 
land) and its uniform topography. Undulations in the topography of 
land cause losses in propagation greater than the loss produced by con- 
ductivity alone because the impingement of a wave against a tilted 
surface creates wave reflections that produce scattering of the energy in 
directions other than the original direction of propagation. The energy 
loss due to scattering is dependent upon the electrical height and the 
slope of the surface undulations. The greater the electrical heights of 
hills and mountains, the greater the loss due to scattering and the greater 
the wave attenuation. Behind mountains greater than approximately 
one-half wavelength high, there may appear genuine sh'adows, 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 a t  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,  a t  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 

j ( f f )  a cos ff 

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

TABLE 1.1. GROUND-WAVE PROPAGATION-SMOOTH SPHERICAL EARTH 

Wave-path attenuation, decibels 
Distance. 

miles , 50 kiloycles ' 100 kilocycles , 200 kilocycles ' 400 kilocyelea 

Sea water (u = 4 X lo-" electromagnetic unit; c = 80) 

Good soil (o = 2 X 10-l3 electromagnetic unit; e = 30) 

levels generally prevail a t  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 
llractical working signal-to-noise ratios. The only way of overcoming 

0 0 1  2 2 21 
20 26 ' 26 I 26 28 

37 
45 
55 
77 

1 1  1 

34 
40 
47 
55 

Poor soil (a = 10-l4 electromagnetic unit; e = 4) 

63 68 89 

34 
4 1 
48 
58 

35 
42 
52 
66 
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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 a t  the receiving location by 
employing loop or, preferably, wave antennas. 

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

1.3. Low-frequency Antennas 

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

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

Of course, the operating frequency itself is a dominant factor. The 
band embracing the so-called "lo~v" 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 

techniques which have been developed for the medium-frequency 
broadcast band for frequencies below 500 kilocycles, where steel masts 

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. 
1.13.3). In general, however, low- a, 

frequency-antenna engineering is e z l o . -  
SINUSOIDAL principally a problem in circuits and 

how to obtain maximum efficiency 
from an electrically short antenna. 

1.3.1. Vertical-antenna Current 
Distribution. The principles of the 
electrically short antenna are better 
understood from Fig. 1.1, in which 
the natural sinusoidal current dis- 
tribution along a straight uniform- 5s70 

section quarter-wavelength vertical 
antenna is used for reference. A 
straight uniform vertical antenna 
with a height of 20 degrees mould o 0.25 0.50 0.75 1.0 

have the relative current FIG. 1.1. Relative current ditribu- 

tioIl shown for the sine curve tions on electrically short vertical 
radiators. 

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 
with top loading sufficient to give it a total electrical length of 30 degrees, 
\\-auld have the current distribution shown between A and B, and the top 
lo:iding ~vould be equivalent to an additional 20 degrees of vertical 



20 RADIO ANTENNA ENGINEERING 

antenna so far as the shaping of the current distribution on the vertical 
portion is concerned. 

A vertical bdegree antenna, with a relative current di~tribut~ion 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 may 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 a t  this point t o  think of the results in decibels, since any 
improvement having appreciable cost should yield not less than 1 decibel 
of increase in radiation. If one can afford to be exhaustive in his pre- 
liminary engineering, which means that engineering cost is not a factor, 
detailed cost estimates can be obtained for a succession of design varia- 
tions in the approach to an optimum investment. 

1.4. Fundamental Frequency of a Straight, Uniform Vertical Radiator 

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

In practice, an antenna that is a quarter wavelength electrically is 
somewhat shorter than a quarter wave long physically. The difference 
is due to end efect, which results from the finite ratio of antenna length 
to antenna diameter. Table 1.2 sho~vs the effect of height (length)- 
to-diameter ratio h/d on physical length G for a cylindrical vertical 
radiator for the condition of zero reactance with no artificial end loading. 
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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 h/d = 200 has a physical height of 85 degrees. Its fundamental 
wavelength is X O  = 360h/85.0, and its fundamental frequency is 

f o  = 3 X 108/Xo 

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

X o  = 4h,,,,. = 1.22hreet 

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 a t  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 1 1  degrees, 
with top loading that makes it equivalent to 25 electrical degrees, should 
have a radiation efficiency of the order of 18 per cent, excluding tuning- 
coil losses. While this estimate is necessarily a rough one, it will serve 
as a reasonable starting point for computations. 

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

The antenna-design problem will always assume one of three basic 
forms: the limitations on the ultimate design to be those of a reasonable 
investment; or a maximum height (where physical height is limited by 
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conditions other than cost) ; or a fixed amount of money available. The 
design coilsiderations 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. I t  is also the most important choice with 
respect to maximum realizable radiation efficiency, since radiation resist- 
ance is in general proportional to the square of the height. 

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

The total antenna resistance is the sum of fire separate components: 
Radiation resistance R, 
Ground-terminal resistance R, 
Resistance of tuning inductance R, 
Resistance equivalent of insulation loss Ri 
Resistance equivalent of conductor loss R, 

The radiation efficiency of an antenna is therefore 

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

The absolute values of ground, insulation, and conductor resistance 
are unattainable by direct measurement and must in any event be esti- 
mated from final system-resistance measurements. In the design stage, 
unfortunately, no significant estimates can be made because of the great 
range of values encountered within the scope of low-frequency design. 
From a knowledge of the current distribution in the antenna, the con- 
ductor resistance referred to the feed point can be computed by making 
a summation of Z2R losses over the complete system. 
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1.6. Radiation Resistance 

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

When there is capacitive top loading attached to  such a vertical 
antenna, its electrical length is effectively increased. The current I t  a t  
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 Ib. 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 

where Go is the electrical height i n  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 Ib 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 

The utility of this relation is that it holds for any shape of inphase 
current distribution. I t  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 

where G ,  is in degrees of vertical height and I t  and Ib  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 I l / Ib  is shown in Fig. 1.2 over 
the domain where the vertical current distributions are linear. 

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

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

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

ZJIb 

0 
0 .1  
0 . 2  
0 . 3  
0 . 4  
0 . 5  
0 . 6  
0 . 7  

Electrical (vertical) height, degrees I Actual height, feet 

13 
12 
1 1  
10 
9 . 4  
8 . 7  
8 . 2  
7 .7  

180 
164 
150 
137 
128 
118 
1 1 1  
104 
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We therefore have to  choose between one vertical radiator of 180 feet 
or two or more towers higher than 100 feet t o  support some form of t o p  
loaded wire antenna. If the radiophare is near an airport, there may be 
objections to the 180-foot radiator as an obstruction. The 104-foot 
height takes a large amount of top loading to attain a ratio of 0.7 between 
currents at the top and base of the antenna. This creates additional 
mechanical loads, and more than two supports may be required. 

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

Graphically, this is quickly solved by a diagram of height plotted 
against relative antenna current distribution. If we let 1.0 be the base 
current and 0.7 the current at  104 feet, a straight line drawn through 
these points and extended upward until it intersects with I t / I b  = 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 
a t  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 ~vould, 
by direct proportion, be 90 degrees at  a frequency 

f = 9955 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 

The unattenuated field strength at 1 mile is 

F = 0.650 X 55.5 = 36.8 millivolts per meter 

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

Fundamental frequency 176 kilocycles 
Physical height of vertical portion 150 feet 
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Electrical height of vertical portion 8 degrees a t  50 kilocycles 
Electrical length of entire antenna 25.5 degrees a t  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 

h = --- lo* = 1,398 feet 
1.22f 

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 t o  the upper 945 feet (17.5 degrees) of the equiva- 
lent straight vertical antenna. 

The ratio of top current to base current is 

I t  - sin 17.5 0.300 = 0.70 =-  
I b  sin 25.5 0.430 , 

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

With 100 kilowatts input, the a~ltenna current would be 190 amperes. 
The degree-ampere area ilo 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 

where v is the propagation velocity. 
-4 vertical antenna is not a transmission line in the purest sense because 

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

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

1 z - 
O - 3 x 108C 

ohms 

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

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

For suitable characteristic impedance formulas, consult Cases I ,  Ic 
and 111, Chap. 4, as examples. 
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1.8. Antenna Reactance 

The impedance of a low-frequency antenna a t  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 minimizihg antenna reactance a t  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 belo~v a certain critical 
value for the maximum anticipated power input, insulation is cheaper 
than steel and copper. 

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

X = -jZ 0 cot G 

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

X1 cos G, + jZo sin G, 
X ,  = Zo 

Z 0  cos G, + jX,,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 t o  zero. 
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1.8.1. Practical Flat-top Design. In low-frequency applications, G, 
is always less than 90 degrees so that X ,  is always capacitive. The value 
of G, is determined by the size of the antenna and has a dominant influ- 
ence on its cost. The value of Zo and XI must therefore be minimized 
once the limits of G, are determined economically and structurally. 

I 

THIN-WALL HARD- 

OR EQUIVALENT 

I I 

HUB 
SOLDER PIPE 

FIG. 1.3. Strong lightweight inexpensive cage spreader (four to eight spokes). 

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

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

C4 = 
1 

16h4 
34.5, log,, - 

pa3 4 2  
-4 single wire of the same radius at  the same height has a capacitance of 

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

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, 

For a six-wire cage, the capacitance ratio is 

If one wishes to use four wires spaced a uniform distance a in a flat plane, 
the  ~.:\tio 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: 

2h 2a 
2(1 + k )  log10 - log10 - CIV - - - P 3~ 

C I 4h2 2h2 k = p  2a 
loglo -- + k loglo 7 loglo - 

3ap a P 

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. 

W 

-B 
z - A B 
gE 220 220 
02 
%w 200 200 9:: 
z U -, 180 180 

: O 2: 160 160 
a0 
0 = zy 140 140 
+k 
$5 120 120 

3 5 
an 100 100 

0 20 40 60 80 100 0 2 4  6 8 1 0  
WIRE SPACING-INCHES NUMBER 06 WIRES IN CAGE 

FIG. 1.4. Capacitance ratio per unit length of cylindrical cages versus single wire 
when h = 200 feet and p = 0.125 inch. 

Identical Antennas at Different Locations. Consider the antenna shown 
in Fig. 1.5. Let us try to verify the reactance values a t  100 kilocycles 
as measured a t  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. ,4t 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) t o  account for all spurious end effects. Thus we 
consider each arm of the T (Gn) 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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- 600'  - 
500' 

Gh- 

--4-WIRE CAGES OF 0.258"DIA 

300' i WIRE IN FORM OF SQUARE 
4' PER SIDE 

FIG. 1.5. Cage T antenna characteristics. 

I 
GROUND SYSTEM 8120-500' BURIED RADIALS AND I-4'x4' COPPER 
PLATE BURIED ON EDGE UNDER CENTER OF RADIAL SYSTEM. 
MEASUREMENTS OF 3 IDENTICAL ANTENNAS AT DIFFERENT LOCATIONS 

STATION ' I STATION # 2   STATION*^ 

c & 
1 

16(3,240) farads per meter 

34.5 X 3 X lo8 X log10 0.129 x 483 x 1.414 

f- kc 

50  
6 0  
70  
8 0  
9 0  - 

100 
150 
200 
250 
300  
350 
400  
450 
500 - - - - - - 

f 

1 
ZO = - = 343 ohms = characteristic impedance of flat-top cage 

v (7 

250'  

GI, = 9.5' (electrical length of one arm). cot 9.5' = 5.9'76 
X h  = reactance of one horizontal arm of T a t  junction 

= - j(343 X 5.976) = -j2,0.30 ohms 

G " I 

l X ! R  

- j 1 3 1 5 n l  - 
1130 1 - 
975 I - 
848 - 
745 I - -- - - - - - - -  + ---- 
655 1 2.5a 
375 1 3.1 
222 5.0 
130 7.4 
65 10.5 4 
25 1 14.0 

+j15 118.3 
70 23.8 

120 1 32.5 - - - - - - 
+ ;390kc 

With the t ~ y o  arms in parallel, the total terminal reactance of the flat-top 
is approximately 

" 1  I 

- -  X h  - -j1,025 ohms 
2 

t 

X I R  
I 
I 
I 
I 
I ---- +-- -  

---j625 I 
4 2 5  1 3.0 
267 1 4.1 
148 ' 5.8 
6 7  1 8 3  
I I  I 11.6 

+ j 4 5  116.0 
108 121.4 
165 1 27.6 

+ 
0 1360kc 

The characteristic impedance of the vertical cage, which we shall take 

X ; R  

I 
I 
I 
I 
I 

2 .29n--- j640;Lt-  - 1 . 3 ~  -- 
4 0 0  1 3.0 
2 5 0  I 5.3 
1 5 8  1 8.0 

8 3  1 11.3 * ----- 
16 I 15.3 

+ j 4 0  l 2 0 . 1  
9 5  1 2 5 . 5  

1 5 2  131 .3  + ---- 
0 1 363 kc 
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at  the mid-point ( h  = 1,500 inches) is of the order of 

2" A 34.5 loglo 1G X 1,5004 
0.129 X 1.414 X 11 X lo6 

= 297 ohms 

The input reactance a t  100 kilocycles is computed to be, using Eq. (8), 
Chap. 4, 

( - j1,025) cos 9 + j297 sin 9 
Xa = 297 297 cos 9 + j(-j1,025) sin 9 

= - $335 ohms 

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

1.8.2. Reducing Potential Gradients. Potential gradients may be 
reduced by increasing conductor diameter or by using several conductors 
in parallel so that the charge per unit length on each conductor is reduced. 
Sharp edges and points on metallic hardware are smoothed to reduce 
localized gradients. The over-all capacitance loading is made as large 
as economically feasible so that,  for a given power input, the potential is 
made as small as possible by decreasing the antenna reactance X,. I n  ' 
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. 0. 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 G tons may break 
when accidentally struck with a wrench or other tool. They must bd 
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 a t  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 loss is increased. Losses are often further increased 
by cross discharge between the insulators when moisture and drip-water 

I- 
FIG. 1.6. Oil-filled safety-core strain insulator, rated a t  150 kilovolts. (Photograph 
courtesy of 1Zoyal Canadian Navy.) 

distribution is irregular. For this reason i t  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 a t  
1% 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. 
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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 a t  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. 
Lsually 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 be overemphasized, both for economy of engineering time 
and for precise forecasting of performance. By this technique i t  is 
possible to obtain a great deal of empirical information that cannot be 
reliably calculated. System costs can be minimized 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- 
frequency 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 distortionless 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 a t  
the receiver. 

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 a t  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 
mistuning 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/R as the Q of 
the antenna. Such an antenna, when tuned for operation by means of 
series inductance, forms a series-resonant circuit. The bandwidth of 
the antenna can therefore be defined in the usual way as 

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

I t  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. 

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

f Q,., = -- 7.4F 

If i t  is desired to operate a standard five-unit start-stop teleprinter 
(60-word speed of 23 dot cycles per second with equal mark and space 
intervals) a t  40 kilocycles, the Q of the antenna must not exceed 235. 
Furthermore, a t  this value, the tuning must be exact a t  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 
than 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 
values, 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- 
tuned antennas. 

1 .lo. Multiple Tuning 

The most extreme conditions of low radiation resistance and high 
reactance are encountered a t  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, 
usually many times the cost of the associated transmitting equipment. 

The most successful method of improving the radiation efficiency is 
that of multiple tuning. The antenna consists of a large elevated capaci- 
tance area with two or more down leads that are tuned individually as 
indicated 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 ~aral lel ,  one of which is fed directly by coupling to the transmitter 
and the other two a t  high potential (voltage feed) through their common 

/FLAT-TOP 
r------ 
I 

3 I L L '  FIG. 1.7. Principle of multiple k , ~ ~ ~ ~ ~  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. 
-1 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 a t  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. 
gil-ing 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 i t  is reckoned that the total antenna resistance at  
that point is about nine times its original value, or some 8.1 ohms. If 

&DOWNLEADS 2 1 
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the radiation efficiency were not changed, the radiation resistance a t  
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 R, by the equation 

R,, = R,N2 

The total antenna resistance with multiple tuning Rt t  is, in general, 
less than RtN2, and from this R,,/Rtt > R,/Rt. 

In addition to improving the radiation efficiency, multiple tuning also 
provides a more convenient input impedance a t  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 Q's 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 be divided a t  the center 
for sleet melting if required, and therefore the down lead from each 
diamond has two conductors as shown at  1-2, 3-4, and 5-6, each pair 
connected in parallel near ground. The cross triatic of each diamond has 
a low-tension insulator (represented by a dot) a t  the middle to divide the 
antenna for sleet-melting purposes. 

Let us assume that power is to be introduced a t  the down lead 3-4. 
The coupling apparatus will be located 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 a t  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 be made 
with the neutral connected to this central tower and the three phases 
connected to points 1, 3, and 5. 

FIG. 1.8. .4n arrangement of three diamond sections to form a flat-top for a very 
low frrquency antenna. 

There is another arrangement that should not be overlooked. The 
towers I ,  111, 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 some\vhat 
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 a t  the feed point when power is fed into only one of 
several down leads. Advantage of this principle can be taken in some 

CONICAL CAGE 
DOWNLEAD +-I OF THE 6 WIRES 

6 WIRE SEPARATELY USED FOR 
CONICAL CAGE EXCITING ANTENNA 

DOWNLEAD 

(ALL N WIRES)Z,= R,- jX, 

?///////////////A /////////////////////////A 
FIG. 1.9. Flat-top antenna with con- FIG. 1.10. Multiple tuning applied to the 
ical cage down lead. system of Fig. 1.9 for impedance matching. 

cases to obtain a more 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- 
mire 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 a t  the operating frequency. I t  
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 be used with practical feeders must be 
very large. The net~irork that provides the desired ratio will store a 
large amount of energy, thus adding to the over-all selectivity of the 
system. 

By the multiple-tuning technique. we can 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 6" 36. At this stage i t  
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 i ~ e a c h  wire. If the coil 
Q were the same as for one lumped inductance, the same 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 1,92015 = 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 
mires. 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 a t  
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 a t  15 
kilocyrles. 
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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 a t  the top to support a cage of vertical wires 
having a substantial diameter without excessive weight or cost. Let 
us take, for example, a wide-band vertical radiator for broadcast pur- 
poses for a carrier frequency of 218 kilocycles. A steel mast 200 meters 
high (52.3 degrees a t  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 a t  208 kilocycles to 54.7 a t  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 a t  the top of the mast to support a t  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 a t  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 
current 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 

Wires in fed portion Input R, ohms Input X, ohms 

1 
2 
3 
4 
5 
6 
7 
8 
9 (self-impedance) 
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In the resistances given in the table the ground and other loss com- 
ponents have been omitted for simplicity. I t  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 

FIG. 1.11. Multiple-tuned low-frequency broadcast antenna. 

that, with two wires in the fed portion, the resistance is of a value that 
would permit direct matching of 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. 

1.1 1. Antenna Potential 

The power input to a low-frequency antenna is limited by potential. 
.Jny 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 plumes, causes high loss, 
and a plume can be very destructive. The maximum safe potentials 
can be found from the data in Sec. 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 a t  the feed point 
will be 

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

where X, is the antenna reactance a t  the working frequency. 
In general, X, is very large with respect to R, so that the antenna 

potential becomes simply 
v, I,X, 

For typical top-loaded antennas having an electrical length of less 
than 20 degrees a t  the working frequency, the antenna potential is 
identical within 3 t o  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 

Iaxa v, I -- 
cos G 

For practical purposes i t  is quite sufficient simply to add a few per 
cent to the value of the product I,X,. The potential need be known only 
approximately in ordinary cases in order to estimate the insulation 
requirements of the system and the potential gradients a t  critical points. 
The gradients must be below those which produce corona and pluming 
(standing arcs) a t  the altitude of the site. The conductors of the antenna 
must be of sufficient diameter and their physical arrangement planned 
so as to keep all potential gradients helow critical 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 as 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. 

I t  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 a t  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 a t  
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 mires in parallel or in close proximity a t  the same potential 
reduce the potential gradients as compared with a single isolated wire 
at  the same potential. X 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 a t  the wire surface. The equipotential surfaces close to i t  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 a t  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 a t  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 a t  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. I t  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 points 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. .4 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 as well as solid dielectrics are useful in many borderline 
brushing problems. Plastics 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 a t  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 a t  
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. I t  
is necessary then only to ensure that the limiting potentials are well above 
the operating values. 
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1.1 2. Low-frequency Ground Systems 

The principles of grounding low-frequency antennas differ from those 
used a t  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 a t  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 
beneath is very small. I n  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 a t  considerable depth under the ground system. I t  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). 

1.1 2.1. Radial-buried-wire Ground System. The radial-buried-wire 
system is similar to that used a t  broadcast frequencies (see Sec. 2.5) 
where from 15 to 150 radial wires, centered a t  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 a t  their maximum density a t  the surface of the 
ground where the wires are buried so that a 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 loss may occur in the 
ground beyond the limits of the buried wires. A considerable loss can 
also occur because of the deep currents flowing beneath the buried wires, 
especially a t  points of concentrated collection such as the base of the 
antenna. 

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

1. Ground rods can be attached a t  the ends of the radials to intercept 
as much current as possible vertically a t  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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quency. This is not usually practical, but i t  is desirable t o  use the 
longest available ground rods. 

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

FIG. 1.12. Low-frequency buried-radial ground system with elevated central portion 
forming ground screen. 

escessive concentration at  the circle of collecting points. I t  is also 
beneficial to  employ ground rods at  the point where the radials emerge 
from the ground. The ground rods should be driven a t  an angle of 4.5 
degrees toward the center of the system. The inner ground rods, driven 
in a t  this angle, reduce still further the concentration of ground currents 
coming up from below. 

3. The radials that emerge and come to the base of the antenna above 
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ground also form an electrostatic ground screen to shield the ground from 
the intense electric field near the base of the antenna. At this point the 
antenna potential is high, and the ground screen prevents large dielectric 
loss in the soil. The exposed portions of the radials are insulated from 
ground at  a11 points after they emerge from the ground. The exposed 
portion of the radials should be of the order of 1 electrical degree a t  least. 

1. 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 150 or 180. 

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

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

1.1 2.2. Multiple-star Ground System. The star ground system 
utilizes the principle that if a number of short buried-wire radial systems, 
simulating large ground plates, are placed a t  uniform distance around 
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the antenna base and their centers connected together a t  the base of the 
antenna with overground bus wires, the current densities in the soil can 
be made relatively small. A system of such star radials can reduce the 
current densities a t  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 
collect 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 be determined by experimental tests. 

1.1 2.3. 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 
nonuniformity 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. I t  should have suffi- 
cient capacitance to have a relatively low reactance a t  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 objectionable. 

All three of these ground systems require exposed over-ground wires 
near the antenna base. The buried radial ground system with the wires 
brought above ground near the antenna is possibly the best choice a t  
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- 
sity reduction and decreases ground losses out 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. * 

OUNTERPOISE 

FIG. 1.14. Counterpoise (capacitance) 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-l4 to  5,000 X 10-l4 electromagnetic unit (sea 
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 can be 
exactly as illustrated in these figures except that the inner ring of Fig. 1.15 should be 
fully insulated from ground. There should not be any connection to actual ground in 
the antenna circuit when a counterpoise is used. 
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The depth of penetration of ground currents a t  the low frequencies 
(see Appendix 11) makes i t  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 t,he subsoil characteristics 

FIG. 1.15. Ground screen construction-center detail. (Photograph courtesy of 
W .  M .  Witty, consulting engineer.) 

FIG. 1.16. Ground screen for a vertical radiator. (Photograph from Radio Station 
KTBS,  courtesy of JV. 211. 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. 

1.1 3. Low-frequency Directive Antennas 

1.13.1. Loop Antennas. Directive antennas for use on the low fre- 
quencies are limited to those which function with electrically close spac- 
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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 a t  90 degrees with respect t o  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 
as 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. W a v e  Antenna. The wave, or Beverage, antenna has for 
many years been the principal low-frequency dikective 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 a t  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 esciting 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 
m v e  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 

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 pattern, 
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 
is 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. 

ELECTRIC VECTORS O F  '1 '\ '1 '1 

EQUIPHASE WAVE-FRONT 

RECEIVER 
WAVE ANTENNA (SIDE VIEW) 

FIG. 1.17. Simplest form of wave antenna. 

The characteristic impedance of the wave antenna is that of an unbal- 
anced transmission line. I t  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. I t  is 
often desired to reverse the direction of maximum response in oider to  
receive stations from two reciprocal directions a t  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. 1.18A. 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 case, the receiver 
is connected between 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. 
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The reflection transformer shown in Fig. 1.18A is an inductive trans- 
former having a ratio of Z o l  unbalanced to 2 0 2  balanced, and connected 
as shown. Zol designates the characteristic impedance of the two wires 
unbalanced to ground, and 202 is the balanced characteristic impedance 
betl~een 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 2 0 2  
balanced and the other to Z o l  unbalanced and connected as shown. In 

DIRECTION 
OF TRAVEL 

* OF DESIRED 
+ + +  t + t +  WAVE - 202- 
+ + + - - - -  

!a 
@ R= ZOI- TI - 

- 

- - @ z01- im 
- - 

FIG. 1.18. Two-wire wave antenna with reflection transformer for separate reception 
from reciprocal directions and an alternative form of bidirective wave antenna without 
reHection 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 Zol is in general a function of frequency, 
varying from the value computed from standard formulas which assume 
a perfectly conducting earth. I t  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 Antennas. 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 a t  a given frequency because of its 
effect 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 a t  the combining 

PATTERN FOR 
SINGLE WNE 

PATTERN FOR 
ARRAY OF 4 

WAVE ANTENNAS 

FIG. 1.20. Measured response pat- 
terns for one element and for an array 

\ 
of four wave antennas used a t  the 

1 / 1 \ receiving station of the American 
FIG. 1.19. Ideal horizontal response pat- Telephone & Telegraph Co. a t  Houl- 
tern for a one-wavelength wave antenna. 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 lorn-frequency trans- 
atlantic-telephone wave-antenna system a t  Houlton, Maine. Four wave 
antennas, each 320 degrees long, are arranged in two pairs and are all 
parallel. .Antennas -4 and B form the first pair, spaced laterally 25 



A-C comb. HI. 8-D comb HI. 

1 I 

E-D Ph. 
corc 

X 
1 

$ .  Fin01 Hx. 
3 
0 a 



60 RADIO ANTENNA ENGINEERING 

degrees and longitudinally 78 degrees. A second identical pair, composed 
of antennas C and Dl 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 aperiodicity and 
therefore is especially desirable in wide-band systems. 

1.1 3.3. Adcock Antenna. Another principle for low-frequency direc- 
tive transmission and reception is used in the Adcock antenna. This 

/ 
A I 
I 

FIG. 1.22. Adcock array for four 90-degree courses. 

antenna basically consists of two spaced vertical radiators with their 
currents in (or very near) phase opposition. Such a pair of radiators has 
substantially the characteristics of a loop antenna, but with the addi- 
tional 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 a t  the 
corners of a 600-foot square. Diagonal pairs constitute two Adcock 
arrays. If each pair is energized with equal-amplitude antiphased 



L O W - F R E Q U E N C Y  A N T E N N A S  61 

currents, and energized alternately in some interlocked keying sequence 
such as the commonly used A-K method, the crossed patterns produce 
symmetrical courses a t  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 

At 

FIG. 1.23. Adcock array with squeezed courses. 

radiators, the equisignal bearings can be bent in varying amounts to 
set up four-course guidance a t  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 .\ 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 S signals across the 
other. One secondary excites the first pair of diagonal radiators and 

NOTE: 

SIGNALS TRANSMITTED FROM THE 
"Nu ANTENNA ARE SHOWN OPEN 

FIG. 1.21. Principle of course and quadrant identification 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 a t  random. In  other cases three or all four of the courses may have 
to be oriented a t  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 

FIG. 1.25. Adcock array pattern with one antiphased pair and one pair out of 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 Lz of feeders to the radiators AI and Az, 
and the differential in the electrical lengths La and Lq t o  radiators As 
and .d4. 

Each feeder to each tower includes a straight run of coaxial feeder and 
an adjustable artificial-line netn-ork 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 bet\\-een the currents of 
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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 

3 
FIG. 1.26. Adcock array pattern with both pairs out of antiphased 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 a t  zero. The currents of the 
first pair are in exact antiphased relationship, but the currents of the 
second pair are now 16 degrees out of antiphased relation. As a result, 
one pair of courses is squeezed, and the opposite pair is expanded. The 
two reciprocal intermediate angles remain a t  90 degrees. The symmetri- 
cal figure-of-eight pattern of the first pair is combined with the asym- 
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metrical figure-ofeight 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 

FIG. 1.27. Rotation of four 9Megree courses by means of goniometer rotation. 

equal 20-degree phase deviations from antiphase for both pairs, but the 
goniometer is now set a t  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 a t  the frequencies between 200 and 400 kilocycles, i t  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- 

FIG. 1.28. Adcock array pattern illustrating arbitrary relations between courses 
combination of current phasings 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 a t  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 i t  will not 
interfere with the reception of voice signals. One receiver equipped with 
this reciprocal filter system provides the two types of sign& in two output 
circuits simultaneously. 

The cross-Adcock antenna system has also been used for fixed direc- 
tion-finding 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 antennas as constructed, and 
others were obtained from scale models. 

X (ohms) CALCULATED 
Rrad(ohm8) 

2.40 

30' 7.2 (3- WIRES) 
9.9 

12.8 
I TOWERS 

4 
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 numher that are practically reasonable. 



GROUNDED 
MASTS 

FIG. 1.30. Inverted-L antennas. 

--- 
I---- - 300' + ,-A,B 300'  .----- 

\2 WIRES 1 
4-WIRES 

IN SQUARE CAGE t I i 
HEIGHT 500' TOWERS 

GROUNDED 
SELF. SUPPORTING 

NOTE : 

AND INSULATED AS SHOWN. FOR 
FOR SPACING A. ANTENNA ENDS SQUARE 

SPACING 8, END DETAIL WAS CHANGED 
4PE USING ONE INSULATOR ONLY 

.a. --.--.- 
FIG. 1.31. Two-wire T antenna. 
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The application of vertical radiators to the lower frequencies is increas- 
ing 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. 

FIG. 1.32. Diamond antenna. 

I 

1.1 5. Structural Design 

I 
i 
i 

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 
structures must support extended aerial mire systems many of the 

350' 

I 
I 

I 
i 

(GROUNDED) 

i 
4-400' TOWERS , 

v 
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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 

ELEVATION VIEW TOWERS GROUNDED GUYS SECTIONED 
WITH SAFETY-CORE INSULATORS 

TTarious good examples of assembly details for low-frequency antennas 
are presented photographically in Figs. 1.35 to 1.43. These details will 
serve as a guide to good engineering practices for a wide range of 
applications. 

The mechanical loadings on members of a l~\~-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 stranded 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 

MEASURED CHARACTERISTICS 

f (kc) 

4 0  
5 0  
6 0  
7 0  
8 0  
9 0  

100 
110 
120 
140 
160 
176 

FIG. 1.33. Triangular flat-top antenna (elevation). 

ELEC LENGTH 
G-DEGREES 

2 0.4 
2 5.5 
30.6 
35.8 
4 1 
46  
51 
56  
6 1 
7 1.5 
81.6 
90 

R(ohms) 

2.7 
2.8 
3 .O 
3.3 
3.7 
4.2 
4.8 
5.5 
6.3 
8.4 
11.1 - 

X(ohms) 

- j  5 2 0  
4 0 8  
3 27 
2 6 3  
223  
185 
155 
130 
102 
6 0  
2 5  
0 
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TOWER CIRCLE 
400 FT. RADIUS 

3 0 0  FT. RADIUS 

PLAN VIEW-LOW FREQUENCY ANTENNA SYSTEM 

--/- 
/'- 

FIG. 1.34. Plan view of antenna shown in Fig. 133. 

FIG. 1.35. Assembly of two antenna strain insulators in series, both fitted with 
potential-grading rings and one with a rain shield. 

7 1 



FIG. 1.36. Antenna down-lead and coupling-house-entrance detail as used a t  medium- 
power low-frequency stations. 

FIG. 1.37. Antenna down-lead details for the Rocky Point, New York, high-power 
very-low-frequency multiple-tuned antenna. (Photograph courtesy of RCA Communi- 
cations, I~c., and Drix Duryea.) 
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FIG. 1.38. High-voltage oil-filled safety-core tower-base insulator with tower-lighting 
transformer inside the insulator. (Photograph courtesy of A.  0. Austin.) 

FIG. 1.39. Detail showing the assembly of wires to the strain insulator a t  the corners 
of antenna flat-top system of antenna in Figs. 1.33 and 1.34. (Photograph courtesy of 
Royal Canadian Navy.) 



FIG. 1.40. Four-wire cage T antenna built according to the dimensions of Fig. 1.5. 
(Z'hotograph co~crlas!/ of R o ~ n l  Cnnadinn Navy.) 

FIG. 1.41. Down-lead insulator and the end of the six-wire unbalanced unmatched 
feeder for the antenna of Fig. 1.5. 

74 



L O W - F R E Q U E N C Y  A N T E N N A S  75 

FIG. 1.42. Example of heavy icing on an antenna wire. (Photograph courtesy of J .  S. 
Hull and  C. I .  Soc~cy . )  . 

FIG. 1.43. Antenna down-lead detail for antenna built according to Figs. 1.33 and 
1.34, showing down-lead counter\\-eight and precautions a t  tuning-house entrance for 
large currents and high potentials. (Photograph coltr.tasy of Roya l  C a n a d i a n  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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C H A P T E R  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. I t  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 lo\$--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 a t  a frequency equal to or 
considerably 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 ohms, 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 test 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 Rallantine,1008~1009 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 approsimated one-half wavelength. This then 
Pointed to a method of increasing radiation efficiency by using antennas 

n 
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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 a t  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 a t  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 a t  night. This fading 
wall became a major obstacle to further increases in power, a t  least a t  
night. The only hope in sight was to use Ballantine's optimum-height 
antenna to reduce the amount of energy radiated skyward a t  high angles 
and a t  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. I t  was believed, though not proved a t  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 a t  hand. The first applications of the new principle 
were made to the T-type wire aerial operating a t  a frequency above its 
fundamental frequency and supported in the usual way by two high 
to~vers. 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 192.5 to about 1930 the T antenna, 
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Qperating a t  about 1% times its fundamental frequency, was the dominant 
type of broadcast antenna, and many of the systems constructed during 
t,his 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 mas also an important step 
forward. 

Unfortunately, the original form of cantilever radiator was not of 
uniform cross section. I t  tapered from a point resting on the base 
insulator to a maximum thickness just below mid-height and then tapered 
again to a point a t  the top. The guys were attached7at the waist, or 
maximum cross section point. This structure was a success mechanically 
but did not yield full expected performance, because its double taper 
modified the current distribution in a way that reduced its vertical 
directivity. Severtheless, 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 d i ~ t r i b u t i o n . ~ ~  

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 a t  Brant Rock but 
was never adopted as a design for an antenna. The economic advantages 
of the tower radiator are quite apparent. A tower radiator is less 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 ton-er 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 be reduced 
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to a point where its effect mas negligible a t  some small sacrifice in hori- 
zontal field-strength gain. The optimum choice for antifading over l a d  
was experimentally established a t  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. 

FIG. 2.1. Relative field strength versus height of a uniform straight vertical radiat,or 
with sinusoidal current distribution. 

Subsequent special modifications \\-ere 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 a t  the top to substitute for a certain amount of missing vertical 
height.23 The amount of top loading mas 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 
Another approach was to sectionalize the tower with insula- 

tors a t  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, fm 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 is 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.6 

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 cost 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 t o  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. 
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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 
work6 established immediately a uniform ground-system design for broad- 
cast stations in the medium frequencies. A system 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 a t  
radial ends and various other departures from simple straight buried 
wires are of negligible benefit in such a system a t  the medium frequencies. 

Diligent research and experiments have been conducted for other 
possible broadcast principles that might equal or surpass those disclosed 
by Ballantir~e.~ Various natural and unnatural current distributions 
have been studied and tried, as well as circles of radiat0rs,~5 controlling 
the velocity of propagation and using great heights. Some such devices 
produce equivalent performance a t  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 a t  medium 
frequencies by extremely high structures, insulated a t  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 a t  
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 t h e e  
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 



MEDIUM-FREQUENCY BROADCAST ANTENNAS 83 

to 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 
treaty. 

This remarkable branch of antenna engineering has deveroped 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, a t  the present time, systems of nine radiators are being 
used or proposed, with even more extensive systems likely to be used in 
the future. 

Appendix VIII is included to  show the development of the 620-kilo- 
cycle 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 a t  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 a t  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  station^.^^ Plotted for reference values of 
100 millivolts per meter unattenuated a t  1 mile, they show field strength 
versus distance for soil conductivities ranging from the best existing in 
nature (over sea water) to values corresponding to the worst ordinarily 



84 RADIO ANTENNA ENGINEERING 

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 

MILES FROM ANTENNA 

MILES FROM ANTENNA 

FIG. 2.2. Ground-wave field-strength versus distance curves for 970 to 1,030 kilo- 
cycles based on 100 millivolts per meter unattenuated a t  1 mile along the ground. 
(Federal Commu~~ications Cornnlission.) 

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 soiis and geology of a region. Othernise, 
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soi~-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 a t  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 a t  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.22 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 corpputed is the following: X station on 1,000 kilocycles, operat- 
ing with a power of 10,000 watts with a vertical radiator GO degrees high 
and an optimum ground system, is situated on a plain having a conduc- 
tivity of 7 X 10-l4 electromagnetic unit. I n  one direction, this conduc- 
tivity extends for a distance of G miles, then becomes fresh water for a 
distance of 11 miles with a conductivity of 10 X 10-14. From here on, 
there is sandy and rocky soil with an average conductivity of 2 X 10-14. 

* 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 
as in area. Soil texture and composition are likely to vary greatly with depth, as 
will also the moisture content, which affects both conductivity and inductivity. 
Since the depth of penetration of earth currents tends to be 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 t h e l a b o ~ a t o r ~ .  
\ h e n  we speak of conductivity here, we refer to the actual effective value a t  a given 
frequency, taking account of the fact that the effective conductivity of a particular 

~vill, in general, be different for other frequencies. 
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TABLE 2.1. UNATTENUATED FIELD STRENGTHS AT 1 MILE FROM UNIFORM-CROSS- 
SECTION VERTICAL RADIATORS HAVING ESSENTIALLY SINUSOIDAL CURRENT 

DISTR~UTIOS,  AS FUNCTIONS OF ELECTRICAL HEIGHT G DEGREES 
AND RADIATED PO--ER 

(To convert to the basis of 1 kilometer, multiply all values by 1.61. Field strengths 
in millivolts per meter) 

G, 
degrees 

10 
20 
30 
40 
50 

Power radiated, watts 

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 1 0 - ~ ~ , ' ~ e  
find that t,he 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 a distance of 11 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-l4 attenuates the signal as listed: 

Distance from 
antenna, miles 

Ratio of field strength 
a t  distance to that a t  
water's edge 17 miles 

from antenna 

Expected field 
strength, millivolts 

per meter 

If the ambient-noise level during daylight hours a t  a town on this 
radial a t  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 a t  1 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 best known 
method is to use a test transmitter to radiate signals and to measure the 
field strengths with a suitable field-strength meter. If a test transmitter 
is used, it is best to operate a t  the frequency for which the data are 
desired. Sometimes measurements can be made on another radio station 
operabing a t  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  station^.^^ 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 ~rac t ica l  purposes when the differences in conduc- 
tivities for different portions of the ground path are small. The method is subject t~ 
errors of importance when, for example, a land path with a conductivity of 2 X lo-" 
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 a t  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 a t  these distances. During 
the measurements the transmitting-antenna current is maintained a t  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 a t  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 a t  the propagation curves for 1,000 kilocycles 
(Fig. 2.2), a t  these same distances, it is found that a conductivity of 
4 X 10-l4 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 be precisely determined (because a small dif- 
ference in the ratio may make a substantial error in the conductivity 
figure), care should be 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 STRENGTH VERSUS DISTANCE 
[Field strength in per cent of the field strength (unattenuated) at 1 mile from the 

antenna] 

I Conductivities X 10-l4 electromagnetic unit 

Distance, Distanc I . 

A .  610 kilocycles per second 

B. 790 kilocycles per second 

C. 1,000 kilocycles per second 
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TABLE 2.2. GROUND-WAVE FIELD STRENGTH VERSUS DISTANCE. (Continued) 

I I Conductivities X lo-" electromagnetic unit 

D. 1,210 kilocycles per second 

Distance, 
miles 

E. 1,380 kilocycles per second 

F. 1,600 kilocycles per second 

Distance, / Sea kilometers water 40 20 1 

i 
2 10 5 
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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, a t  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 
 kilocycle^.^^ By interpolation between the values given, thevalues 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 a t  night is negligible, it  is frequently desired 
to know what service can be rendered intermittently a t  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 a t  some 
particular distance such that the only signal received there would be sky 
wave a t  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 a t  1 mile in the right 
directmion and a t  the proper vertical angle to arrive a t  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 follon-ing case: ,4 
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 a t  night in certain cities varying 
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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.) 

FIG. 2.3. Vertical radiation angles for sky-wave propagation. 

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 a t  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. .\VERAGE SKY-WAVE FIELD STRENGTH (HOURS OF DARKNESS) 
(In per cent of field strength 1 mile from antenna a t  relevant vertical radiation angle) 

Distance, 
miles 

Distance, 
kilometers 

Value of field strength exceeded 
Vertical 

radiation 10 per cent 50 per cent 90 per tent 
of time 1 of time I oi time 

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

Vertical 
angle, 

degrees 

Distance, 
miles millivolts per meter nighttime, 

millivolts per meter 

Field a t  1 mile, 

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 

Field a t  this distance 
50 per cent of 
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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 a t  the 
higher frequencies, and to some extent a t  lower frequencies. Such 
antennas may be steel towers used as radiators or supported vertical 
wire antennas. Extensive experience has been gained with vertical 
radiators a t  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 horizontal 
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 a t  this 
point. 

I t  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 2.4B there is represented graphically the solution of 
the current and potential distributions and the vector relations between 
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ptential  and current a t  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 

II TOP 

PPOSITION ALONG RADIATOR IN DEGREES ABOVE GROUND 
It-POSITION ALONG RADIATOR IN DEGREE FROM TOP END 

FIG. 2.4A. Development of current and potential distributions on a uniform vertical 
radiator 190 degrees high, representing the attenuation of a transmitted and reflected 
wave of charges, 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 wavo 
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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 

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

the downward waves must cancel to zero at  the open end. This is 
accomplished by a reversal of the current vector in the d o ~ ~ n ~ v a r d  wave. 
The potential vectors a t  the top add to double the potential of the travel- 
ing wave at  that point. 

The potential (and current) a t  any point in the antenna are the vector 
sums of the potentials (and currents) at that 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 hack again. This effect is illustrated 
for the point 70 degrees from the upper end in Fig. 2.4A, where the 
resultant potential a t  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. I t  is seen that a t  this point: the 
resultant current vector leads the resultant potential vector by an angle 
0 less than 90 degrees. The antenna impedance a t  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 a t  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 t_op of the 
antenna, the 190-degree point is a t  the base near ground where the system 

TABLE 2.4 
(Computed values based 

Ilistance from open 
end, degrees 

0 
10 
20 
30 
40 

50 
60 
70 
80 
90 

100 
110 
120 
130 
140 

150 
160 
170 
180 

of 2 decibels per wavelength) 

Current 

190 

on a traveling-wave attenuation 

Potential 

Magnitude 

0 
0.174 
0.342 
0.500 
0.642 

0.765 
0.860 
0.937 
0.982 
1.000 

0.988 
0.938 
0.870 
0.770 
0.647 

0.507 
0.279 
0.201 
0.105 

Magnitude 
- 

1 ,000 
0.99 
0.945 
0.865 
0.765 

0.640 
0.505 
0.348 
0.180 
0.056 

0.186 
0.348 
0.505 
0.646 
0.775 

0.870 
0 930 
0 .996  
1 .OOO 

.- 

Phase, degrees 

88 
88 
88 
88.2 

88 .3  
88.6 
89 
89 .5  
90 

90.6 
91 .5  
92.4 
93.6 
95 2 

98.3 
104.5 
119 
180 

Phase, degrees 

0 
0 
0 
0 . 5  
1 . O  

1 . 6  
3 . 0  
6 . 0  

15 
90 

162 
171 
173 
175 
176.5 

177.3 
178 
179 
180 

0.978 181.2 0.212 240 
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is usually fed. Therefore the vector ratio V190/11s0 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. I t  is 
evident that: 

1. At all points less than 90 degrees 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 180degree 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 a t  some point less than 180 degrees to  fall rapidly to zero a t  
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. I t  is evident, therefore, that 
between 180 degrees and 270 degrees the antenna impedance would 
be R - j X  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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RELATIVE VALUES 

FIG. 2.5. Comparison of current distributions for sine and actual relative values on a 
190-degree uniform vertical radiator. 

2.3.1. 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 = 
eos a ( l  - cos G) 

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

cos (90 sin a) 
f ( f f ) =  cosa  

When G = 60 degrees, the following equation may be used for the vertical 
radiation pattern : 

j(a) = cos a 
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These equations only give the shape of the pattern in relative values of 
field 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 

FIG. 2.6. Relative vertical radiation patterns for vertical radiators with sinusoidal 
current distributions for various electrical heights (G). 

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 a t  a node. The occurrence of a 
minimum instead of zero current a t  a node in the radiator produces an 
analogous effect on the radiation pattern, in that the pattern will have 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 u node. There is a minimum in the 
vertical radiation pattern for every rurrent 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 a,t the top of the 
antenna. The node a t  the top of the antenna has its radiation counter- 
part as a null in the pattern directly above the vertical radiator, or where 
(Y = 90 degrees. 

* Unattenuated field strength a t  1 mile with 1,000 watts radiated, in millivolts per 
Inrter. 

t Unattenuated field strength a t  1 kilometer with 1,000 watts radiated, in millivolts 
pel. meter. 
: Figures in parentheses represent very nearly the actual values encountered in 

practice, taking into account the deviation from sinusoidal current distribution due to 
radiation losses in the antenna, shown only where the differences are of importance. 

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 vertical radiator. Table 2.1 
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gives the values of unattenuated field strength a t  the surface of the 
ground a t  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 as an individual case. The 
resulting vertical pattern is also empirical. Solutions for such cases have 
been p ~ b l i s h e d . ~ , ~ ~  

I t  can be seen from the figures in Table 2.1 that the vertical directivity 
has an important influence on the horizontal field strength a t  1 mile. 
The effect can be seen more clearly in Fig. 2.1, which shows the field 
strength a t  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 a t  which their 
ratio is less than 2 to 1, because objectionable selective fading will occur 
a t  night a t  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-l4 electro- 
magnetic unit. The station will operate with a power of 10,000 matts. 
I t  is desired to see what the coverage will be with an antenna of 60 degrees 
height compared with one of 190 degrees. I t  is assumed that there are 
no regulatory reasons why either cannot be used. I t  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 
15decibel signal-to-noise threshold of 560 microvolts per meter a t  a 
distance of 49 miles, and for the 190degree radiator a t  55 miles. The 
60-degree-radiator sky wave, for 10 per cent of the time a t  night, equals 
the ground-wave field strength a t  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 
cent of the time, the center of the fading ring would be a t  about 73 miles 
and the near edge of the ring under these conditions a t  about 57 miles. 

MILES FROM ANTENNA 
FIG. 2.7. Ground-wave and sky-wave curves for 10 kilowatts radiated from a 60- 
degree and a 190-degree radiator where u = 4 X lo-" electromagnetic unit, f = 1,000 
kilocycles, 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 eignal 
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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,34-36 the radiator is 
grounded a t  its base, and the system is excited a t  the point where the 
shunt-feed wire is connected. By using a sloping wire, as shown in B 
of Fig. 2.8, a number of wire lengths and 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 a t  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 component. 

A shunt-fed vertical radiator does not use base insulators and therefore 
does not require any isolation circuits for tower-lighting circuits or for any 
top-mounted very-high-frequency antennas that may be 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 a t  its base, which we shall designate as Zd, a t  a specified 
frequency. When this same radiator is grounded and fed with a shunt- 
feed connection, i t  is adjusted to give an input impedance Z,,. The shunt 

"feeder thus acts as a transformer which converts Z,b to  Z,,. An equiva- 

1 

- 

/////////////////////////////////, 
@ CENTER FEED @ SLOPING-WIRE F E E D  

FIG. 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 a t  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 a t  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 factor. Furthermore, the feed loop 
is not sufficiently large to  cause excessive radiation, though there is some. 

-TOWER RADIATOR --L 

+TO FEEDER 
-l'+ 

- 

+TO FEEDER 
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The amount of parasitic radiation that can be tolerated from the feed 
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- 
tion is therefore increased in all vertical planes, especially a t  the very 
high angles where, with series feed, the field strength would be zero. 

L IDEAL VERTICAL PATTERN FROM !3NUSOOAL THEORl 
2.MEASURED PATTERN NORMAL TO FEED-WIRE PLANE 
3 MEASURED mTTERN IN PLANE O f  FEED-WIRE 

FIG. 2.9. Comparison of measured vertical patterns from series-fed and sloping-wire 
shunt-fed radiator of same height. 

Figure 2.9 shows the measured vertical-plane patterns for a shunt-fed 
vertical 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 2.10 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 a t  the base to  1.5 feet per side a t  the top, 800 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, as shown in Fig. 2.8A, 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 seeks very 
desirable when shunt-fed radiators are used in a directive array requiring 
moderate or high degrees of radiation suppression a t  some angles. 

Shunt-fed antifading antennas introduce three factors that require 
special attention in design. One is the modification of the current dis- 

DISTANCE FROM GROUND (FEET) 
FIG. 2.10. Measured current distribution on vertical radiator shunt-fed and produalng 
the patterns shown in Fig. 2.9 (curves 2 and 3). 

tribution in the radiator below the feed point, which causes the currant 
a t  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 
is t'he appearance of relatively high potentials a t  the feed point due to its 
high reactance when adjusted for the usual 50- to TO-ohm resistance to 
t,erminate a coaxial feeder. The high potential encountered a t  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 
contribute 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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FIG. 2.11. Measured vertical patterns for axial shunt-fed vertical radiator. 

FIG. 2.12. Measured radiator current distribution for system producing the 
of Fig. 2.11. 

pattern 

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 series feed. Shunt feed introduces the 
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impedance-transformer action, which is difficult t o  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, 
be 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 a t  the feed points will not 
be those prevailing in the radiators, and i t  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 its 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 a t  their current nodes (at the top), and power is fed into one 
leg only. As with a folded dipole, the resistance a t  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 I0 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 
mill 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 Rl  designates the input resistance when excited as 
a folded unipole, 

The value of M will differ with the relative radii of the two conductors 
and will be 0.5 when the tn*o conductors are identical, so that the total 
antenna current is equally divided bet,ween 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 obtained 
from the relation 

where P I  is the radius of the larger conductor, pz the radius of the smaller 
conductor, and a the axial separation between the two. However, if a 

J OUTRIGGER - 

TOWER 
r' 

'%'zEP 

C 

TOWER WITH 
GROUNDED BASE 

2 OR MORE 
DROP WIRES 

0 @ 
FIG. 2.13. Folded unipole principle 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 a t  the top and connected together a t  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 a t  will to bring a pre- 
desired value of resistance a t  the feed point. This may be a value of 
resistance that will directly match a given feeder characteristic impedance. 

This method is best adapted to quarter-wave uniform-section radiators 
which are self-resonant by virtue of their height. Tapered towers can 
be made to be substantially of uniform section by using other drop wires 
suspended from a spreader at  the top having the same 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 
square radiator using drop wires for feeding and to equalize the tower 
cross section. 

TOP VIEW 

TOWER WITH TAPERED 
CROSS- SECTION 

4-  8 DROP WIRES 
SUSPENDED FROM 
OUTRIGGER 

INSULATORS IN EACH 
DROP WIRE 8 ALL FEED POINT 
DROP WIRES 
CONNECTED TOGETHER 

TOWER CONNECTED TO 
GROUND SYSTEM M 

FIG. 2.14. Method of transforming a tapered tower to one of nearly uniform electrical 
section 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 
i r e .  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 longitudinal 
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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 

ANTENNA HEIGHT = 5 
ANTENNA DIAMETER D 

FIG. 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.1002 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 rat,io G I D .  These figures 
were derived from systematic measurements of scale models under 
carefully controlled laboratory conditions1Ol8 and are therefore of basic 
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ANTENNA HEIGHT - G 
ANTENNA DIAMETER -7 

FIG. 2.16. Measured base (series) reactance for cylindrical vertical radiators over 
perfectly conducting ground. (After Brown a n d  It'oodward.) 
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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. 

I t  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 a t  a frequency of 600 
kilocycles will have a square cross section 10 feet per side. The base 
insulator to be used has a capacitance of 60 micromicrofarads. A tower- 
lighting transformer and spark gap will add another estimated 75 micro- 
microfarads in parallel with the base insulator. h'o other attachments 
are needed. What will input impedance be a t  600 kilocycles? 

The periphery of the antenna should be equivalent to a cylinder having 
a diameter of about 12 feet. At 600 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 
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When tower-lighting power is fed through an isolating inductor, an 
inductive 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 ta  its finite dissipation factor Q. If this inductor is self- 
resonant a t  the working frequency, its presence modifies only the 
resistance. If its resonant frequency is lower than the working frequency, 
it 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 
is 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 
self- 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. I t  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 mill be in accord. 

2.5. Ground Systems for Broadcast Antennas 

Antenna performance is standardized with reference to  the ground 
being a perfectly conducting flat 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 a t  a given frequency. All practical deviations from this norm are 
due to a number of empirical circumstances, of which one is the earth 
itself. 

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 
normal 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 a t  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 space 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-l4 to 100 X 10-l4 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-l~lectromagnetic unit. Induc- 
tivity about 81. 

For typical ocean water: 

Conductivity of about 5,000 X 10-l4 electromagnetic unit. Induc- 
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 1 X 10-l4 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 1 X 10-14, 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 pan-er 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 peglected. 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 a t  which the magni- 
tude of the current density has fallen to l / 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 

S ,  = 
1 

2/4*2fa x 10' 

where u is in electromagnetic units and f in cycles per second. Appendix 
I1 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 loss is 
the integrated losses a t  all points due to all the returning ground currents. 
In ordinary soils this loss is considerable, and measures have to be taken 
to minimize ground loss 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 a t  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 measurements6 have shown that the effective 
length of a buried wire decreases as 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 
broadcasting approach very nearly those computed from theory for a 
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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 tt 77-degree radiator as a function of the number of 
0.412-wavelength radials used. These data were obtained from experi- 
mental studies a t  3,000  kilocycle^.^ 

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 a and inductivity E at  a frequency f in cycles, the reflection coeffi- 
cient K ,  for vertically polarized waves is the following vector (Fresnel) 
equation: 

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 a in this equation is in centimeter-gram-second eleclrostatic 
units. To convert from customary electromagnetic units to electrostatic 
units, use the relation 

a,,, = 9 X loz0 X aemu 

I t  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 meam 
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 +, as 
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FIG. 2.18. Field strength as a'function of antenna height and 
the number of 0.137-\vavelengtll radial ground wires, 1,000 
watts antenna input. (Ajter Brown, Lewis, arid Epslein.) 
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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 a t  some angle a6 the amplitude 
IKI is a minimum, and a t  this elevation the value of rC, is -90 degrees. 
The elevation angle a,, is known as the " pseudo-Brewster angle." If the 
ground were a perfect isotropic dielectric (u = 0), it  would be found that 
I K I  = 0 a t  the Brewster angle. 

NO. OF RADIALS 

FIG. 2.19. Field strength for a 77degree vertical radiator as a function of the number 
of 0.412-wavelength radial ground wires, 1,000 watts antenna input. (After Brown, 
Lewis, and Epstein.) 

The significance of these facts is that a vertical radiation pattern a t  
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- 
t?m. 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 a t  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. 

$, degrees 

Elevation angle 
a, degrees 

70 0.99 0 
80 1.00 0 
90 0 

Pseudo-Brewster angle 

Ocean water 
o = 5,000 X lo-" electro- 

magnetic unit 
e = 81 

Good moist soil 
o = 11 X lo-" electro- 

I magnetic unit 
= 20 

I l K 1  I $, degrees 

I 4 degrees 

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 t o  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 t o  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 a t  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. I t  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- 

FIG. 2.20. Example of radial ground system for a two-element directive 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 a t  the ends of the short radials, 
driven in to a depth equal to the skin depth, will generally be beneficial 
in minimizing ground loss. If the 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 a t  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 a t  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 

HANDLES % 
WELD GUIDE 

FIG. 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 ploxving. 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 i t  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, i t  cuts a thin groove in the soil a t  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. 2.67) shows 
another type of ground-wire plolv 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 a t  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 
be 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 oae 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 
can 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 be 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. 
Both 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 a t  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.4s 
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 its 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 a t  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 
hetween 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 a t  
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 a t  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 4 is found from 

cos 4 = 
1 

db 
log lo-' yo 

2.6.1. Calculation of Bandwidth. The resistance and reactance curves 
of Figs. 2.15 and 2.16 can be used to compute bandwidth. I t  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 a t  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/D = 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-1.2 degrees per 10 kilocycles 
At 550 kilocycles-Z, = 9.8 - j118 
At 540 kilocycles-2, = 9.2 - j126 
.it 560 kilocycles-Z, = 10.4 - j l l O  
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If all reactance is tuned out a t  550 kilocycles with an inductor of reactance 
j118, then a t  the two opposite side frequencies we find: 

Frequency, kilocycles ( R X I 4, degrees ( Decibels 

I t  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 a t  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- 
tion 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 be determined by measur- 
ing the impedances at the common input to the system a t  the frequency 
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limits of the desired transmission band and computing the response there- 
from. The procedure is the same as 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, i t  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 a t  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 a t  the base (feed point) of each radiator will be 

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 a t  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 V1 will have an amplitude and also a phase 
relation to Il.  The ratio V1/11 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 nega- 
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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 

v 1 1 2  
21 = = (Rll + jX11) + - (cos 9 2  + j sin +2)(R21 + jXz1) 

1 1  

+ . . . + 1̂  (cos +. + j sin +n)(Rnl,+ jX.1) 
I1 

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, Zl is assumed to be 
unity. Then all the other currents are merely expressed as ratios with 
respect to  Il, and the value found for V1 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 be 

and so on, through all n radiators. For mutual-impedance data consult 
rippendix I11 and refs. 4, 9, 44, 1002, 1011, and 1023. 

2.7.1. Circuits for Cancellation of Mutual Impedances in a Two-ele- 
ment Array. It is possible to feed such an array in a manner that will 
cancel mutual impedance. The principles are exemplified in Figs. 2.22 
and 2.23. By simultaneously exciting both radiators with equal cophased 
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 a t  the inputs 

RADIATOR#I RADIATOR *2 

PHASE Et AMPLITUDE 
CONTROL 

EQUIVALENT BRIDGE CIRCUIT 

FIG. 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 B2 are the radiator currents due to  antiphased excitation 

by branch B. The angle 4 ,  is the 
phase difference, and the amplitudes 
of B1 and B2 are the difference due 
to power ratio controlled by the net- 
work N. The relative amplitudes I1 
and I2 and phase 40 of the resultant 
radiator currents are seen to be 
controllable by varying A ,  and 
B. This can all be done with one 
network. 

FIG. 2.23. Vector representation of 
In this circuit the self-reactance of 

mutual-impedance cancellation. each radiator is canceled by the se- 
ries reactance X, and the feeders are 

made with a characteristic impedance equal to the self-resistance of 
the radiators R11 and R22. 

The equivalent bridge circuit of Fig. 2.22 will aid in understanding 
what follows and sho~vs why the generators A and B are mutually 
uncoupled and why the loads R1l and R22 are also mutually uncoupled. 
When the B side of the bridge is removed, the situation always seen by 
generator -4 is apparent, and vice versa. With B removed, B sees n 
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load impedance of Z1 = Zll + 2, because the currents in the two loads 
are cophased. Having made Zo = R11, the feeders are unmatched. 
Consider that the A 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 = 211 - 2,. 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 
Rll only, and the lines are matched. 

Now the relative phase and amplitude of currents from A and B can 
he changed a t  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 
cophased, 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 IA2Ril, and that from B is 2 X IB2Rll. 
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 
(or shortening) sections are inserted in each line to  obtain the effect of 
90-degree lines. Lines of characteristic impedance other than Zo = Rll 
can be used if impedance-matching networks are inserte$ 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 Rzz the useful load and Rll a 
dummy load. Then when the transmitters are not perfectly cophased, 
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 a t  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 a t  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. 

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

RADIATOR *I RAMATOR *2 RADIATOR *3 

1, = 8.34 & 12= 11.81+46* I, = 8.34 /+90* 

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 a t  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 difference on a matched line is 
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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 onenetwork 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. 

I t  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 
design 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 
components 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 side of the circuit, it is desirable to employ unbalanced 
transmission lines in the feeder system. I t  is a needless complication to 
employ 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: 

At the working frequency the self-impedances 

2 1 1  = 2 2 2  = 2 3 3  = 16 - j90 ohms 

Phase difference, degrees 

0 
+45 + 90 

I 
Radiator 1 Current ratio 

From symmetry, i t  is evident that  

1 
2 
3 

and 

1.00 
1.41 
1.00 

From Appendix 111, Fig. D, the following values are read 

2 1 2  = 2 - j7 ohms 

2 1 3  = -4 + jl ohms 

The input impedance to each radiator is then computed. 

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

v I z2=-2  = 1 2  1 3  

I 2  I 2  
12 + 2 2 2  + - 2 3 2  

I 2  

= (0.5 - j0.5)(2 - j7) + 16 - j90 + (0.5 + j0.5)(2 - j7) 
= 18 - j97 ohms 

v 3  I 1  Z 3 = - = - Z  1 2  

1 3  1 3  
1 3  + 13 2 2 3  f 2 3 3  

= -j(-4+j) + (-j+ 1)(2 - j7) + 16 - j90 
= 12 - j95 ohms 

The power input to the system is 

117 = I i 2 R 1  + I z 2 R 2  + Is2Ra 

but using the current ratios, 

If7 = I 1 2 [ R l  + ( 1 . 1 1 ) ' R ,  + R,] 
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By arithmetic, after substituting the resistances, 

W = 112(24 + 36 4- 12) = 11'72 

W I l  = ,/; = 4% = 8.34 amperes 

Wl = 8.342 X 24 = 1,670 watts 
W2 = 11.82 X 18 = 2,500 watts 
W s  = 8.342 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 

FIG. 2.25. Phasing diagram chosen 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. 
Setwork A will couple radiator 2 to  the main feeder. Xetwork B will 
divide power and take enough from the main feeder to excite radiator 
1, 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 
will do the same for the right-hand line. Networks A ,  B, and C in 
parallel will match the main feeder. 
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Choosing a convenient open-wire line of characteristic impedance such 
as 200 ohms, the potential on the main line will be 

1' = = 4 5 , 0 0 0  X 200 = 1,000 volts 

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

v ' RA = - 
2,500 

= 400 ohms 

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

v 
R e  = -- 

1,670 
= GOO ohms 

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

v Rc = -- = 1,200 ohms 
835 

Xetworks A,  B, and C in parallel give a resistance value of 

- - - 0.0025 + 0.00167 + 0.00083 = 0.00500 
R 

from which R = 200 ohms. 
At this point the impedance-matching requirements are known for each 

network, as follo~vs : 

The required phase shift in each network must now be determined. 
This phase shift pertains to the currents of the system. The phase length 
of the terminated lines between radiators is the same as their electrical 
length of 135 degrees-the spacings between radiators. 

Using an L network a t  A makes us dependent upon the phase shift 
that 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. 

Network 

A 
B 
C 
D 
E 

Input impedance 

400 + j0 
600 + j0 

1,200 + j0  
200 + j0  
200 + j0  

Output impedanc.r 

18 - j Y i  
200 + j0  
200 + j0  
24 - j99 
12 - j95 
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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 

q4 = + 77.5- q=+5se 

r A -, 
IOOOV j 14 - 1000 K 

& 
2.5A- 

- I I 579v. - 
165A 

18 - j 87 
400 &' $ 1 - 
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600 

==-j97 

- - 
0 03 - 

FIG. 2.26. Network A. FIG. 2.27. Network B. 

+112.5 degrees to be obtained in network D, which is obtained by the 
circuit of Fig. 2.29. 

Ketwork 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. I t  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 net~vorks of a branch circuit. 

In the phase diagram for this problem (Fig. 2.25), I2 is taken as refer- 
ence phase. II n-ill lag by 45 degrees, and I 3  will lead by 45 degrees. 
The phase shift across -4 \\-as found to be 77.5 degrees, the current I z  
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leading the main line current I0 by this amount. This brings lo a t  
-77.5 degrees in the diagram. Xext the phase lag in the secondary 
lines is shown with reference to I,, so that the 135-degree line and A 
together total -212.5 degrees. An auxiliary vector is drawn for this. 

1000 V. 
j 14 

==-j99 

200 j 74 

,. 9.9A - 
? 

0 @ 
FIG. 2.28. Network C. FIG. 2.29. Network D. 

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

55 degrees, leaving a phase ad- 
@=-36.50 

rc-----h- 
vance of 112.5 degrees to be ob- 

+j 161 
tained in network D. 

40sY9 For the last branch of the cir- 
204A- cuit, it is noted that the angle 

between the auxiliary vector a t  
212.5 degrees and 1 3  is - 102.5 de- 
grees (clockwise). If C is an L 
network, its phase lag is 66 de- 
grees, and the values are as show- 

@ in Fig. 2.28. This leaves a lag of 

FIG. 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. 
Kow 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 
j87, -j536, and j425 in parallel, which is equivalent to  $33.5 ohms. 
Combining all the circuits for the system. n-e have the diagram of Fig. 
2.31. See Chap. 5 for a simple method of network synthesis for problems 
of this type. 
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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. I t  is assumed that  in 
any event a single insulated steel tower or mast would be used for the 
radiator. 

RADPI R A D # ~  R A D * ~  

- j282 

j 74 
j 83.5 484.5 

- I - - - 

200 n~ 
FIG. 2.31. Combined networks and feeder circuits. 

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 a t  the center which is taken as the 
ground point for the system. The full wire length can sometimes be 
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 ground radials can be tuned by connecting two opposite mires 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 

RAMATOR 

L 
FIG. 2.32. 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 tn*o wires. Then they are connected permanently 
to a common mid-point. KO loading inductors are necessary in using 
full-length wires, in which case the wire length should be about 0.24 
~vavelength 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 
(,arefully by fractions of turns. 

The antenna tuning inductor may be housed, or if properly designed for 
the purpose, it may be in the open. 

2.9. Antenna Potential 

The root-mean-square potential V ,  a t  the base of an antenna of meas- 
urable impedance Z ,  = R, + jX,, for a power input of W watts, is 
simply 

where I ,  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 

(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. I t  should not 
be used a t  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 a t  intermediate points, mith 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 a t  a point on the 
antenna itself mith respect to ground. This is a physically unmeasurable 
Ouantity but has some significance in relation to guy insulation. I t  has 
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FIG. 2.33. Geometry of antenna and guys on which potentials of Table 2.7 were 
measured. (After Brown.) 
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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 a t  
the surface of the conductor is required in the computation ofpotential 
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  insulator^.^ The potential across 
each insulator was measured with a voltmeter, a t  known power input, 
operating a t  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 less standard methods for conducting lighting 
power for the tower past the antenna base. 

1. The use of a toroidal tower-lighting transformer. The primary is 
toroidally wound on a circular iron core, and the secondarphis 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, a t  tower potential and located on the tower proper, 
through a coupling shaft of dielectric material. 

.lircraft 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 a t  each 
specified level, and the use of flashing beacons at  the top and a t  inter- 
mediate levels in special cases. The specifications are sometimes based 
on the proximity of the tower to airports or airways and on the t o n 7 ~ r  
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height. In  some countries, towers belom- 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 

AT RF TOWER 
AUSTIN leee] t POTENTIAL 

TOROIDAL - 
TRANSFORMER AT RF GROUND 

POTENTIAL 

FIG. 2.34. Ftadio-tower-lighting system. 

beacon a t  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 operating the lamps a t  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 ANTENNA 
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AIR 
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TERI\\III/~ TRANSMITTFR TRANSMIT - . . - - . . . . . . - . . 
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IN THIS LENGTH 

' TO VHF TRANSMITTER 

FIG. 2.35. Two methods of by-passing tower-base insulator to feed a very-high- 
frequency antenna on tower. (After Holtz.) 

in such a may as to increase its height or produce the effect of top loading 
will affect its feed-point impedance. Corresponding changes 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. 2.35.26 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. I t  is attached to  the tower directly but is insulated from 
ground a distance of one-quarter wavelength of the operating medium 
frequency, a t  which point the outer sheath of the very-high-frequency 
feeder is grounded. This quarter-wave section, grounded a t  one end, 
provides a virtually infinite impedance at the operating medium fre- 
(luency as seen from the tower-base end feed point. Should the feeder 
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be 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 a t  the base of the tower. 

2.1 1. 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 a t  the two frequencies are satisfactory. 

580 KC. $008Yf 1 

2, (580 KC) = 18-j50 
ZA (1230KC)=300+j100 

FIG. 2.36. Example of feeding vertical radiator from two broadcast transmitters. 

Feeders from each transmitter are brought to a common junction 
through networks that are designed to provide the proper impedance 
match a t  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 a t  
one of the frequencies, while having some specified impedance a t  the 
other. 

Csing 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 a t  the two frequencies, taking into account the fact that the 
antenna impedance will be different a t  each of the frequencies. Fur ther  
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 a t  least one 
case is known where the frequency difference was less than this. 

I t  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 i t  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 

Kot 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 
t)y 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 
spacings, directions, phasings, and current ratios be reckoned from it. 
Let zero azimuth be true north, and measure azimuths B 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 

in which j(P) is the relative horizontal pattern of field strength, 

(may be greater or less than unity), ejx- is a unit rotating vector a t  
an angle X with respect to reference unit vector, X, 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 (P - Pm) + 4,, where S, is 
the electrical spacing of radiator m from radiator 0 and is always reckoned 
positive, p, is the azimuth of the line through radiator m and radiator 
0 and ranges clockwise through 360 degrees, and +,,, is the time-phase 
difference between the currents I, and lo. 

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 fs(a) through any azimuth angle P is derived from 

in which jS(a) is the relative field 'strength a t  an angle above the hori- 
zon, fl(a) is the relative vertical pattern for a single radiator, and 
Y, = S, cos [(p - 0,) cos a + 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 a t  the field strength corresponding to the pou7er 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 best 
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 8 

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 a Null at a Specified Angle in 
the Vertical Plane. The problem of designing an antenna to produce a 
null a t  some specific vertical angle is frequently encountered in broadcast 
directive-antenna design. If the suppression a t  the desired vertical 
angle can be on the array axis, the solution of this problem is relatively 
simple. 

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

= 0 at  45 degrees 

There is a range of values of S and 4 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(6) by the vertical pattern for one of the radiators jo(a). If 
the array were composed of isotropic radiators, fo(a) would be unity a t  
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 a t  the same angles from the ground as occur in the horizontal 
pattern, measuring from the line through the radiators. Then, if the 
vertical pattern jo(a) for the vertical radiator includes one or more nulls 



150 RADIO ANTENNA ENGINEERING 

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, a t  45 degrees. After some explora- 

FIG. 2.37. Horizontal and two vertical patterns in the vertical plane through two 
radiators spaced 200 degrees and 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 
difference between their currents of 39 degrees. The horizontal pattern 
for this array is obtained from the follo~ving equation: 

f(0) = cos (100 cos 0 + 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 a t  
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 n-e 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 j(a), 
tabulated in column 3, with the null a t  45 degrees as required. 

If instead it were desired to employ 190-degree vertical radiators in 
this array having the vertical pattern fol(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 a t  45 degrees due to interference between 
the spaced radiators, and another null a t  about 65 degrees contributed by 
the vertical radiator pattern. 

a and p 1 
fo'ca) f ' ( a )  

- --I I -- pp -- 

fa(a) = cos a (for short vertical radiators). 
fo'(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. Kote 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 
is 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 /3 = 30 degrees is seen to be a t  about 37 degrees above the hori- 

FIG. 2.38. Example of  location of null lines (dotted) a t  higher angles. 

zon, and in the direction /3 = 40 degrees the null occurs a t  about 24 
degrees above the horizon. 

Now consider the dotted circle 3-4 a t  65 degrees above the horizon 
in all directions. This is the null circle for the 190-degree vertical radia- 
tor. The only null in the vertical plane for a radiator less than 180 
degrees high is at  90 degrees (zenith). 

This example points the way to a rapid solution for the null angles in 
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the three-dimensional pattern for any linear array of identical vertical 
radiators. An orthographic projection of the hemisphere is drawn, 
placing a pole a t  the zenith and laying out the angles /3 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 a t  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 a t  any vertical angle for a null in the vertical pattern for the 
radiator to be 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 a t  any azimuth when the horizontal pattern for the array 
and the vertical pattern for a single radiator are known. I t  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 /3 = 
180 - cp 

S 

2.1 3. Directive Antenna with Maximum Gain for Two Radiators 

I t  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 
field 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 
same 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 a t  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 
a t  each radiator base. This can be done by providing identical distances 
from the transmitter to each radiator. 

11 
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FIG. 2.39. Feeder system for a two-element array with equal rophased currents using 
only transmission lines for impedance matching. 

As illustrated in Fig. 2.39, a main feeder attaches to the center 0f.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 a t  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 a t  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 determined, 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 
the range of values ordinarily encountered in broadcast arrays, have been 
published~4~~0~l.1023 

Precautions must be taken to avoid excessive ground-terminal losses 
in 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. 

1 ~ 2 1 3  3 is 4 
(0 )  t- c 2- 6 - - - ---PRODUCES 

1 . 0  1 . 0  I .  0 0  f(p)=G (P)  H ( P )  
H (PI H (p) 

FIG. 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 1 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(P) be the radiation pattern for a pair of radiators (eachradiator 
having a circular pattern) with spacing S1 in electrical degrees and equal 
currents of such phase (41) as to place a null a t  an angle of 01 each side 
of the axis. This arrangement is illustrated in Fig. 2.40A. Then 

S G ( 8 )  = cos (2 cos ,3 - - 2 $9 
Now consider the case where each radiator is replaced by the center 

of a pair of radiators having the pattern H(P) with axis coincident with 
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that  of G(/3), as shown in Fig. 2.1OB. Then H(B) is specified by spacing 
S z  and phase diference 42 so that 

H(/3) = cos (2 cos /3 - - 

This pattern is such as to produce a null a t  an angle + p 2  from the array 
axis. Then, the pattern for an array of two pairs along a common axis 
with equal currents is 

f(@) = G(/3)H(/3) 

and i t  will have nulls a t  5/31 and f /32  from the array axis. 
This method of using two pairs is sure to provide a t  least two nulls 

on each side of the axis, which can be placed as desired. In the case 
where X 1  = S z ,  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. 

Ezample. Wanted a radiating system providing suppression of radia- 
tion over an angle of a t  least 90 degrees on one side,of the pattern, the 
field strength within this angle to be less than 3 per cent of the maximum 
field from the array ( f 4 5  degrees from the axis). Using the principles 
outlined, let us arbitrarily begin with a basic pair that has nulls a t  f 4 3  
degrees from the axis of the array, using 180 degrees spacing between 
radiators. Such a pattern is obtained when 41 = 48 degrees. 

f l ( /3)  = cos (90 cos /3 + 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 a t  +30 degrees. The fundamental 
pair of circular sources gives 

j2(/3) = cos (90 cos /3 + 12) 

This pattern is plotted as curve B in Fig. 2.11. 
If a t  this stage we synthesize the composite pattern 

f l ( P ) f z ( P )  = cos (90 cos 0 + 24') cos (90 cos /3 + 12') 

we obtain nulls a t  f 3 0  degrees and f 43 degrees. This is plotted as curve 
C in Fig. 2.41. I t  is seen that insufficient suppression occurs between 
0 and f 30 degrees. 
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Another pair of radiators spaced 180 degrees and having 4 = 8 degrees 
may be added. This pair will produce a null a t  /3 - f 19 degrees. Again 

FIG. 2.41. Plots of successive development of broad null region b. placing the zeros 
in successive pairings. 

using circular-radiation sources, the radiation pattern (Fig. 2.41, curve 
D) is 

fa(@ = cos (90 cos /3 + 4) 
If now this pair is made up of a pair of systems having the pattern 
f t(Plfz(P), Jve obtain 

f (/3) = f i(B)fz(P)f3(/3) 
= cos (90 cos /3 + 24) cos (90 cos p + 12) cos (90 cos /3 + 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 f 52 degrees. Throughout most 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. I t  remains to determine the actual array which will 
produce this pattern. This is accomplished by the three steps illus- 
trated in Fig. 2.428,  B, and C .  

S, = 180' +-----* 
I.O& 1.0& 

STEP I 1.0& 1 8 0 0  1.0/8" 

0 THIRD PAIR - * /---.a- 
/ I \, // t\ 

/' I I \ 

l.O,& //1800 I / ,: I \, 

-%6&&6g/- - \\ 
SECOND PAIR S2'18O0 

I - &50"-180"!~- - -r---r '%lR / 1.0- I 1.96/:6'+8~ I l.0fi0+8' 
\o=& I .O=,y > 

I 
\ ,' \\ ; 180 1 180 i-1 FINAL 

/ / ~ ~ = 1 8 0 "  \ I *-0- ARRAY 
+ - - - - - b / s  -180"\ \  
I f -1: - - -?  1.0 2.89/26.6" 2.89/53.20 1.0 /800 
I 
I I I STEP 3 
& ----- 4 ----- 4 

VECTOR SUM 0 
1.0 /00 1.96/36' 1.0/72. 

STEP 2 

@ 
FIG. 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 

j ( P )  = 0 = 1 + 2.8ge.1(l80 c.8 43-bZ6.6) + 2.8ge1(360 ws 43+53.2) + el(540 ma 43+80) 
= 1 + 2.89e1158 + 2.89e1316.2 + e 1 4 7 4 . 5  

= [l - 2.89(0.9272) + 2.89(0.74) - 0.41461 + j[2.89(0.3746) 
- 2.89(0.69) + 0.911 

A 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-.I) shows that for S = 5X/8 
and 4 = 180 degrees both + and - lobes of the pattern have a very wide 
angle over which the field strength is constant. This leads us t o  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 . 6 2 3  would 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 (0.6OX). Such a pair will have the pattern 

fl(/3) = cos (21y4 cos /3 + 1895) = - sin (108 cos 8) 

from which we compute Table 2.9. 

In order t o  cancel the negative lobe of fl(/3) over its angle of constancy 
we added f@) = 0.975, corresponding to a circular source of radiation 
of relative strength 0.975, located a t  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 sho~vs 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 a t  vertical angles up to 50 degrees. If higher radiators are 
used, the vertical pattern can be reduced much below these values a t  the 
higher angles. 

FIG. 2.43. Pattern for three-element array with cancellation of fields over a wide 
angle on one side. 

The broad beam on the opposite side is constant over the same wide 
angle. 

The normalized pattern specification is 

j ( p )  = [0.975 - sin (108 cos P)]0.505 

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, 1.0/180 

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 
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directive antenna must provide for the protection of the 500 mirrorolts 
per meter night sky-wave areas (50 per cent of the time) of two class 1-B 
stations by suppression of radiation so that, a t  the protected sky-wave 
boundaries, the new station's signals will be less than 25 microrolts 
per meter all but 10 per cent of the time. Referring to appropriate maps 
and propagation curves, it is determined that the field strengths a t  1 mile 
cannot exceed the values in Table 2.10. 

FABLE 2.10 

1 \laximum permissible field at 1 mile 
Azimuth (true), degrees 

/along the ground, millivolts per meter 

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 mill be placed on this bearing. The angles of 
maximum suppression will be placed a t  +40 degrees with respect to the 
array axis. 

The directive pattern must be such as to fall well within these boundary 
values in operating a t  50 kilowatts. The amount of signal suppression 
is rather extreme since 50 kilowatts into a nondirective one-fourth-wave 
radiator produces a field strength a t  1 mile of about 1,200 millivolts per 
meter (175 millivolts per meter a t  1 mile with 1 kilowatt). 

We look a t  a chart of patterns for antenna pairs (Appendix IV-A) for 
a suggestion to start. I t  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 south\\-est- 
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ward if possible. From the chart of patterns for radiator pairs we find 
one for S = 0.375X1 4 = -90 degrees which looks promising. The null 
angles may not be correct, and we see, in proportion to the unit circle, 

FIG. 2.44. Minor lobe reduction and null broadening using a squared pattern from a 
hinomial array. 

that the field strength of the minor lobe is about one-half that of non- 
directive operation, vhich is too Iarge. Also, the nulls are not wide 
enough for our needs. But I\-e 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 follon-s: 

As before, the equation for all these patterns is 
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We know B = 40 degrees and 4 = 90 degrees and cos 40 = 0.77. 
Hence 

cos (0.77 + 45) = 0 

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 

L 

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 

8, degrees 

0.225 
0.208 
0.156 
0.087 
0.000 (minimum) 

8, degrees 

0 819 
0 906 
0.961 
0.990 
1 ,000 (maximum) 

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 
a t  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 construct a circle having exactly the same area.* 

* The method of obtaining the root-niean-square value of a pattern by integrating 
the horizontal pattern only, as was done here, is not sufficiently 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, consult 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 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 
0.645 = 1,200 millivolts per meter. The magnitude of the minor lobe 
a t  f l  = 0 is (0.051/0.645) X 1,200 = 95 millivolts per meter. This is 
well under what is allowed. The pattern is then calculated in field 

TABLE 2.12 

150 
160 
170 
180 

Root-mean-square value 

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 a t  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 ~vould 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 
:i 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 using 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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V) V) V) z z z 
0 0 0 
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THE PATTERN 
FOR I- PAIR 

FIG. 2.45. Synthesis of the binomial array having the pattern of Fig. 2.44. 

The horizontal pattern for this array then, taking into account its 
geographical orientation a t  356 degrees and its root-mean-square field 
value of 1,200 millivolts per meter for 50 kilowatts, is 

f(B) = 1,860 cos2 [58 cos (B + 4) + 451 millivolts per meter a t  1 mile 

2.15.4. Wide-angle 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 tv-o symmetrical pairs of radiators at right angles. Pair A 
consists of two cophased radiators spaced 270 degrees (0.75X) and another 
pair of cophased radiators with its axis normal to the first, and spaced 
180 degrees (0.5X). This is suggested hy a study of ,ippendis 1T'-A, 
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where we note that the two reciprocal minor lobes for the pair where 
S = 0.75 and C$ = 0 degrees have apparently the same general shape as 
the pattern for the pair having S = 0.5 and C$ = 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 haye a common center point, their resulting patterns 
can be added algebraically angle by angle.* These patterns are sym- 
metrical about 0 and 90 degree axes and are tabulated in Table 2.13. 

The pattern F(P) is plotted in Fig. 2.46, which sho~vs 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 
second 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 

f(P) = 0.8Ci[cos (157.5 cos 8) + 0.924 cos (80 sin B) ]  

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 a t  

* Special attention is directed to the fact that the pattern-field ratios are not neces- 
.nrily the same as the current ratios between pairs in problems involving the addition 
of patterns. The current ratios result directly when patterns are synthesized by 
~rrnltiplication. 
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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. 
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FIG. 2.46. Broad nulls obtained by crossed pairs of radiators. 

We take the pair of radiators S = 360 degrees, 4 = 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 a t  the center of the pair. We have 



MEDIUM-FREQUENCY BROADCAST ANTENNAS 169 

chosen a relative field strength of +0.76 to obtain fz(P) and -0.76 to 
obtain j3(,6). 

TABLE 2.14 

These three patterns are plotted in rectangular coordinates in Fig. 2.47 
for clarity. I t  can be seen in this way that the addition of the fields from 
a nondirective source a t  the center of the pair simply "biases" the zero 
line of the pattern upward for a negative polarity of the center radiator 
field and down~vard for a positive. The intensity of the central source 
adjusts the angles a t  which the nulls occur. We need only have plotted 
fl(@) 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 a t  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 so 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 
a t  correct angles with a satisfactory pattern otherwise cannot be solved 
directly but must be approached by successive trials. Rectangular 
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FIG. 2.47. Adjustment of pattern zero positions by using a biasing field from a 
central radiator with a pair. 

coordinates are the most convenient for this purpose if graphical com- 
putation is used. 

Anyone having frequently to make such calculations lvould have a 
large number of the pair patterns predramn in rectangular coordinates 
and ~ o u l d  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. Hou-ever, when it comes to determining the 
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phase of the current in the central radiat,or 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 a t  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: 
1. Spacing between radiators in each pair, S1 and S2 
2 .  Phase differences between the currents in each pair, +_ 9 ] / 2  and 

-t 92/2  
3. Relative current amplitude differences between pairs, 1 1 / 1 3  
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, Bo 
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 0, 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. I t  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 

FIG. 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. I ts  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 a t  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 
from the following equation: 

f(0) = Afl(P) + Bfz(B - PA 

In this equation A and are FIG. 2.49. Polar resultant pattern redrawn 
coefficients for the maximum field fro, ~ i ~ .  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 6,  approaches zero, the parallelogram 
again degenerates into a four-element linear array, with one pair inside 
the other if SI # SZ. 

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 
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radiator located a t  the geometric center of the array and a t  0 reference 
phase will provide additional pattern possibilities. 

2.18. Direct Synthesis of an Array for Any Specified Azimuthal Pattern 

I t  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. I t  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.10s7 
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 

ji(p) = cos (% sin 0 - 

The present method utilizes the method of Wolf in the course of its 
development. 

.4ny radiation pattern F(P) in the equatorial plane of a multiplicity of 
parallel identical linear radiators is periodic in 2a and can therefore be 
treated with the general methods of Fourier analysis. Any arbitrary 
pattern may be classed as even and symmetric if F(0) = F(-p), as odd 
and symmetric if F(P) = -F(-P), 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((3) in Fig. 2.50 represent a prescribed azimuthal radiation pattern 
for a particular application in the domain from -a to s. This is shown 
to be an uneven function with respect to the reference azimuth p = 0. If 
we designate the function between 0 and a as X and that between 0 and 
-s as Y, it can be demonstrated that the even and odd components of 
this uneven function are 



MEDIUM-FREQUENCY BROADCAST ANTENNAS 175 

and 

X - Y  
Fo(P) = - 2 

and also that F , ( @  + F,(P) = F ( 6 ) .  The even and the odd components 
of F ( 0 )  are shon-n dotted in Fig. 2.50. I t  is therefore obvious that since 
we have means for generating any desired even radiation function and 
also any desired odd radiation function, we can apply this method and 

FIG. 2.50. Resolutioll of an  asymmetric function F(@) into its component even F,@) 
and odd F,(@) functions. 

obtain means for exactly generating any arbitrary asymmetric radiation 
pattern. 

The application of Wolf's method is straightfortvard 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, whit-h means adding 
pairs of radiators, one can approach the desired result as closely as 
economic considerations will permit. 

The Fourier array, \vhile it aln-ays 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 synthesizing such arrays except trial and error, reference charts of 
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patterns for nonsystematic arrays of three44 or more radiators, or using 
an analog computer such as the RCA Antennalyzer.? 

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. I t  is assumed that  
the rays from each radiator a t  the point of field measurement are virtually 
parallel. The pattern is not fully "formed" a t  distances less than some 

,MAX. LIMIT 

FIG. 2.51. Examination of pattern stability by vector diagram 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 its 
adjustment and its pattern with a very high degree of stability. Work 
on the several hundred broadcast directive arrays in Sor th  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: 
- 

1. Variable resistance connections between sections of steel towers. 
All sections should be bonded a t  all corners by welding. 

2. Loose or faulty connections in the ground system. 
3. Loose or faulty connections 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 arc, 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, and 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 critical 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- 



FIG. 2.52. Aerial view of a high-power hroadcastirlg station (Radio Station WJZ when 
it was located at  I3ou11tl Hrooli, Sew Jersey), slro\ving the station building, the 750-foot 
r:itli:itor, and the frcstrly fr~rroivetl grol~rrtl \\here the g r o ~ ~ n d  \\-ires \\-ere plo\ved into the 
s o .  (IJhoto!/raph cor tr(~s! l  o f  .Ytrtinntrl Hronrlcnstin~l Co t r ipa t~y . )  
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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 

Y- I j 
FIG. 2.53. Aerial portion of a 750-foot guyed broadcast vertical radiator used by 
Radio Station WJZ. (Photograph courtesy of Natzonal Broadcastzng Company.) 

mitical 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 a t  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- 
tudes 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 1, 2, and 3 
from the three radiators. A circle of radius M represents the maximum 
allowable field strength under operational tolerances. Vector 1 must be 

FIG. 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 a t  Bound Brook, New Jersey (location now a t  Lodi, New Jersey). 
(Photograph courtesy of National Broadcasting Company.) 

allowed some variation of phase and amplitude, as indicated by the dotted 
angular deviations and maximum and minimum amplitude limits. The 
end of vector 1 can therefore lie in a small rectangle A between the 
maximum and minimum amplitude limits and the maximum and mini- 
mum angular limits. Vector 2 starts somewhere within this area, a t  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 B. 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 t o  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 
a t  the frequency for which it was 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 
C 

FIG. 2.55. A top-loaded sectionalized guyed vertical radiator and its base detail. 
Radio Station \ITAIAQ, Chicago, Illinois. (Photograph corrrtesy of Satiotlcll 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 
as 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 a t  a number of broad- 

FIG. 2.56. Base of a self-supporting broadcast radiator during construction. Sotice 
tractor and plow tracks in background t\ here ground wires have been plowed into the 
soil. (Photograph corrrtesy of Salional  Broadcasting Conlpany.) 

cast 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 tolver engineers, who 
have performed very creditably. Ptlanufacturers of towers are generally 
familiar with radio requirements and often understand the electrical 
requirements as well as the structural. 



FIG. 2.57. A self-supporting broadcast radiator during construction. 

FIG. 2.58. Anchor for guy cables for two levels, used with a guyed broadcast vertic 
radiator. (Photograph courtesy of .Yational Rrondcnsting Compnny.) 

183 
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FIG. 2.59. TKO self-sl~pporting towers used in a tn-o-element directive array a t  Radio 
Station \VS13C, Port n7ashingtol~, Sew 1-ork. (Photograph courtesy of 
Broadcastzny C o ~ j ~ p a r l y . )  
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FIG. 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. 2.60. A broadcast vertical radiator FIG. 2.62. The first step in the construc- 
of the self-supporting type with capacity tion of a guyed vertical radiator for 
loading a t  the top. (Photograph courtesy broadrasting-setting the base insulator. 
of National Broadcasting Conzpany.) This photograph was taken in Peru 

(Photograph co~crtesy of I<.  E. Lee.) 
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FIG. 2.63. A safety-core oil-filled tower-base insulator with a tower-lighting trans- 
former and safety gap assembled. (Photograph courtesy of A. 0. Austin.) 



FIG. 2.64. Base insulator of the Austin oil-filled safety-core type with the tower- 
lighting transformer located inside the base insulator, a t  Station CKLW. (Photo- 
graph courtesy of R C A  Victor Company, Ltd., Montreal.) 

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 .  M .  Wi t ty ,  DaUas, Texas.) 

187 
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FIG. 2.66. View of Station KTBS six-element directive array. Note pylon antenna 
for frequency rrlodulation on top of third radiator from the left. (Photograph courtesy 
of W .  hf. W i t t y ,  Dallas, Texas.) 
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FIG. 2.67. A tractor-drawn wire plow for burying ground wires. The plow blade is 
of sheet steel that cuts a thin furrow. The wire is fed into the furrow as the plow 
advances. Horsedrawn hand ploxvs of similar principle are often used. 

FIG. 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 hase of the guyed vertical radiator. Radio 
Station \VT.-\.\I, Brecksville, Ohio. (Photograph courtesy of ~ Y a t ~ o n a l  Broadcasting 
Company.) 
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FIG. 2.69. 
plate-glass 
rgctifier, ar 
constructio 

Antenna coupling-house interior for a broadcast station (WN 
window insulator, Austin tower-lighting transformer, a 

ld the end of a 335-inch concentric feeder. (Photographed du 
In. Courtesy of National Broadcasting Company.) 

BC) with a 
monitoring 

ring station 
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FIG. 2.70. View of antenna coupling network for one element of four-element array 
(night pattern) and two-element array (day pattern) for Station CKLW (50 kilo- 
watts). The coupling, phasing, and monitoring components, with switching from day 
to night patterns, are assembled openly and located in a cabin. (Photograph courtesy 
of RCA Victor Company, Ltd., Montreal.) 
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C H A P T E R  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. 
At the time broadcasting was becoming established on the medium 
frequencies, about the middle of the 19201s, 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 a t  about the time of a surispot maxi- 
mum and was ushered in by some phenomenal results with low power. 
This 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 192G, but even in this field of study it mas not until 
1948 that the discordance between total sunspot numbers and ionosphere 
conditions mas explained. 

The importance of ionospheric study \\-as recognized a t  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. hleasurements mere 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 
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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 11, when the strategic 
value of ionospheric information for operational purposes led to the 
establishment of ionospheric sounding stations in many parts of the morld. 
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. I t  is now possible to predict some months 
in advance the conditions of the ionosphere throughout the morld with 
considerable exactness. After the war, this service mas made available 
to everyone under the Central Radio Propagation Labdratory 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 problem for the 
antenna engineer, which could not be alleviated by his backlog of theo- 
retical antenna information. I t  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 
a t  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 a t  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 a t  both ends of a circuit, the 
right frequency a t  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. 

I t  is virtually 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 be made through a veil of uncertainty introduced by the propagation 
medium and by the receiving antenna. The difficulty can be compre- 



H I G H - F R E Q U E N C Y  A N T E N N A S  197 

hended if we consider what is involved in the attempt to measure a few 
decibels difference in gain through a medium varying a t  random, even 
over short intervals of time, frpm 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-\\-ire arrays are of the standing-lvave 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 \\-ere 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 a t  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 inone 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 \\-ere 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 a t  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 Conferenceof 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-13de sharing of 
frequencies on an engineered basis as a means of more intensive utilization 
of the available frequencies. This brings a need to clean 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 follo\ved. 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 
one-hop relaying on routes that have land masses at the desired relaying 
points. I t  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- 
quency spectrum. 
-1 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 ex(-ludes certain 
very-high-frequency techniques from t~eing applied to the high fre- 
quencies. Severtheless 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 2- 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. I t  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-frequency 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. I t  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 "F1" 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 a t  
random. 

The virtual heights of the ionosphere layers vary with latitude, ~vith 
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 1. Monthly average heights at  any one location usually follo~v a 
fairly constant pattern. In older texts typical heights lvere assigned to 
these layers, but such rough information can be misleading. For specific 
information the reader should consult refs. 1 and 2 a t  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, i t  
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 mill be absorbed in the ionized layer. Thus the critical fre- 
quency is the maximum usable frequency (MCF) that will be reflected by 
the ionized layer back to the earth a t  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 &e optimum 
working frequency (OWF) a t  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 a t  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 a t  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 lo~ver 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 a t  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  reflection 
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 reflgction occurs a t  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 a t  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 
losses due to ionosphere reflections, and all of the losses due to earth 
reflections, together with the inverse-distance attenuation due to normal 
expansion of the wavefront with distance. I t  is evident that a space cir- 
cuit having the fewest losses a t  reflections and the lowest solar absorption 
will yield the highest field strength a t  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 a t  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 a t  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 a t  that instant along the entire circuit. 

Thus a multihop optimum working frequency may be a frequency that/ 
gives high losses a t  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 pourer may be needed 
for acceptable communication. 

The maximum usable frequency for any given path involving iono- 
spheric reflections varies continuously. Holvever certain days are con- 
sidered typical within certain seasons, and operating frequencies are based 
on them. I t  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 limits. Then a t  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 ho~v 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 Efsporadic 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 sho~vs clearly defined El F1, and F 2  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 (Fp zero) and for a 4,000-kilometer hop (F:, 1,000) 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, 194G, 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 a t  their minimums 
(1900), there exist the greatest extremes in sunspot numbers, with cor- 
responding effect on the maximum usable frequency for any patK 
During the 11-year cycle ending with its maximum in 1943 the masimum- 
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. I t  requires skillful operation and 
coordination a t  transmitter and receiver to make frequent frequency 
changes ~vithout excessive lost time, but if this can be done and frequencies 
can be allocated for the purpose the very best propagation would be 
realizable. 

Figure 3.6 is a sample diurnal frequency characteristic, more or less 
typical of tropical-belt conditions a t  a time near a sunspot maximum. I t  
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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FIG. 3.6. Optimum working frequency for September, 1945, latitude 10 degrees 
north. west zone. 

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 diminishesgteadily into the presun- 
rise 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). 
Since 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 a t  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 
source 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. 
I t  mas 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. I t  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 multipath circuits are largely geometric, but the 
extent of layer penetrations a t  different angles crf incidence and a t  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 a t  a relatively constant height and is 
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FIG. 3.8. Flat-earth representation of a radio circuit from T to R by several possible 
wave paths. 

shown as a single line. The F1 and Fz layers are subject to considerable 
variation in height from time to time, and arbitrary upper and lower 
limits are shown by the tn-o 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 hops from each layer as shown, giving rise to three more 
wave groups with other time delays, the longest being that via Fq. 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 Fz is controlling, then F1 reflec- 
tions might be absent or very small. In such a case, there may be one- 
hop and two-hop F 2  waves, with their time differences of arrival. But if 
it happened that the large angle of incidence a t  F2(B) and F:!(C), B and 
C being the reflection points on the F2 layer, caused the wares a t  these 
points to penetrate without reflection also, only the one-hop F:! 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 lo\\- that it would not penetrate the E 
layer a t  all, thus eliminating all F1 and F2 reflections. Hot{-ever, there 
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may remain multipath E-layer signals unless the antenna radiation 
patterns a t  transmitting and receiving locations provide very low response 
at  the higher angles a t  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: (I) 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 a t  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 energy 
a t  the angle of one dominant wave group and discriminate against other 
multipath signals by relatively low response to all other qgles .  

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 a t  present, but it is evident that a wave 
\\.ill tend to folio\\- a path of lo~vest 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 responses 
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 presenb 
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. I t  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 a t  each point of reflection and the 
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need to use a frequency that is limiting a t  one ofthese, 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 a t  overlapping angles so that there could 
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FIG. 3.9. Computed keying speeds for 25 per cent dot elongation, when speed limita- 
tion is 10 per cent instantaneous height variation only and hop lengths are 1,000 and 
1,330 miles, using complementary antennas. (Hallborg data. )  

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 tran~mit~ting 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 a t  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 propagaQn. 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 frequencies, 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 a t  the high frequencies and typical ground conductivities is 
vanishingly small by the direct n-ave. 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. 

.Is 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 a t  
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 componects of the 
wave, as the polarization changes from moment to moment. h 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. I t  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 
reason, 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 a t  the angle that is 
most favorable for the particular circuit and operating frequency. In 
many, if not most, cases the best angle will be the same, within reasonable 
limits, a t  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 best 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. 3.100 
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 results; 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 results can be expected from D and E, assuming that the 
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FIG. 3.10. Comparison of uncomplementary and complementary antennas. 

angles of maximum transmission and reception are properly chosen 
propagationmise. 

In  this discussion we have presented high-frequency wave trajectories 
on a straight geometric-ray basis, for any number of hops. Olving to 
ionosphere turbulence, 11-ave trapping, refractions and reflections, and 
scattering in space and a t  reflection points on the earth, the actual 
trajectory of a wave is extremely comples and changes from moment to 
moment. However, there is a sufficient amount of successful engineering 
experience nomi to  justify the ray theory for engineering applications. 
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From extensive measurements tha t  have been made of multipath delays 
and angles of signal arrival i t  is indicated tha t  the  geometric-ray theory 
is perhaps a statistical average condition. 

It is the utilization of this principle tha t  has led t o  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 t o  be tha t  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 lntelligilibility 

Signal intelilgibility means the reception of communication signals 
in a form sufficiently unmutilated to provide complete reproduction, a t  
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 abimy 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 \\,ill 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 
follo~ving 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 follo\v 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 
antennas themselves may introduce a great deal of signal variation that 
may not be due to the space circuit a t  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 a t  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 his receiving antenna. 
Another design engineer may find that the opposite choice best fits the 
circumstances, although usually the best 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 a t  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 a t  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. \lThen 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 a t  the receiver may go far under 
noise level and produce an interval of unintelligibility. Because of all 
these causes, the signal a t  .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 a t  the 
receiving antenna introduces fading and elongation of signalsdue 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 a t  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 respect as explained for receiving, the transmitting-antenna 
radiation pattern has a bearing on the situation. If one could radiate 
all the power a t  the one optimum vertical angle that gives the best trans- 
mission path, there would be relatively little radiated a t  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 a t  the receiver to improve signal intelligibility, it will usually 
help to transmit less power a t  the undesired angle. When the trans- 
mitting and receiving antennas are complementary, with maximum 
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responses a t  the most favorable wave angles and relatively low responses 
a t  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 permits more calls to be 
placed. 

I t  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 a t  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 \\-hen 
this is not a t  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 \\-ill 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 ttilized 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 \\.ill always be beneficial (assuming no angular 
deviations), and there is reason to be careful with antenna-feeder imped- 
ance matching a t  the working frequency so that system loss will be 
minimized. These practices are relatively useless in regions of high 
ambient noise. 

In speaking about these extremes i t  is necessary to  remember that  the 
majority of practical cases occur somewhere in between; also, that a t  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. I t  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 a t  20 per 1,000 characters. 
On the other hand, ~vhen errors are running a t  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. I t  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 I 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 PI 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 when the signal 
is below this level may be regarded as lost time. 

In the epoch TI the range of variation of signal-to-noise is almost all 
above the working limit, and those values of A' which are below the 
15-decibel value are probably of very short duration (sometimes of 
seconds only) and represent a very small percentage of the time. This 
epoch represents the conditions for a good circuit. 

j TIME - I 
I I 

I i 

l o - T ,  -15 I T~+T~ I 4 
FIG. 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 T 3  represents completely unworkable conditions 
because S I 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, i t  can be seen that  a power increase 
of less than 10 decibels makes only a trivial improvement in circuit per- 
formance. Even though any increase in transmitter power will increase 
S IN,  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 terms 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 a t  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 I N  is as low as 2 or 3, and manual Morse operation with 
skilled operators may be sufficiently workable a t  - 10 decibels. In any 
event, the amount of power used a t  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 ecofiomics) 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 I N  may be much greater and perhaps even less than those 
shown in Fig. 3.11. The range of values used in this example are repre- 
sentative of a fairly good circuit if the epoch T o  is sufficiently long to 
embrace the full range of variation encountered on a given circuit. 

The range of instantaneous variation between AA' (or BB'), 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' \+-ill be higher, and a t  the same time the 
upper limit of variation A is reduced. If it were possible to eliminate 
instantaneous wide-range variations entirely, S I 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'. 
-4ny 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 I 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 a t  random on a second or third receiving channel.* In such 
circumstances there is the probability that one diversity channel \vould 
provide a satisfactory signal-to-noise ratio a t  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 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 a t  
the transmitter to realize the same time loss with a nondiversity system. 
This gain has been expressed as t  

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 ~vholly 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 suhtends 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 lo\\-est- 
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. 
When three antennas are used, the three are best located to form a triangle. 

t Jelonek, J., E. Fitch, and J .  H. H. Chalk, "Diversity Reception-Statistical 
Evaluation of Possible Gain, ~t ' i re l~ss  Engr., 24:.51, February, 1947. 
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In hilly or mountainous country t,he 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 

FIG. 3.12. Horizon profile in degrees as seen from a site and three beams 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 a t  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 G degrees a t  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 lvould be greatly compromised by the obstruction of the moun- 
tains. In such a case it might he 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 
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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 a t  14 degrees. 
This lacks the full 2-to-1 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 

ANTENNA! ,xO' 

I M A G ~  

Fro. 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 a t  the middle 
of a cleared area a t  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 escellent choice. One therefore seeks to have the 
wave-reflecting surface as 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 
exists 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. 

I t  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 a t  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 a t  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 a t  the desired 
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 
these variations are negligible. 

Another type of problem related to sites is the layout of antennas to 
minimize interactions between them. A site of limited area may have to 
accommodate several antennas. Quantitative information of this sort 
is unavailable; yet situations of this kind are conlmon 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 
should be located mutually so that each is in a position of least field 
strengths from the others. I t  must be 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 
a t  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 a t  the * center. 

Special problems of land utilization arise where several rhombic 
antennas are to be used and one wishes to know how close adjacent 
antennas can be ~vithout 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. ,4 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 : 

1. The dominant angles of arrival of the incoming waves a t  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 a t  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 a t  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 a t  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 a t  low angles and the incoming signal a t  a high angle, 
in 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 all 
directions. 

There are instances where a ~eceiving station has to be located in a 
city or other region of severe man-made noise. I t  may be necessary to 
attempt to suppress noise from troublesome dominant sources in the 
neighborhood of the receiving station to obtain tolerable system per- 
formance. The measures that can be applied successfully depend upon 

HUNDREDS OF KILOMETERS 
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FIG. 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. 

3.6. Design of a Horizontal Half-wave-dipole Antenna System 

Any antenna must be 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 fire 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 a t  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  a t  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 a t  a specified location, its conductivity u and inductivity c and 
the frequency f of operation must be determined and used in the following 
equation: 

F ( a )  = 1 + a e - j 2 h s i n a  

Here, I f  is the complex surface-reflection coefficient for horizontal polari- 
zation as found from the follo~ving equation: 
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h- l  75 X h-2 00 X h-2 5 0  X 

FIG. 3.15. Vertical polar radiation diagrams in the plane normal to a horizontal 
dipole antenna. (From RdF Signal Alanual.) 
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FIG. 
ante 

The phase angle a t  reflection from the ground is always 180 degrees with 
a horizontal dipole. The magnitude of a varies with a for fixed ground 
constants. In this equation, t is the ordinary dielectric constant of the 
soil, u is the conductivity in electrostatic units, which is 9 X 1020 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 t o  the 
decrease in the amplitude of the maximums and the slight filling of the 
nulls due to incomplete cancellation of direct and reflected fields, as 

- 
A 

FIG. 3.17. Effect of ground conductivity on maximum field strength from a horizontal 
dipole antenna. 

compared with perfectly reflecting ground. The angles of maximums and 
minimums are only slightly affected and for most practical uses may be 
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 ~vould 
be 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 0) 
f ( 0 ) =  

where 13 is the angle from the antenna axis. The value of this function 
is 0 a t  0 and 180 degrees (in the directions of the axis) and is maximum 
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a t  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 a t  the best 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 a t  the ends (for insulator-selection purposes) 
Maximum potential gradient for the power to be 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 a t  the center, though the radiation resistance will change with length. 
The length can be of the order of one-half lvavelength, and one can omit 
considerations of end effect of the wire and the insulator hardware. The 
reason for this is that a 5 per cent 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 a t  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. 
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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 a t  
high altitudes. The larger the conductor diameter, the lower the poten- 
tial gradients for the same power input and the less possibility of pluming. 

FIG. 3 
(After 
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x u  
t-z 

HEIGHT ABOVE EARTH-WAVELENGTHS 

.18. Radiation resistance of horizontal and vertical half-wave dipole an1 
Carter.) 

The calculation of the potential gradients at the high-potential points 
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. 3.18, and therefore the antenna 
current and the antenna potential. 

A typical example of the procedure by which these important potential 
details may be calculated is the follo\ving. 
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I":xample 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 a t  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 

FIG. 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 a t  the center 
of the antenna wire, for a height of three-eighths wavelength (64 feet). 
For 5,000 matts input on carrier, the antenna current will be 

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 ~vire. Maximum current occurs at  the center of the antenna. 

As measured from the end, the potential distribution is very nearly 
cosinusoidal, except near the center, where it departs considerably from 
this form. This departure lies in a region about 10 degrees each side 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 its 
numerical magnitude. A simple method is now needed to establish this 
magnitude within limits that are acceptable for engineering purposes. If 
we can determine the standing-wave ratio Q for the antenna, the voltage 
to ground at  the end of the dipole V ,  will be QVa/2, where V ,  is the bal- 
anced voltage applied a t  the central feed point. I.', = IaZ,, the antenna 
current a t  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 t hwame  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 a t  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. I t  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 on the infinite 
line to the generator voltage. This is found to be 

and 

Reference to Fig. 3.20 mill clarify the derivation of these equations. The 
dipole antenna, as a balanced transmission line, has a characteristic 
impedance 

I 
Zo = 276 loglo - 

P 

where 1 is the total length of the dipole in the same linear units as used 
for its radius p. 

For low-power and receiving applications the conductor size for the 
dipole is chosen for its mechanical requirements only. In this example, 

*See  also Sec. 2.3. 
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i t  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 a t  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. 

1-90'  1 =180° 1 1  I zo- I3= 

vt = Zo V z = Z o  (F) V3 = m Z o  

m =  V3 = I3 - - 
Vl 1, 

WITH OPEN CIRCUIT AT 90° 
90' 

Vo= V,-V3 = Zo (I-m) 
I0= l + m  

R = Z (I-m) 10 
I t  m 

vm .=2v2 

l t m  
Q = 5 =  2 Z 0 W  

Vo Zo(l-m) 

LOCUS OF e-(Q*)P)L 

v, =zo I, = 1.0 

FIG. 3.20. Geometry for computing the approximate Q of the dipole. 

Assume that we select a wire for the antenna with a radius of 0.102 inch. 
Then 

1,100 - 95 
172 1 

1,100 + 95 
= 0.84 

Q & 
1 + 0.84 

= 11.4 
1 - 0.84 

The balanced antenna driving voltage 

V ,  = I,R, = 7.25 X 95 = 690 volts root-mean-square unmodulated 
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The potential from one end of the dipole to ground is then 

QVa - '1.4 X '90 = 3,950 volts Vend = - - 
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 \id1 support the dipole. 

3.6.3. Feeder Characteristics and Feeder Arrangements. Figure 
3.21 sho\t-s a typical arrangement for a center-fed horizontal dipole having 
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FIG. 3.21. Horizontal dipole antenna center-fed by a balanced feeder. 

a length of the order of one-half \t-avelength, where the design is for one 
frequency only. However, it \\-ill he sholvn 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 nould 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 he of the order of one-half wavelength. Small deviations 
in length \rill not modify the radiation pattern appreciably, and because 
in most practical applications the antenna impedance may be considerably 
different from that of the balanced t\\-o-\\-ire feeder that \rill ordinarily 
be employed, \ \e  can ignore its actual value and prepare for making a 
proper impedance 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 \rill exist on the feeder on the antenna side of the matching device, 
and substantially traveling waves only \rill exist between this device and 
the transmitter. 

.\ satisfactory impedance match ran 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 a t  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 a t  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. I t  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 mill be reflected into space a t  the desired angle of radiation. This 
\\-as 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 a t  reflection from the ground are the most important 
encountered in ordinary high-frequency applications, even when the 
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 less a 
matter of concern than in continuous service such as broadcasting or 
frequency-shift telegraph transmission. Insulation specifications should 
anticipate the most extreme weather conditions likely to be encountered 
and the 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 clean. There will be a small power 
loss in the glyptol but it will be less than with later heavy corrosion. 

For a free-space half-wave dipole made of wire and having no end 
loading except its on-n natural end effect, the reactance a t  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 induces 
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 a t  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 case, 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 a t  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 

RECEIVER # I  
200 AT F, 

RECEIVER *2  
200 AT F2 

RECEIVER #3 
200 AT F3 

FIG. 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 t o  the antenna axis. This is true only 
for strictly symmetrical feed a t  the center. One that  is end-fed has its 
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. Unsymmetrical feed always 
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-wave 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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FIG. 3.23. Comparative effects of center feed and end feed. (After Cleckner.) 
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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 f o  (for which the system has matched impedances), where the 
feeder standing-wave ratio Q does not exceed some prescribed value, such 
as 1.41, 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 a t  first resonance is given in Table 3.1. First resonance is 
defined as the lowest frequency a t  which the impedance a t  the feed gap 
in the center of the dipole is a pure resistance. Owing to end effects, the 
length of the dipole a t  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 l / d ,  the ratio of the end-to-end 
length of the dipole to its diameter. The bandwidths were computed for 
the condition 

where f o  is the resonant frequency where the dipole reactance is zero 
and fi the frequency below f o  a t  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 a t  which the response to 
the lower side frequency is down 3 decibels. The 1-decibel response 
values shown in Table 3.1 were interpolated. 

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. 

Dipole l / d .  . . . . . . . . . . . . . . . . . . . . . . . . 
Electrical length for X = 0, degrees. . . . . . 
Bandwidth, 3-decibel response. . . . . . . . . . . 
Bandwidth, 1-decibel response. . . . . . . . . . . 

200 
168.3 
0.112 
0.056 

2,000 
172.8 
0.076 
0.038 

400 
170.0 
0.100 
0.050 

10,000 
176.5 
0.052 
0.026 

1,000 
171.8 
0.088 
0.042 
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Another method of broad-banding a dipole is t o  use the biconical 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 

RADIUS OF CAGE-METERS 

FIG. 3.24. Relation between cylindrical cage and continuous cylinder. (After Wells.) 

dipoles), one can predict the dimensions to be used for a given bandwidth 
specification. 

The use of a short-circuited stub of the order of one-quarter wavelength 
long connected across the terminals of a center-fed dipole will also increase 
its bandwidth. This stub should have a characteristic impedance sub- 
stantially equal t o  the characteristic impedance of the half-wave dipole. 
This combination constitutes an open-circuited quarter-wave line (the 
dipole) in parallel with the short-circuited quarter-wave stub. Since 
both parts have the property of virtually opposite changes of reactance 
with frequency, the stub compensates the dipole in such a way as to 
maintain a more uniform terminal impedance for the feeder line over a 
range of frequencies enclosing the frequency for which the system has 
optimum impedance match. 

To center-feed a cage dipole, the inner ends of the side cages can be 
brought to a point by a conical taper. The length of the taper is impor- 
tant in its effect upon the impedance a t  the feed point. An optimum 
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compromise is to make the length of the taper about 75 per cent of the 
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 be 
shortened as its diameter is increased, owing to end effect. Figure 3.25 
shows the proper length of a dipole which is a continuous cylinder, as 
a function of its diameter in electrical degrees for the case where the 
resistance is maximum and reactance is zero a t  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 a t  the 
surface of the conductors decrease and as the peripheral charge density 
is decreased. Since the power-handling capacity of an antenna is limited 
prilmarily 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 biconical cage antennas it is desirable to use a 
ring connection to all of the wires at  the end. Both types have relatively 
large bandwidth and 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 
a t  the feed point. It can therefore be designed 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. 
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FIG. 3.25. Electrical length of end-fed dipole for maximum resistance and zero react- 
ance. (After Brown.) 

LENGTH/DIAMETER 

FIG. 3.26. Ratio of electrical length to electrical diameter ( A I D )  for maximum 
resistance 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 a t  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 a t  bhe same height and with the same cross-sectional 
configuration. In the case of three equal-radius wires placed a t  the 

RING SPREADER 

WL~ARD I INSULATOR CYLINDRICAL 
IN EACH WIRE 6-WIRE CAGE 

CROSS SPREADER 1 I 

BlCONlCAL 6 -WIRE CAGE 

FIG. 3.27. Constructions for cylindrical and biconical cage antennas. 

corners of an equilateral triangle to 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. 

I t  is easily demonstrated by logarithmic-potential theory (for example, 
see Chap. 6) that,  for a folded dipole of the type of Fig. 3.284 having two 
parallel conductors of radius pl and p2 and a center-to-center spacinga 
(all in the same units of measurement), the ratio of the currents Il and 
I2 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. 

E X P E R I M E N T A L -  - 
FOR ANY HEIGHT 

0 
t 

ADJUSTABLE - 2 toa 

Z VARIABLE 
OVER WIDE 
RANGE BY 

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 pl, pz, and pa, respectively, and mutual 
center-to-center spacings of a  between 1 and 2, b  between 2 and 3, and c 
between 3 and 1, the current ratios between Ill Iz ,  and I3 are given in the 
following equations : 

c b a  P3 
log,, - log10 - - log10 - log10 ; 

I z  - - - P 1 C P1 

a b  c PZ 
log10 - log - - log10 - log10 - 

I s  - - - PI a  P 1 a  
Pz b b log,. log10 - - log10 - log10 ; a c 

The total antenna current for the folded dipole comprises the sum of the 
component currents Ill Iz, and 1 3 .  

If lo is the total antenna current and If is the relative portion of this 
current in the fed wire of the folded dipole, then the feed-point impedance 
Zf is related to the center-point impedance Z, of the same dipole as a 
simple (nonfolded) system in the following way: 
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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 mill be exactly one-half of those of the equivalent dipole 
when the ground plane is perfectly conducting. -4 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 3.284 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 a t  which the dipole will 
operate, because the impedance will be dependent upon height above 
the ground. 

Figure 3.28 shows five other possible versions of folded dipoles, adapta- 
ble to various feeder impedances. 

All of the folded dipoles shot\-n, 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 circuit (see ref. 42, page 365). -1 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 
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greater 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. 

TYPE OF flG 3.28 A 
SHORT-CIRCUIT BAR 

6 SPREADER ,, BALANCED mm 
NOTE- SAME TYPE CONSTRUCTIW 
USEBBLE. FOR 3-WIRE FOLDED 
DlPOtE USING TRIANGULAR 
CROSS-SECTION. 

FIG. 3.29. Construction of folded dipoles. 

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 I I I  I 

LENGTH -ADJUSTING 
SHORT CIRCUIT 

FIG. 3.30. Adjustable two-wire folded dipole. 

When service to a fixed point or along a fixed direction is wanted, the 
double dipole is useful because a t  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 295 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 a t  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. 3.31B, is two collinear cophased dipoles. 

cos (90 sinp) cos (112.5 sinp) 
c o s p  

+NTILE CENTER FED 2 -  $ DIPOLES END FED 2 EXTENDED DIPOLES 
(+ LONG) 

A B G 
FIG. 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. 3.31A. At a still lower 
frequency, the antenna would be electrically shorter than one-half 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 t,he 
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. 

3.1 1. 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 
1. Economize on transmitter power 
2. Increase the signal-to-noise ratio a t  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 a t  different 
vertical angles 

3. To give a larger signal input voltage a t  the receiver 
Additional directivity over that which is typical of a single horizontal 

dipole can be 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 is 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- 
trol 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 untuned wires, simulating a continuous metallic sheet, to  give 
essentially unidirectional transmission or reception. Passive screens of 
practical dimensions give good gains in the forward direction and con- 
siderable 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 infinite, its principal vertical-plane pattern is 

f ( a )  A sin (h sin a )  sin (d cos a) 

In the horizontal plane, a half-\vave dipole with reflector has the pattern 

cos (90 sin p)  sin (d cos p)  
= cos p 

All dimensions are in electrical degrees. 
A value of d between 40 and 80 degrees is desirable for good reflector 

action with limited screens and ~vithout excessive screen loss. 
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3.1 1.2. Horizontal Dipole with Parasitic Elements. This type of array 
is 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 

I 

FIG. 3.32. Relative field strength from a half-wavelength dipole parallel to and one- 
quarter wavelength in front of a sheet reflector 0.85A square. (Data by Carter.) 

WIRE SCREEN 

END VIEW FRONT VIEW 

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 
is 36 electrical degrees and the height above ground h is about 0.65 wave- 
length (height a t  which the mutual impedance with the images is resistive 
only), the currents in both elements are very nearly equal and the vertical 
pattern is 

j (a)  A sin ($ cos a )  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 ,- d - 

ment shown in Fig. 3.34. -,- -1- -: r '  Using rigid members and operat- 
RERECTOR ing a t  a sufficiently high frequency, (or DIRECTOR ) 

// ,j ,/ , ,/~~$/////// ,/  this array can be mounted on one 
support, which can be rotated to any 
azimuth. 

The pattern can be inverted and 
FIG. 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 a t  the center or by adjusting the length of 
the parasitic element. Figure 3.35 shows the relations between two radi- 

d/x 
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. 

3.1 1.3. 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 

J DIAMETER OF CON WCTORS 0.87'=0.00242 \ 
REFLECTOR 0.542 X LONG 

sPnClNG 0.0917 X (CENTERS) :F RADIATOR 0 . 4 9 0  X LONG 
SPACING 0.118 X ( CENTERS ) 

DIRECTOR 0 . 4 6 0  X LONG 1, f l  BALANCED FEED AT F-F 

DIRECTION OF BEAM 

FIG. 3.36. Director-reflector array. (Data by Brown.) 

over ground a t  a height h would be derivable from the measured hori- 
zontal pattern by the relation 

j(6) cos a sin (h sin 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 a 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 
a t  the expense of forming other higher-angle lobes after the height sur- 
passes one-half \\lavelength. In practical communication it is necessary 
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for long-distance transmission and reception to focus the energy a t  lo\\- 
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. I t  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 
a t  15 degrees and the third, fourth, and fifth to 17, 24.5, and 25.5 per 
cent a t  25, 40, 54 degrees elevation, respectively. In  order to reduce the 

second lobe still further, a vertical - 46 
180" 

stack of six or more dipoles would 

t-- I5 have to be used. 
I w 
t i 4  This process can lead to very high 

and expensive structures. Yet such 
is the problem of obtaining a high 
concentration of energy a t  very low 
angles. 

In the following equation, h is 
the electrical height of the lowest 
dipole above perfect ground. The 

/ / / / / / / / / / / / / / / / / / / / / N  ///// 
other dipoles are assumed to be 

3.37. vertical of/eqlml-ear- spaced a t  half-"a~elength in ter~als  
rent cophased dipoles. with equal currents. The principal 

vertical pattern, using the method 
of adding the patterns for individual pairs formed by each dipole and 
its image (see Appendix Y-A), using the geometry of Fig. 3.37, is 

sin (h sin a) + sin [(h + 180) sin a] + sin [ (h  + 360) sin a] 
+ . . .  sin 1 [h + (n - 1) 1801 sin a )  

where N is a normalizing factor and n the total number of dipoles in the 
stack. Each dipole in the stack introduces a term in this equation. 
When h is a multiple of 180 degrees, quick computation ran be made with 
the aid of Appendix T'-A. 

The principal vertical pattern can also he written in another form when 



HIGH-FREQUENCY A N T E N N A S  263 

the number of dipoles is an integral power of 2. For an array of four 
stacked 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 a]lfl(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 

- =RENT D I R E C T S  - 
I 

1-1 t 
0.625 h 

I 

-1 - I--- 
$--. L$ i  

FIG. 3.38. Array with two parallel rows of dipoles arranged vertically but 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 + 112.5) sin a] 

Vertical stacks of dipoles are most conveniently fed in cascade from 
the bottom upward. I t  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. 

I t  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 

1-1 
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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, 

f(a) = cos (90 sin a) cos (180 sin a )  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 
as empirical, although most large dipole arrays used to date have been of 
this type. I t  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) A cos (90 sin a )  cos (180 sin a) sin(h sin a )  cos (45 cos cr - 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, 

f (a) = cos (906sin a)  sin (450sinq) sin (36 cos a ) 
FIG. 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 shaQ 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. T\vo other large lobes occur almost normal to the 
array axis. This pair has the pattern 

which has zeros a t  37 and 180 degrees. 
If now we place the axis of this pair parallel to ground a t  a height of 

one-half wavelength, the height factor will have the equation 

sin (90 sin a) 



266 RADIO ANTENNA ENGINEERING 

which has nulls a t  0, 90, and 180 degrees. The zero a t  90 degrees will 
split the major lobe from the radiator pair. What remains is still very 
large a t  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 a t  12 degrees each side of the line 

ELEVATION ANGLE a 

FIG. 3.40. Vertical-plane pattern for the array shown. 

normal to the pair. This suggests that each 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 a t  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 45 
degrees above ground, the upper ones 315 degrees. In the vertical plane, 
with this configuration, the last pair has the pattern 

cos (13.7 sin a )  

In the vertical plane this entire array of four dipoles will have the 
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pattern 

f(a) = N cos (112.5 cos 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 a t  0,42,54,90, 138, and 180 degrees. The 
maximum field strength occurs a t  16 degrees, a t  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 @ + 22.5) cos (90 sin 8) 
f(P) = cos B 

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 8) 
h(P) = ,, 

where /3 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 a t  the center of each, with a magnitude 
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proportional to the dipole current, and multiplied finally by the dipole 
factor jl(P). 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: 

j(p) = fl(P) {cos (90 sin p) + cos (270 sin 0) + . . . cos [(n - 1) 90 sin PI) 
For n odd: 

j(P) = jl(P) { 1  + cos (180 sin 8) + cos (360 sin P) 
+ . . cos [(n - 1) 90 sin p]) 

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 0) cos (180n sin P) 
'(')= c o s ~ c o s ( 1 8 0 s i n ~ )  

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 
a t  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 

jz(P) = cos (45 cos /3 - 45) 

Patterns of this type are shown in Fig. 3.42. 
When the system of collinear half-wave dipoles is parallel t o  a perfectly 

reflecting plane, the pattern jo(0) 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 j3(/3) = sin (d cos 0). Then 

When the electrical distance d from the reflector is less than 30 or 40 
degrees, f3(0) = cos fi very nearly. Of course 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 vertical half-wave dipoles spaced one-half wave- 
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length have patterns in the horizontal plane specified by 

Patterns for straight rows of vertical dipoles each having unit current, 
cophased, are sho~vn in Fig. 3.46. 

UNIDIRECTIONAL PATTERN BIDIRECTIONAL PATTERN- 

USING REFLECTING 
2 COPHASED DIPOLES 

SCREEN SPACED O.IA 

FIG. 3.43. Radiation pattern for two cophased dipoles with and without reflector 
screen. 

4 COPHASED DIPOLES 

1 

9 0' 

t0 .2  
FIG. 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 be 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. 3.494, 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 

f.(j3) = cos (90 sin j3) cos 

The appearance of the constant phase-difference angle 4 in the last 

FIG. 3.45. Radiation pattern for six cophased dipoles with reflecting screen. 

cosine factor of this equation accounts for the tilting, or slewing. I t  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 4 is other than zero. It is also 
evident that a null is going to appear on the off side of a slewed beam, 
which, when 4 becomes sufficiently large, causes a split in the pattern. 
I t  is this split that sets a practical limit to effective slewing, 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 slewing 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. 

The particular patterns desired for a high-frequency service, such as 
broadcasting, are chosen after a study of the geography of the service 
areas to be reached and an analysis of the propagation conditions to  be 
encountered. In broadcasting service 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. >lost 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 vie\\,) and the "vertical" (side view). .it  times the pat- 
terns a t  other angles may he necessary. Any desired directivity is 
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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 1 WITH REFLECTOR 

SCREEN FOR 
UNIDIRECTIONAL PATTERN 

0 @ 
FIG. 3.48. Lazy-H antennas. 

One of the simplest arrays with radiation control in the two major 
planes is the Lazy H, shown in Fig. 3.488.  In  Fig. 3.18B i t  is shown 
with a passive reflector of wires for a unidirectional pattern. I t  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 3.498 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 distribution. 
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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 
a t  the same angle. By placing the nulls in one factor a t  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. 

SLEW 
PHASING 
SECTION I I h I 1 

EARTH 
7 / / / / / / / /  

PARALLEL- WAVE DRAIN 

FIG. 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 a t  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 a t  15 degrees there 
will be other nulls a t  31 and 50 degrees. 

A cophased pair of dipoles, centered a t  700 degrees, can now be sub- 
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. h 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 nulls a t  15, 2255, 31, and 50 degrees. 



Fro. 3.50. Power-distribution diagram-aerial - type same as Fig. 3.498 when h equals two wavelengths. (After Hayes and 
MJLarty.) 



FIG. 3.51. Powerdistribution diagram-aerial type same as Fig. 3.498 when h equals one wavelength. (After Hayes 
and McLarty.) 



FIG. 3.52. Power-distribution diagram-aerial type same as  one-half of Fig. 3.494 when h equals one wavelength. (After 
Hayes and MrZ,arty.) 

,' 
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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 a t  700 
degrees plus and minus 240 degrees. The patterns for these two pairs 
are identical, and a spacing is chosen that will bring a null a t  about 40 
degrees. The null-angle chart shows that this would result from a pair 
spacing of 280 degrees. 

-0.1 - 

-0.2 - 

-0.3 - WITHOUT REFLECTOR 

-0.4 - 
I 1  I I I 

0 10 20 30 4 0  5 0  60 7 0  8 0  9 0  

FIG. 3.53. Vertical pattern obtained by splitting secondary lobes. 

The array now consists of four dipoles, with equal cophased currents, 
arranged vertically a t  heights of 320, 600, 800, and 1,080 degrees. The 
vertical pattern for this array has nulls a t  15, 22%, 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, with and without a screen reflector. 
As a first approximation the secondary lobes are suppressed 16 decibels 
or more a t  all angles that would cause multipath delays. If the suppres- 
sion of the uppermost lobe had to be increased, a further extension of the 
method to  put a null a t  about 60 degrees would provide a possible solution. 

Obviously, this characteristic of the pattern equations in factor form 
adapts itself more readily to the sollitions 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 a 
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 spaced one-half wavelength, 

f I(@ = cos (90 sin 8) 

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 
pattern 

f2(B) = cos2 (90 sin 8) 

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 t o  the 
values shown in Fig. 3.54. The array pattern will be 

fn(/3) = cosn (90 sin p) 

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 be 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 case 

cosn+' (90 sin p) 
f (B)  = cos 

The principal disadvantage of binomial distributions in practice is 
that the arrays become relatively large for a given beam width. This 
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FIG. 3.54. Biiromial current distrit)utiolls for broadside arrays. 

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 lobes, 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 a t  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 a t  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 
cos2 (115 sin 32) = 0.235 

According to this, squaring the pair factor reduces the lobe a t  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 mill give such a pattern. I t  is obtained by overlapping 
two identical pairs, giving a total of three dipoles in the stack, with their 
center located a t  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 
spaced 230 degrees between successive dipoles. The comparative vertical 
patterns for this array are shown in Fig. 3.55. 

I t  is instructive to interject a t  this point the application of binomial 
current grading to a type of array not heretofore discussed. I t  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 betlveen 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 
s certain type of pattern suitable for long-distance transmission or 
reception. 

Consider the pattern for a pair of parallel radiators spaced 0.75 ware- 
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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 

r I 
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FIG. 3.55. Binomial distribution applied to secondary-lobe reduction in a vertical 
pattern. 

at  once that this pattern, when squared, becomes unidirectional in the 
plane of the array with a narrow beam of large amplitude a t  high angle 
in the opposite quadrant. I t  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 a t  0, 30, 90, 150, and 180 degrees. The pair factor, raised to 
any power, has nulls at  59 and 146 degrees (counting the full semicircle 
from horizon to horizon in the vertical plane). 



HIGH-FREQUENCY 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. 

Horizontal binomial current distribution for control of vertical pattern. 

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 
is 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. I t  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 i t  be desired to produce a broadside beam that has its first nulls 
a t  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 
a t  plus and minus 15 degrees is 

cos (90 sin p) 
f l ( ~ ) =  cosB cos (+ sin 8) = 0 

Spacing S1 is found to be 700 degrees. This spacing also gives a second 
pair of nulls a t  plus and minus 51 degrees. 

I t  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 spaced a distance S z  between centers 
such that we bring a null a t  27 degrees. The equation for the linear 
combination is now 

f2(p) = f~(p) cos ($ sin 8) = o 

From the last factor, Sz is computed to be 400 degrees. This pair has 
but one null. Our nulls are now a t  15, 27, 51, and 90 degrees, the null a t  
90 degrees resulting from the dipole factor. I t  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 

fr(B) = f2(P) cos @ sin P )  = 0 

A value for S3 is now computed that will bring a null a t  the middle of 
this side lobe, a t  about 39 degrees. The center spacing of a pair of 
dipoles that 11-ill 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 a t  0, 21, 33, and 45 degrees; and, due to the 
diminishing value of the dipole factor a t  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 a t  
these angles corresponding to side-lobe maximums to see how we are 
progressing. We find the following values from the equation above: 

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 

step, obtaining the pattern equation 

The value of S4 that will bring a null at  6.5 degrees is 210 degrees. With- 
ollt further computation we can 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 

FIG. 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 a t  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 a t  
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 a t  9.5, 29, 
and 57.5 degrees. The next pair with five half wavelengths spacing will 
give nulls a t  11.5 and 37 degrees. The third step with four half wave- 
lengths spacing gives nulls a t  14.5 and 49 degrees. The fifth step places 

FIG. 3.59. Array horizontal pattern. 

another null a t  20 degrees, and in the sixth step, when the pair spacing is 
one-half wavelength, there is another null a t  30 degrees. The major 
side lobes are split by a total of 10 zeros between 9.5 an490 degrees. 

The resulting pattern will have the equation 

f(P) = cos (540 sin P )  cos (450 sin P) cos (360 sin P) cos (270 sin P) 
cos (180 sin P) cos (90 sin 8) (dipole factor) 

The computation of this pattern is easy with the aid of Appendix V-B, 
where each pair pattern has already been tabulated. I t  is necessary 
only to multiply across the six columns of cophased pairs 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, a t  25 and 42.5 degrees. 
All the others are 1 per cent or less over the entire range. If a passive 
reflecting screen were to be used, these would be reduced somewhat more. 



290 R A D I O  ANTENNA ENGINEERING 

The synthesis of the array to give this pattern with half-~~ave-spaced 
horizontal dipoles is given in Fig. 3.60. From this me 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. 

6 
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FIG. 3.60. Synthesis of current distribution that gives thr  pattern of Fig. 3.59. 

3.17. Power Distribution among the Half-wave Dipoles of an Array 

Certain unique currents must be established in the various dipoles 
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 be 
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 come 
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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 a t  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. I t  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 tha t  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 a t  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 polver, 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 ends opposite each other, and for collinear dipoles (see Figs. 
3.61 and 3.62). The echelon dispositions are too numerous to compute 
for ill  rases and only a small number of data are puhlished.1002~1019~1066 
Therefore one must compute the impedancacs according to the circum- 



292 RADIO ANTENNA ENGINEERING 

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 

FIG. 3.61. Mutual impedance between two parallel nonstaggered half-wave dipoles 
with spacing S. (After 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 t'herefore possible to trim the adjustments slightly 
to obtain the final degree of correct operation. This is usually impossible 
in high-frequenry antennas. 
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FIG. 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 
of the entire system and to bring the correct impedance a t  the main feed 
point to terminate the power transmission line. The other aspects of the 
circuital design for a system include a determination of the potentials 
and currents which \\-ill 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-\vave 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 cent, it may be necessary to 
reduce the spacing of the dipole pairs along the feeder by an equivalent 
amount or there mill 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 3.49B is a 
schematic example of a 6 by 4 array with one central feeder, using series 
excitation in the three dipoles each side of the center. 

Kearly uniform currents can be obtained throughout an array of the 
larger sizes by the method of Fig. 3.49.1. where each vertiral feeder has 
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but one pair of dipoles attached a t  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 iri 
current and phase. However, if there is a phase difference between the 
two sections of an array of the type of Fig. 3.498, the main beam is 
deflected anray 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 a t  every 
feed point and to provide the proper excitation a t  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 
side 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 a t  the proper point in the mqin 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 formulas.1002 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 l.'O19 By reciprocity, the effects both ways are equal. 
Thus 

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, I's, and 2's must be in complex (vector) form, indicating mag- 
nitude and phase.) 

for n radiators numbered in order from 1 to n, having self-impedances 
211, 2 z 2 ,  233, etc., and mutual impedances between elements as indicated 
by the subscripts. Images 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 = V k / I k ,  

where in general all values are complex. With a knowledge of the feed- 
point impedance in each radiator of a system, the feeder requirements 
can be developed for impedance, amplitude, and phase matching of all 
the currents back to the main power feeder. 

Figure 3.18 gives the impedance a t  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 distance d 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 a t  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 

where Zlz is the mutual impedance with the earth primary image, Z13 is 
the mutual impedance with the screen primary image, and Z14 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 &corner between 
intersecting 90-degree planes has two primary images and one secondary 
image. When the radiator is located between two planes intersecting a t  
60 degrees, there are two primary images and three secondary images, the 
polarity of successive images being reversed. For intersecting planes a t  
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 a t  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 
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In the case of equal antiphased currents, 

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 2,. 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 a t  an angle to each other in a 
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 spacing is greater than two wave- 
lengths. This indicates that mutual impedance should be included in 
computations for parallel dipoles a t  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, me 
may conclude that practical computations of sufficient engineering 
accuracy can be obtained by neglecting mutual impedances less than 5 
per cent of the self-impedance in cases where there are uniform currents. 
Since current amplitude is a coefficient for mutual-impedance terms, a 
system having currents of widely differing amplitudes cannot be simplified 
in this manner. 

The input impedance of a half-wave dipole with a parasitic identical 
dipole in its field is computed from 

Zi = 2 1 1  + k Z 1 2  

0 = 2 1 2  + k Z 2 2  

in which k is the complex ratio of I 2 / 1 1 .  In such a case, with but one 
parasitic element, the system is determinate and can be computed from 
known self- and mutual impedances. With more than one parasitic 



H I G H - F R E Q U E N C Y  A N T E N N A S  299 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I0 

SPACING IN WAVELENGTHS i 

FIG.  3.63A. Relative magnitudes of distant fields E2/E1 for driven quarter-wave 
unipoie and parasitic unipoles of different lengths and spacings. (After Abbott and 
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 a t  which the impedances are 
computed may also be arbitrary. Hen-ever, the values of self- and 
mutual impedances \rill 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-rvave systems. Mutual impedances between radiators 
carrying traveling waves have to be computed from basic electromagnetic 
theory.lo21 
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FIG. 3.63B. Time-phase angle, in degrees, for driven quarter-wave unipole and 
parasitic unipoles of different lengths and spacings. (After Abbott and Fisher.) 

3.20. Fourier Current  distribution^'^^^^'^^^ 

By the Fourier analysis of a specified radiation pattern, i t  is possible 
t o  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 

f ( P )  = even function = A 1  cos (90 sin 0 )  + A 2  cos (270 sin 8 )  
+ A ,  cos (450 sin 0 )  + - . + A,[(2n - 1)90 sin 01 

A. = j(8) cos [(2n - 1)9O sins] d@ 
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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 

PAlRS 

I- 4 I 

WlTH INTEGRAL NUMBER OF PAlRS I 

WlTH CENTRAL RADIATOR AND 
AN INTEGRAL NUMBER OF PAlRS 

FIG. 3.64. Fourier current distributions for broadside patterns. 

of the specified pattern. The above equations apply only to the case 
where f(P) 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 space, 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 mire 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 a t  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 distribution. 

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 7%-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- 

2 4 6 8 

FIG. 3.65. Idealized polar patterns for straight wires with an integral number of half 
waves of pure standing-wave current distribution. 

tem an integral number of half \vavelengths long is specified by the 
relation: 

in which m is the number of half wavelengths in the length of the straight 
wire bearing a pure standing wave. When m is an even number, the sine 
is used; the cosine is used when m is odd. 
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FIG. 3.66. Comparison of pure standing-wave radiation patterns for current distribu- 
tions of 73i wavelengths and 8 wavelengths. (After Carter.) 

3.21.2. Long Wires with Traveling Waves. If it  were possible to 
excite a long, straight mire in free space so that there would exist on it a 
pure traveling wave of constant amplitude and uniform phase difference 
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 successive lobes decrease 
rapidly and regularly in amplitude following the law sin %,/(I - cos Om), 
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. 

As 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 

of Figs. 3.674 and 3.67B. Figure 3.678 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 mire in free space 
carrying an unattenuated traveling wave of current may be found from 
the equation 

sin B sin vers 0) 

f(@) = vers -9 

where versine 0 = 1 - cos 6 and G is the elert,riral length. Some pat- 
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terns from this equation for lengths from X/2 to  41 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 

8 - ANGLE TO W I R E  A X I S  

FIG. 3.67B 

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. I t  is seen from Figs. 
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 cardioidal. 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- 

DIRECTION O F + ~ I S  OF 
TRAVEL OF WAVE WIRE 

DIRECTION OF+ P I S  OF 
TRAVEL OF WAVE WIRE 11'2x41 

DIRECTION O F ~ ~ X I S  OF 
TRAVEL OF WAVE WIRE 

DIRECTION OF 
T R A V F  OF W d d d k ° F  B 

TRAVEL OF WAVE. TRAVEL OF WAVE TRAVEL OF WAVE TRAVEL OF WAVE 

FIG. 3.68. Field patterns due to a straight wire carrying traveling waves. (From 
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- 
mire 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- 

THIS QUADRANT WITHIN cations, the main lobe resulting 
THIS ENVELOPE 

from direct and image radiations 
is focused in the direction of opti- 
mum propagation to the desired 

FIG. 3.69. Field pattern for a straight distant receiving point, and the 

antenna eight wavelengths long with pure other lobes fa11 where they 
traveling wave. 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 O0 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 as the angle of the first null. The 
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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. 

FIG. 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 a t  its inner 
end that is very low with respect to the characteristic impedance of the 
system a t  some chosen frequency of operation. This permits the inser- 

FIG. 3.71. Tilted long wire for directive transmission using traveling waves. 

tion of an impedance 2, 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 a t  which i t  is resonant. 
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By making the characteristic impedance of the quarter-wave projectio~i 
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 a t  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 a t  the outer end of the impedance Zt 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 \$*ill be a maximum for a given power input. 

Experiment has shoivn that the correct termination of a long wire in 
this manner 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 600 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 be 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 a t  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 mires are then placed parallel to the ground, but 
a t  an angle to the desired direction of propagation equal to that shown in 
Fig. 3.674 for the angle 8, between the wire and the first lobe maximum. 
The same lobe on the other side of the ~vire \rill also be present when a 
single wire is used this way, and this is a major disadvantage. If a 
standing-wave excitation is used, there will also be two main backward 
lobes. This explains why antennas of this form are very 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, 
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FIG. 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 - 0, 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 

S = 
1 

2 cos (90 - 20,) 

For example, if the lengths of the wires inside of the terminating resistors 
Z ,  were 5 wavelengths, the angle 0, 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 a t  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 follo\ving characteristics: 
1. The structural design is simple and economical. 
2. The electrical circuitry is simple. when they are fed from the apex. 
3. Iligh gain is secured at relatively low cost. 
1. They 11se low supporting structures hut require large nrrns. 
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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 \' 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. 3.67. 
To obtain a unidirectional V antenna, the principle shown in Fig. 3.71 

FIG. 3.74. Traveling-wave V antenna. 

can be applied to each side, as shown in Fig. 3.74, so that traveling waves 
result. 

I t  must be recognized that the geometry of long mires 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 a t  an angle of 
20, each side of the axis. I t  is possihle to redlice 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 a t  the angle 28, 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 a t  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 do\vnward 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 a t  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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support at the apes of the V and sloping both sides to~vard ground to 
the point lvhere the estension wires can continue on\vard 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 3.764 is an isometric sketch of the arrangement of the RCA 
Model D antenna of the unidirectional V type excited by standing waves. 

& RADIATOR FEEDER 

UPPER t LOWER VEES 

FIG. 3.76:2. Scheme of the RCA 3Iodel D antenna. 

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 \!-ires are employed in each side of each IT 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 \vith 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 embcdiment of the familiar -1rgand principle 
expressed by 

cos 0 + j sin 0 = pie 
(standing wave) (standing wave) (traveling wave) 

The geometrical parameters are shon-n in Fig. 3.7GR, 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 a t  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 

VERTICAL SPACING 3 FT. 

' - ~ & A w u s T I N G  . STUB 

FIG. 3.76B. Scheme of the RCA Model G antenna. 

V is obtained by adjusting the stub section a t  the apex. This system is 
kno\vn as the RCA Model G antenna. 

3.23. Horizontal Rhornbic 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. I t  is widely used in high-frequency applications 
for both transmitting and receiving. I t  has some marked advan%ages 
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 
rycle. 

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 
hest 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 mliltiplicity 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 a t  one frequency or a very small band of frequencies, the pattern 

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 betxeen 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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(go-e) 

FIG. 3.78. Directive patterns for a rhombic antenna with an apex angle A = 22 
degrees: ( a )  1 = 3.33A, h = 0.8A; ( b )  1 = 5.OA, h = 1.2X; ( c )  1 = i.5A, h = 1.8A. 
(After  Christiansen.) 
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FIG. 3.79. Directive patterns for rhombic antenna same as Fig. 3.78 except that apex 
angle A = 18 degrees. (After Christiansen.) 
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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 

.e COUNTERWEIGHT 

FIG. 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-mire type is 
suitable only for receiving. The multi~vire 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 rhomhic antenna has a radiation pattern whirh is the 
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result of an attenuated traveling wave, as indicated in Fig. 3.68. The 
length per leg I 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 
bet~veen 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 mill 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 . 7 8 ~ .  

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 
is 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 lo~v 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 mill be described later. The parameters were 
computed for the conditions that maximize the main beam and minimize 
the first side lobes to obtain best gain, using idealized factors for the 
system, including perfectly conducting ground. 

The data represent about as much information as can be dependably 
presented in one figure for the guidance of the designer of a rhombic 
antenna. The main beam is less sensitive to the influence of variations 
in the geometric parameters and in the several empirical factors than are 
the other lobes. 
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I t  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 i t  is supposed to be, one may a t  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 a t  a 

FIG. 3.81 
gain and 

. Optimum parameters for the horizontal rhombic antenna, for maxim 
minimum side-lobe amplitudes. 

single 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 Caff erata (ref. 11, page 364) are perhaps the most com- 
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plete. Harper provides formulas (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 361) 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. Stereographic Charts for Rhombic Antennas. The rhombic 
antenna, in common with all long-wire antennas, has an intrinsically 

FIG. 3.82. Hemispherical coordinates derived by stereographic projection. 

complicated radiation pattern that is difficult to 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 impossi- 
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 
Jve 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 stereographic 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 

FIG. 3.83. Stereographic map of the radiation pattern for a four-wavelength straight 
wire in free space with a traveling wave. The maximums for the successive cones 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 sho~v 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 (shon-n 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 
tlirertion 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, n-hen 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. 

FIG. 3.84. Stereographic. map of the pattern for a free-space rhomhus four wave- 
lengths per side, with an acute angle of 42 degrees. There are lobes of radiation ~vhere 
maximums of different orders intersect, and the main beam is formed a t  the inter- 
section of the t ~ v o  first maximums. 

Two such charts can be overlaid and set a t  an angle equal to that of 
the acute angle of the rhombus to s h o ~  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 pattern 
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 (.Ill) for the t\\-o 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 side of the rhombus diminish in 
magnitude, so that the lobe formed where two second maximums ( M 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 RHOMBUS 
(Relative magnitudes of secondary lobes, in decibels, below the magnitude of the 

main heam) 

Order of maximum for one side 

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 
\vavelengths above ground. Figure 3.16 shows that this will put maxi- 
mums of relative magnitude 1.0 in the height factor a t  vertical angles of 
12.5 and 39.5 degrees and nulls a t  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 
nsis can be measured with a protractor, and the elevation angles are 
represented stereographically. 

The design represented in Fig. 3.85 is an optimum for a horizontal 

Order of maximum for other side 
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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 

FIG. 3.85. Stereographic 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 maxirnums and zeros in the height 
factor are shown by the broken-line and solid-line circles, respectively. The main 
beam and the various secondary lobes are indicated. This pattern is an example of 
the optimum design. 

and reduced to small residual pairs of lobes. The first maximum for one 
leg intersects with the third maximum for the other leg a t  zero degrees 
elevation, where it is canceled by a zero in the height factor. Smaller 
residual lobes a t  higher angles do exist, however. 

It  will he seen that at the lonest 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 a t  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 

FIG. 3.86. Stereographic map of the radiation pattern for a horizontal rhombi? 
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 a t  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 lvhich 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 a t  this frequency will be 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 

FIG. 3.87. Stereographic construction simplified for the determination of radiation 
lobes of first and second orders for a rhombic antenna with five wavele~lgths per side. 

in other directions 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. 3.67A, 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 be 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 a t  the lower altitude angles in the forward half of the 
hemisphere and are bunched around the main beam. When these large 
secondary lobes occur a t  angles higher than that of the main beam, the 
height can be adjusted to diminish or split them. Cnfortunately these 
large lobes often occur a t  the sides a t  altitude angles the same as or 
lower than the main beam so 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 of 
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 a t  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. 
-2 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. 

I t  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 a t  the termination or a t  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 a t  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. I t  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 examination of Fig. 3.81, it is noticed that the optimum param- 
eters given do not fit the applicational requirements because the beam 
angles are much higher than can be used, and the resulting beam angles for 
the optimum parameters are very near to those which penetrate on the 
path under consideration. I t  is evident from this example, which typi- 
fies the kind of problems encountered in antenna applications, that 
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\\hat is optimum from a purely antenna viewpoint is not necessarily 
optimum from the comn~unication-engineering viewpoint. To adapt an 
antenna to this particular requirement, it will be necessary to abandon 
Fig. 3.81 as 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. 

I t  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 ~vords, 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 
split. 

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 a t  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 essen- 
tially the same as the optimum angle of fire for the path when the trans- 
mitting antenna is matched to the radio 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 tnTo 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, whereas 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 path 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 a t  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 
which 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. Rhornbic Antenna Circuitry. From a circuital standpoint the 
rhornbic antenna, when terminated a t  the far end in its characteristic 
impedance Zo, has an input impedance which is predominantly resistive 
and equal approximately to 2 0 .  For the three-wire type, this value is 
of the order of 600 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 
carefully 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 a t  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 a t  the end of a dis- 
sipation line but can also be done in the feeder, using resistors or drain 
inductors having impedances high enough a t  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 sho~vs an arrangement 
for this purpose, with slvitches 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 a t  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 be 
undesirable a t  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 an 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 fill 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 half 
the beam width of the main lobe. 

Figure 3.89 shows the constrliction for a two-layer rhombic system 
having two wires per side in each layer. Figures 3.90 and 3.91 show 
what is possihle hy using arrays of these two-layer rhombic systems. 



FIG. 3.88. Two-layer rhombic antenna patterns of following geometry (After 
Christianseu.): 

4, degrees 1 111 hl/A h2/A 

3.33 0 . 8  0.47 
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FIG. 3.89. Construction for two-layer rhombic antenna. 

* Power lost in terminal resistance for unity power input to antenna system. 
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l,ut/I;,.. . . . . . . . . . .  
I,,,/li,. . . . . . . . . . .  

. . . . . . . . . . . . .  11'1'. 
Gain over h/2 di- 

pole, decibels. . 
Gain a t . .  . . . . . . . . .  
l/h . . . . . . . . . . . . . . .  
hl/A . . . . . . . . . . . . . .  
h,/X. . . . . . . . . . . . . . . . . . .  

Fig. 3.88 
Two-layer tiered (two-wire) 

8 
8 . 9  
5.7 
0.64 
0.85 
0.11 

9 
18 degrees10 

18 
3 . 7  
1.53 
0.413 
0.65 
0.17 

14.7 
8 degress 

7 . 5  
1 . 8  
1.05 

8 
6 .7  
3.74 
0.557 
0.75 
0.31 

9 . 7  
18 degrees 

3.33 
0.80 
0.47 

12 
5.15 
2.25 
0.436 
0.72 
0.19 

14 
14 degrees 

5 . O  
1 . 2  
0.70 

12 
6 . 2  
3.46 
0.557 
0.80 
0.31 

11.5 
degrees 

18 
4 .3  
2.44 
0.566 
0.77 
0.32 

13 
7 degrees 

3.33 5 . 0  
0.80 1 1 . 2  

1 

7.5  
1 . 8  

. . . . . . . . . .  
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( a )  

FIG. 3.90. Directive patterns for two two-layer rhombic antennas of the type 
of Fig. 3.88, with apex spacing as follows: (a )  apex spacing 1.33; ( b )  apex spacing 2.0; 
( c )  apex spacing 3.0. (After Christiansen.) 
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FIG. 3.91. Radiation patterns for two arrays of the type of Fig. 3.90 in broadside but 
withmajor axis spari~lgs asfollo~vs: ( ( 1 )  2.33X; (b) 3.50X; (c) 5.25X. (After Christiansen.) 
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'These figures, together with Figs. 3.78 and 3.88, represent optimum-design 
for a frequency range of 2.23 to 1, 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- 
freqliency reception in the form of the fishbone antenna. Two forms of 
this antenna have been evolved in the Cnited 

TERMINAL R 
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 

dipoles n-ith a length of the order of one-half 
the central feeder are attached horizontal 

\lavelength a t  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, t - + 
by means of the capacitors, to  be about 90 2 
per cent of free-space velocity. This loading 
reduces the characteristic impedance some- t I ! I 

what, and the usual design value is about 400 
ohms. The maximum directivity is along 

-1 - 
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. 

Fishbone antennas may be used in various 
1 

TO RECEIVER 

FIG. 3.92. RCA fishbone- 
arrays, according to the directivity patterns antenna 
desired. The one commonly used consists of 
tn-o fishbones in broadside using common intermediate supporting struc- 
tures. Typical patterns for single- and two-bay fishbones are sho~l-n in 
Figs. 3.93 and 3.94. The two-bay design unites the transmission lines 
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. 
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Constructional dimensions for fishborle antennas for various ranges 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 

VERTICAL PATTERN 

FIG. 3.93. Horizontal and vertical patterns for RCA fishbone unit. (After Beverage 
and Peterson.) 

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-ANTENNA DIMENSIONS 

I 
Length Optimum / Useful Width Length Pole 

Useful 
angle , 

dipoles, frequency, range, (two bays), total, height, 
(azimuth), 

feet megacycles megacycles feet feet feet degrees 

The number of dipoles used is sufficient to produce the effect of smooth 
continuous loading of the central feeder. This requires seven or more per 
wavelength, the wavelength in this case being that in the feeder a t  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 a t  some chosen 
frequency and omit the series capacitors. They are spaced a t  one- 
quarter-wavelength intervals along the feeder. In all other respects the 
performance and stnictural characteristics resemble those of the RCA 
fishbone. 
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The fishbone antenna is one of the preferred forms for wide-band 
response in the high-frequency fixed services. I ts  higher cost in many 
cases 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. 

300 
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 
fe\v 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 
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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. 

CROSS-ARM 
AND INSULATORS 

GROUND SYSTEM 

FIG. 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. I t  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- 

TABLE 3.5. OPTIMUM SLOPE ANGLES FOR INVERTED-V ANTENNAS 
Leg Length, Slope Angle, 
Wavelengths Degrees 

2 36 
3 29 
4 2 4 . 5  
5  22 
6 2 0 . 5  
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 antennm, 
and to make a balanced to unbalanced transformation with the proper 
impedance ratio to excite the antenna. 

At the terminal end, the dissipation line can be of the unbalanced type, 
using the ground itself as 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 loss 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 

SHORT CIRCUIT 

FIG. 3.97. Assembly of a horizontal dipole array using two levels of four dipoles, 
cophased, with passive screen 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 minds, 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 
A N D  RADIATOR CURTAIN TRlATlCS 

TRIATIC WITH BREAK-UP INS 

COUNTERWEIGHT 
FIG. 3.98. Rigging for two 4 by 4 dipole arrays for two different frequencies, using 
two supporting masts. 

The simplest antennas are rigged between the masts with the active 
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 assembly 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 triatics, 
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 
by 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, 

FIG. 3.99. Method of rigging triangular and cage dipoles for curtain arrays 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 a t  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 ice 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 a t  the center of the span and added to the total sus- 
pended weight a t  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 A 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 a t  the center, then the tension of the triatic is 

W 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 cos A 

and the vertical compression load C on the mast is 

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 runs 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 a t  some distance from 
the ton-er 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 a t  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 

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. 

IVood 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. They 
have to be set with the aid of a crane since they are too heavy to be erected 

FIG. 3.101. Fabricated spreader used to space the radiator and reflector curtains of a 
large dipole array in the main catenary, shown before being raised into the air. This 
is part of the array used for 6-megacycle broadcasting. (Photograph courtesy 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 
lapsplicing two large poles. Figure 3.114 sho~vs 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 ~ o o d  mast fabricated 
from structural timber can be seen in Fig. 3.122. 

The advantages of wood in some regions of the world include relatively 
lo\\, cost, easy handling in construction, and the convenience of having 
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a \vide variety of standard items of assembly hardware available. The 
(iisadvantage of wood is principally that of rot, which limits the life of the 
pole. I t  is good practice to dip the underground wood in creosote, which 
is an effective preservative. In many applications it is good practice to 

FIG. 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 a t  all. The great- 
est risk of rot exists a t  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, 

I 

FIG. 3.103. Photograph taken during the construction of a high dipole broadside 
array, sho\vi~lg riggers working on the main triatics. (Photograph courtesy of Canadian 
Broadcastir~g Corporatiorl.) 

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 a t  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. I t  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- 

FIG. 3.104. Detail of the assembly of the uppermost dipoles of a high dipole array, 
showing the upper end of the ce~ltral feeder and the corinections to twodipoles. The 
cable that supports the feeder and the inner ends of the dipoles from the main triatic is 
seen in the upper center. (Photograph courtesy 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 electromotire 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 
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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 contactors for reversing the direction of the beam 
by interchanging the feeds to the front and rear (identical) curtains of dipolea. (Pho- 
tograph courtesy of Canadian Broadcasting Corporation.) 

I t  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 
directions. 



FIG. 3.106. View of a horizontal dipole array using two-wire dipoles. (Photograph 
courtesy of Australian Postn~aster-General's Office.) 
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FIG. 3.107. Inside a rigger's hut during a steel-rope splicing operation. Notice 
typical rigging equipment in background. 
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FIG. 3.108. Detail of guy anchor for the pole supports of a high-frequency antenna 
System. 
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FIG. 3.109. Pole-frame supports for high-frequency-broadcast dipole arrays. ( P b  
tograph courtesy of National Broadcasting Company.) 
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FIG. 3.110. The RC.4 Communications, Inc., transmitting station a t  Bolinas, 
California, showing a forest of poles and towers of different types as used for a large 
nun~bcr of high-frequency antennas. Butt-spliced poles and A poles may be seen, 
together with steel towers. (Photograph courtesy of RCA Con~nzunications, Znc.) 

FIG. 3.111. .4 butt-spliced pole ready for erection. (Photograph courtesy of RCA 
Corrl~rr urlicaticnls, Inc.) 
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FIG. 3.112. The beginning of a pole-splicing operation and the construction of a but& 
spliced pole. (Photograph courtesy of Satiollal Brondcaslii~g Corrlpnny.) 

FIG. 3.113. Preparing the construction of a lap splice for large poles. (Photograph 
courtesy of National Broadcastir~g Cornpai~y.)  
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FIG. 3.1 11. The A   ole, a method of splicing wood poles for greater height. (Phote 
qmph courtesy of National Broadcasti.ng Company.) 
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FIG. 3.115. FIG. 3.116. 
FIG. 3.115. Raising an assembled steel mast for a high-frequency antenna with a 
tractor derrick in Dhahran, Arabia. (Photograph courtesy of W .  A .  Acton.) 
FIG. 3.116. Specially designed towers for a high-frequency dipole beam array for 
broadcasting. The crossarm structures provide the spacing between radiator and 
reflector curtains. (Photograph courtesy of National Broadcasting Company.) 

FIG. 3.117. FIG. 3.118. FIG. 3.119. 
FIG. 3.117. Counterweight for maintaining constant tension in a large rhombic 
antenna, with limiting ropes. The wire rope that is most nearly vertical carries the 
antenna stress. 
FIG. 3.118. Counterweight detail for a vertical feeder. 
FIG. 3.119. Counterweight lever-arm detail on an antenna pole. 
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FIG. 3.120. End details for horizontal rhombic antennas built on wood poles. Left: 
View of an antenna with single halyard and sheave, on wood pole. Right: Apex of 
transmitting antenna using yokes for assembly and with a counterweighted vertical 
feeder. Double halyards and sheaves are used on a crossarm. 

FIG. 3.121. A two-bay fishbone receiving antenna as used a t  the Riverhead Receiving 
Station of RCA Communications, Inc. 
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FIG. 3.122. The RCA hlodel A high-frequency beam-antenna system 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 rurtains and the use of fabri- 
cated wood masts. h c k y  Point, Kew York. (Photograph courtesy of RCA Cornntuni- 
cations, Znc.) 
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FIG. 3.123. A 24-dipole array for vertically polarized transmission 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 mires 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 Victor Con~pany, Ltd., 
Montreal.) 
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C H A P T E R  4 

Transmission Lines 

4.1. Propagation of Radio-frequency Currents in Linear Conductors 

Radio-frequency energy can be 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 a t  some finite velocity. For conductors in open air, 
this velocity is 3 X lo8 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 ~vavelength .~~ 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. 

4.1.1. 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 a t  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 
characteristic impedance of lo\\--loss lines is resistive. When open-cir- 
cuited, close-circuited, or terminated in any arbitrary impedance other 
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than 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 

At radio frequencies, when w becomes very large with respect t o  other 
factors 

When the field of the transmission line is entirely within an isotropic 
dielectric medium having an inductivity, or dielectric constant, e, 

The propagation constant y is in general complex; 

y = a0 + j P o  = .\/(R + j w L )  (G + j w C )  (4) 

At radio frequencies and with lossless lines, 7 becomes essentially a phase 
angle per unit length. 

y = j p o  = w  ~ L C  radians 

= 360f d E  electrical degrees (5) 

nepers* 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 lo8 meters per second). 

* 1 neper = 1 hyperbolic radian = 8.686 decibels, corresponding to a current (or 
voltage) ratio of 2.7182+ = e. 
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For a line in an isotropic dielectric e, the velocity of propagation is 

When a radio-frequency line of length pl degrees (or radians) is terminated 
in a complex impedance Z t l  the input impedance Z i ,  is, in general, com- 
plex, in accordance with the equation 

Z t  cos pl + j Z o  sin pl 
Zi, = Zo 

Z o  cos 81 + j Z ,  sin 81 

When Z t  # 2 0 ,  there is reflection from the termination. The reflection 
factor is, in general, complex, and is specified as follows: 

When Z t  = 0 (short circuit), 

Z i ,  = j Z o  tan 81 (11) 

When Z t  = ~0 (open circuit), 

Zin  = - j Z  o cot 81 (12) 

For a line of length 81 = r radians = 180 degrees (one-half wavelength) 

Zi .  = Zt  and V i ,  = V t @  
also (13) 

I i .  = 1,/180 reversed phase 

For a line of length pl = r / 2  = 90 degrees (one-quarter wavelength) 

111 - 
2 2. - 0 and - V i ,  - --  Zo21t 
zt Iin V t  

This is an impedance-inverting circuit with a 90-degree change in relative 
phase between input and output currents and potentials. When pl = 45 
degrees (one-eighth wavelength) and Zt  = R t  + jO, 

Zin = j Z o  when Rt = 0 
Zi .  = - j Z  when R t  = co 

and in general lzinI = lZol for all values of R t ,  positive and negative, from 
0 to a!. (Only the angle of Z i ,  varies with Rt.)  
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The standing-wave ratio Q on a transmission line increases with increasing 
inequality between Zt and Zo both in phase and in magnitude. 

7rfo 27rfZo- Q=-=-- f o  
CYOV RC 2(fo - f )  (15) 

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 Zt = Rt + jXt  with another impedance Z, ,  = Rin + jX,,, 
the characteristic impedance Zoo of the transforming section is 

zoo = JTF (16) 

and its electrical length must be 

C 81 = tanp1 - Zoo 
b 

in which 
a = RtR,, - XtX,, c = R,, - Rt 
b = RtXi, + XtR,, d = Xi, - Xt 

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 

a 0  = attenuation constant per meter of line, nepers 
PO = phase constant per meter of line, radians 
u = 27rf 
f = frequency, cycles 

fo = frequency of resonance 
c = velocity of propagation of light in free space 
c = 3 X lo8 meters per second 
v = velocity of propagation in the line, meters per second 
X = free-space wavelength in meters for a wave of frequency j 

Z,, = input impedance, ohms (complex) 
Zt = terminal (load) impedance, ohms (complex) 
K = reflection coefficient due to terminal mismatch of impedance 

(complex) 
e = specific inductive capacity (dielectric constant) of the medium 

in which the field of the line is contained 
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SWR = Q = V,../Vmi, = I,.,/Imi,--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 

81 = the over-all electrical length of a line, radians or degrees 
I = the length of a line, meters 

= 47rd/X 
d = distance, meters, from the terminal end of a line to  the first 

voltage maximum (or current minimum) 

4.1.3. Basic Types of Radio-frequency Transmission Lines. Circuit- 
ally there are two basic types of uniform transmission lines for single- 
phase operation : 

1. Balanced lines, 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 a t  high potential 
and the other side is a t  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: 
1. 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  circuit^,^'^" as reactors, and as imped- 
ance  transformer^.^^ 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-lc, m-derived, or lattice types. 

4.1.4. Transmission-line Parameters. The fundamental electrical 
characteristics are derived from the configuration of the electric and mag- 
netic 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. In the quasi-static case, corresponding 
to typical engineering usage, the transmission lines under ronsideration 
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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 magnetostatics. 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 
field of the line can also influence the fundamental parameters t o  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 r ,  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 a t  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 
cross 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 conductors in the form of wires 
or tubes are used for the conductors. A uniform transmission line means 
that its cross section is identical a t  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 a t  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 between these successive points, if the irregularities are sufficiently 
large, which causes the input impedance to oscillate above or below its 
characteristic impedance a t  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 is 
said to be "lumpy." 

I t  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- 
stantial irregularity, especially if the frequency to be transmitted is high.S1 
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, t o  
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 i t  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 a t  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. I t  is more important to maintain equal wire 
lengths on the two sides of a circuit in making z, bend than to try to  main- 
tain a strictly constant spacing between wires a t  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 he 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 : 

1. 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 a t  equal 

distances to produce the effect of smooth loading a t  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 lines 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 Forniulas 

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. 

Zo = 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 the high- 

potential wires 
j = frequency, megacycles 
a = ground conductivity, e~ectromagndic units 
cr = attenuation, decibels per 1,000 feet 

The attenuation of a transmission line without ground-return currents 
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earth-return currents for the line flow. Buried ground xvires 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 t o  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. Brown28 has shown that the attenuation factors 
due to copper and earth-return losses can be formulated as shown here, 
where m is the number of high-potential wires in parallel and n the number 
of grounded wires: 

2'17d (-I '7 decibels per 1,000 feet ffoopper = 
pinches Za m + n 

1317*0 (1 - kI2 decibels per 1,000 feet f fssr th = 
Z ~ h f e e t  u 

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 tn*o equations, plus some small estimated additional allowance for 
insulation loss. 

Balanced feeders, which are used almost exclusively a t  the high fre- 
quencies, also have two major loss components-copper loss and insul* 
tion-leakage loss. The latter is proportional to the characteristic imped- 
ance of the system but is other\\*ise empirical. The loss due to heating of 
the copper is predictable from the equation 

mcopper = 4'34 decibels per 1.000 feet 
P,nc,,en Z".lf 
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&ere 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 Bolt3' have made measurements on two-wire and four- 
lvire 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, a t  20 megacycles. These figures provide a 

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 Feldmanzl the total high-frequency attenuation 
for a 000-ohm two-wire balanced line using 0.162-inch-diameter hard- 
drawn copper mires is a,,, = 0.152 4 7 ,  whereas for copper loss only 
ffco,,, = 0.0916 d j .  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 I, = 1(1 - k) amperes, will 
radiate a small amount of power, the amount being determined from the 
follon-ing equations:Z* 
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For a feeder one-half wavelength long at  a height h above ground, the 
radiated power P in watts is 

and for a feeder one wavelength long 

One of the causes of radiation from an open-mire line is radiation from 
the vertical connections a t  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, i t  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 i t  unnecessary to employ 
concentric lines to avoid radiation troubles. 

Whatever radiation occurs from the line will be horizontally polarized 
a t  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 a t  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 
be 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 follo\vs 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 a t  low or medium frequencies or to temporary installatiom. 
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. 
cnmatched, 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 

Typical characteristics are: 
- 

p, inches h, inches Zu, ohms 

0.050 120 509 
0.100 120 466 

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 

Typical construction values are: I 
p, inches h, inches a, inches Zu, ohms 

0 05 1 120 10 350 

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 11, and it can be used where lower 
characteristic impedances are desired. 
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Sample values for a four-wire feeder of this type are: 

p, inches I h, inches / a, inches Z O ,  ohma 

In types I, 11, and 111, all of the return current is in the ground. 
Attenuation tends to be large unless the soil conductivity is reduced by 
using ground mires parallel to  the line and distributed in such a manner 
as to  correspond approximately with the cross-sectional current distribu- 
tion in the ground. 

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 11, 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 wire. When h >> a, 
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Typical values include : 

p, inches h, inches a, inches I k I Z o  
.- -- 

0.064 120 
0.102 120 20 

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 ~ ~ 4 - 0 4  
earth. The design is simple and in- 

Irpz I IF expensive to build and can be applied 

I 
--- 

to many low- and medium-frequency I 2 3 
0 + 

situations where short- to medium- 
0 

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 a t  the 
grounded gradients near wires them, can causing produce dielec- large 1 FIG. 4.5. 

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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a 
2h 

2 log10 - a k = - -  
2h2 

log10 - 
Pna 

When pl = pz 

2.17 fi ( ) 13 720 - k)z  d r f  ace = - 1 + -  +-- 
ploehesZ0 hfeetZO u 

Some typical electrical values are: 

p, inches h, inches a, inches I I I I Zoy Ohms 

HIGH VOLTAGE WlRE 
I 

PIN INSULAYR 1 I\ GROUND WIRE 

WlRE CLAMP I 

SQUARE WOOD I t POLE 

- .  
[NOTE: VIRTUALLY EQUIVALENT CHARACTERISTICS ARE OBTAINED BY 

OMITTING THE UPTURNED ARMS .$ ATTACHING GROUNDED WIRES TO A STRAIGHT 
CROSS-ARM] 

FIG. 4.6. Constructions for type V feeder. 

4.2.6. Type VI. Four-wire Unbalanced Feeder with Three   rounded 
Wires Located at Three Corners of a Square and a ~i~h-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 can be 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, ~ a + o d  

I 

( : iLp2 [ / P I  --- -+-- Zo = 138 loglo - + 12 log,O - e- - 
a 

2h' i I 2 3 f 

2h O . ' [ S  
3 log10 - *---- 

k = -  a 4 
4 

2h h 0 

2 log10 - + log10 - h 
a P Z  I 

When PI = p2, I 
(YCC = - 

13 720 10-l3f + L G ( L  hr.,tZo - k)' FIG. 4.7. 

A sample case, for equal-size wires, is: 

p, inches 1 h, inches a,  inches ( k I Z O ,  ohma 

Compare this with types IV, VI, and VII. These types, in succession, 
increase the enclosure of a single 

3 
k//f1\o high-potential conductor with a circle 

/ 
\ 
\ 

of ground wires that carry an increas- 

/ iLpl \ ingly large portion of the total return 

1 current, and the system gradually r*i 0 \-/ I 0 

approaches equivalence to a coaxial 
+ 9 feeder. 

4.2.7. Type VII. Five-wire Un- 
balanced Feeder in Quincunx Cross 

L, 
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 
attenuation. The four grounded 

FIG. 4.8. mires 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, 

When P I  = ~ 2 ,  

An example of a set of values is: 

4.2.8. T.ype 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 
f lines of very high power transmission 
/ capacity, this type of line (Fig. 4.9) 

/ has certain mechanical advantages 
'-- / T(I" mechanical over afull-concentric simplicity line. and reliability It has the 

L of an open-wire system while giving 
the electrical characteristics ordinar- 
ily desired when a concentric feeder is 
specified. Its cost of construction is 
lower than for a full-concentric type, 
as can be judged immediately by 

FIG. 4.9. reference to Fig. 4.10. When h >> a, 

p,  inches 

0.064 

h, inches 

120 

k Zo, ohms 

-0.775 
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2h 
8 log10 

k = -  
2h 2h + 2 log10 - 

2h 
log10 - + 2 log10 

h 
2h + 2 log10 -- + loglo; 

PZ a 4 2  1 . 8 6 ~  

\Then h > > > a, lc -+ 1.0 and Zo -+ 138 loglo (alp). With p l  and pt in 
inches, 

[l - kI2 
u 

An idea of the electrical possibilities is shown by the following values: 

h, inches 

100 

GROUNDED WIRES 

FIG. 4.10. Construction for type VIII feeder. 

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- 
trically, 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. 

p l ,  inches 

2 .00  

k 20, ohms pn ,  inches 
-. 

-0.950 1 76 

a, inches 

0 1625 1 6.00 
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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 a t  high potential. The 
use of two wires provides means for obtaining lower characteristic imped- 

k b - 4  

ances than normally available with the type IV design, when small con- 
ductors are used. When h >> 3a, 

When pl  = p2 in inches, 

A sample set of values for a useful low-power configuration is: 

p, inches h, inches a, inches k Zo, ohms 
-- 

0.064 120 10 -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. I t  is more eco- 
nomical to build if two high-potential mires 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 

24 IN. END  POL^ 
SPACERS WASHER SUPPORT POLE 

FIG. 4.13. Construction for type X feeder. 

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, c,  

The electrical characteristics for two practical configurations are tabu- 
lated here: 

4 25 2 50 
6 0 0  2 5 0  1 2 0  8 0 0  - 0 6 4 3  251 

I I I 

P ,  inches -- 
0 064 
0 064 - 

h,  inches 

144 
144 
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4.2.11. Type XI. 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 
pole and crossarm methods similar 

/ 
to those suggested in Fig. 4.6. It is 

I 
a very popular type, having found 
wide application in medium-fre- - 
quency broadcasting and also in 

/ low-frequency antenna-feed sys- 
4 / P 2  tems. I t  was originally intro- 

duced by the Radio Corporation 
0 / ' o  of America in 1938 for use with 

directive broadcast antenna sys- 
tems, where low feeder radiation 

h was essential, and to avoid the 
expense and complications of con- 
centric feeders. 

Figures 4.68 to 4.73 show various 
constructional details that have been 
used a t  different broadcast stations. 

>>, 
AS constructed using wires of 

FIG. 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, 
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ANGLE FRAME 

FIG. 4.16. Construction of type XI1 feeder. 

Tn-o sample sets of values for a line of this type for low characteristic 
impedance are the following: 

p ,  inches 1 h, inehes a,  inehes 1 
i k / Za, ohms 

I 

4.2.13. Type XIII. Unbalanced Feeder of the Corner Type. Type 
XI11 (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 he altered further by setting the high- 
ptent ial  conductor off of the bisector line, in which case the corner 
becomes a sector of an analogous 
balanced line that is a quasi-reg- 

1 
ular polygon. The equations for 

f , I  this latter form can be easily devel- 
oped as required. 

One method of constructing a 
corner-type Fig. 4.18, line where is that economy shown in is /A \ Y P 

achieved by a simple but substan- +\ 
tial structure. Post insulators for h 

the high-potential conductor may 
not be required a t  as frequent 
spacings as for the sheet-metal 
corner. Longitudinal angle mem- 
bers between support poles, in ad- 
dition a solid to framework the one a t  the for ridge, the entire make J m  FIG. 4.17. 

length of the line and maintain a neat and uniform appearance. When 
h > > > s and w >> s, 

When h is small, 

where h,, = h in the figure, hl = h + s ~ 5 ,  and hz = h + 2s 4 2 .  
Some electrical characteristics for lines of this type are as follows: 

By approximate' By complete 
s, inches equation, equation, 

ZO, ohms Z O ,  ohms 

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 a t  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 s, 
the greater is the charge concentration on the sheets near the conductor 
and the more rapid the decay in value with distance. 

rRIDGE ANGLE 

HEET METAL 

COPPER PIPE 

ANGLE-IRON 1 
BRACKET MADE 
IN ONE PIECE 

FIG. 4.18. Construction of type XI11 feeder. 

The following equation* provides the solution of the current density J in 
the sheet as a function of the distance y from the projection of the axis of 
the high-potential conductor on the sheet: 

in which I is the current in amperes in the high-potential conductor and P 

and s are the same values used in the equation for the characteristic 
impedance. A plot of J 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. Hoyler, and R. A. Bierwirth, "Radio-frequency ~eat ing,"  
p. 76, Eq. 8.14, D. Van Nostrand 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 i t  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 corpmercially 
available coaxial line, cable, and 
related fittings and hardware are 
described in various manufacturers' 
catalogues. FIG. 4.19. 

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 so 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 

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 
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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 solderless fittings are 
used. Loss 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. 

1 

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.40 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 a t  small electrical intervals and made to actuate a set of milliam- 
meters so that the entire standing wave can be 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, 

For solid dielectric cable, 

where E 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 applicaticms for 
high and very high frequencies 

k a - 4  
I I 

where open-wire lines are desired. - - 
It is simple to construct and is - 0 

I 

I / - ~  

i * -  

' 0  
2 

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 
to or obtain more conductors the same effect in parallel with two on v FIG. 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 points of support. 

In all balanced feeder systems, 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 r e q ~ i r e m e n t . ~ ~  When this cannot be 
done directly, i t  can be done by means of wire loops inserted in the short 
side a t  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 i t  

back to horizontal for the next 
PLAN VlEW straightaway run (Fig. 4.22). For 

this type of line, 

Zo = 276 loglo 
2ha 

p 

but when h >> a, 

A range of values of character- 
istic. impedance as a function of 

FRONT VlEW the ratio of wire spacing to wire 
FIG. 4.21. Method of making a corner 
in a two-wire balanced line to maintain radius is shown in Fig. 4.23, which 

equal wire lengths. 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 8 

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. 

I t  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 

FIG. 4.22. Plan view of a two-wire balanced feeder, including a bend where feeder 
is turned 90 degrees to maintain equal-length mires. 

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 be 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 cross-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 

. 5 0  100 150 200 250 300 350 400 450 500 550 600 650 700 750 

Z,--OHMS 

FIG. 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. I ts  rela- 
tively 10x1- characteristic impedance makes this type less susceptible to 



RADIO-FREQUENCY T R A N S M I S S I O N  LINES 399 

t,he irregularities introduced by insulators and switching arrangements. 
1t has a high power-transmission capacity for the amount of copper used, 
and its attenuation can be less than that of two-wire feeders.3l 

I t  is interesting to note that when a square-cross-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 
the characteristic impedance is one- -a- 

half that of one pair. I I 
Figures 4.88 to  4.92 show some 

I 
I+ . 3- 0- 17 - 

of the construction details that --- --- 7 
b 

When b = Q, 

have been used, as well as various 
methods of matching impedances. 

The British Broadcasting Corpo- 
ration has made a systematic study 

L 
2 +. 4-0- - -t 

of this type of feeder, and McLean 
and Bolt31 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- 
mission capacity of 130 kilowatts a FIG. 4.24. 

carrier with 100 per cent amplitude 
modulation a t  21.5 megacycles. I ts  attenuation varies from 0.23 decibels 
per 1,000 feet a t  5 megacycles to about 0.53 decibels per 1,000 feet a t  
21.5 megacycles. Spans of 150 feet are used with conductor tensions of 
150 pounds, with a minimum height of 10 feet a t  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 
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The attenuation due to copper losses only is 

and the approximate total attenuation for typical construction is 

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 

8, degrees a,  inches b, inches p ,  inches 

0.102 
0.102 
0.102 
0.102 
0.102 
0.102 
0.102 

20, ohms 

4-2 remains constant and the angle 8 between the two pairs of 
0.203-inch-diameter mires is changed from coincidence (two-wire condi- 

tion) to 90 degrees (square section). 
-a+ 
I I 

4.2.17. Type XVII. Six-wire Side- 
I I connected Balanced Feeder. This 

I t  . 4- 0- - T type of line (Fig. 4.25) is one that 
b --- 2t. - -  + can be constructed on the same 
b plan as the four-wire side-connected 

3+. J-P 6-.-- 1 line, but with three wires per side. 
This decreases the characteristic 
impedance over that of the four- 
wire side-connected type for the 

c, same sectional dimensions and con- 
sequently raises its power-trans- 
mission capacity. The spacings 
between the three wires on one side 
can be equal or unequal, providing 

FIG. 4.25. some degree of adjustment of the 
characteristic impedance for special 

applications while using the same materials. 
The middle wires carry less current than the corner wires so that the 
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amount of copper used increases somewhat faster than its effectiveness. 
severtheless, 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 4.35B 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 >> a, b, 

276 (log a zo = - + A 1 0  - + l0g10 
P 

+ A logl0 
26 0 

ab .\/a2 + 4b2 
log10 

dm) 

A = 
2p(a2 + b2) 

a6 
log10 .\/7 + b2 

acopper = - ;:c:egj (&) 
The computed characteristics of a sample line are the following (com- 

pare with fifth line of the table for the type XVI line): 

b, inches p p, inches 

0.1015 

The current in either middle wire is 81.7 per cent of that in one of the 
corner wires for this example. This 
is also a direct measure of the rela- + ----I 

I 
tive effectiveness in copper utiliza- I 

I+. 3-.- - 
tion. The copper loss for this line ----- -4- 
is 87.5 per cent of that for the four- 
wire side-connected line of the same ; " 4+0- - 4 
cross section, and the insulation 
loss is 85.5 per cent. 

4.2.18. 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 1015-er pickup 

used with For directive the same receiving dimen- w FIG. 4.26. 

sions it  has lower characteristic impedance hut higher copper loss. The 

a, inches 
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insulation loss would be about proportional to the relative characteristic 
impedances, but since more insula- 

CP tors in parallel are required in its 

,/--. construction, the over-all insulator 
/ 

/ ?\\ losses are usually greater. I t  
d therefore not as desirable for trans- 

I 
I 

mitting purposes as the four-wire 
--+---- side-connected line using the same 

\ 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, 
where they connect several fish- 
bone and rhombic receiving beam 

h antennas with the diversity receiv- 
ers in the station building. When 
h >> a, b, 

ab Zo = 138 loglo 
p da-2 

When a = b, 

Two sets of values for this type of line are given here for reference: 

p ,  inches a, inches b, inches 1 Za, ohms 
I 

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 lo\\- 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 
are 

2a 
20 = 92 log,, - 

3~ 
When h >> a. 

A set of characteristic values for a line of this design follows: 

p ,  inches a,  inches Zo, ohms JJT 

FIG. 4.28. Construction for type SIX 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 lines 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 transmitted 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 1 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 1 per 
cent, the designer should always examine the selectivity situation and be 
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 characteristic impedance. When the load imped- 
ance is frequency-selective, the line may be perfectly terminated a t  one 
frequency and improperly terminated at  other frequencies. 

An antenna system, when properly designed for adequate bandwidth, 
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provide a wide-band termination for the line.51 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 

00'- 

- - 
UNBALANCED SYSTEM 

20 

BALANCED SYSTEM 
FIG. 4.29. Self-matching antenna and feeder, in which the bandwidth is 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 a t  the operating 
frequency (or a t  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 a t  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 be 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. I t  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-hand 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 a t  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 OCC* 

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 a t  various points in the 
system, the magnitudes of potential and current a t  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: 

1. 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 as a reactance in parallel with the feeder 

at a properly chosen point to make the impedance a t  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 a t  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, currants, 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 



408 RADIO ANTENNA ENGINEERING 

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 cost. 
Such networks may be designed for almost any desired impedance match 
and phase difference. The synthesis of electrical n e t ~ o r k s ~ ~ ~ ~ ~  can be 

Z o  4 FEEDER Ra = Zo- Za= Ra- jXo :Ti; Zo= Ro+ j o t  

- - 

j: 
- F E E D E R  

SERIES'TUNING - 
PARALLEL TUNING 

FIG. 4.30. Self-matching 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 a t  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 a t  the feed point, as described in Chap. 1. 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 trans- 
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 a t  the input end of the feeder where it is coupled to the trans- 
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mitter. With this connection the input impedance mill 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 

ANTENNA 
TUNING LOW to FEEDER 

INDUCTOR/ f 

ANTENNA 

GROUND T 
I 

FIG. 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 

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 a t  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 I 0  flowing through the antenna impedance 
Ii, - jX, (Fig. 4.328) produces the potential drop T ~ O R  = IoR,, in phase 
with l o ,  and VOx = IoX, lagging 90 degrees. Their vector sum is Vo, the 
potential from the antenna terminal to ground. The antenna current I. 
also flows through the series inductor L,, producing a potential drop across 
it which is 1'1 and has a direction opposite to that of VOX. I'arying the 
reactance of L, varies the length of the vector. When TT1 < Vox,  
their resultant value T'ox - Vl, added to T'OR, gives the vector voltage V2 
in a direction that lags lo .  

Voltage T72 is across the inductor L, and sustains the current I1 through 
it. The direction of Il must lag that of 1'2 by 90 degrees, and the react- 
ance of L, is varied until the vector sum of I 0  and I1 is in phase with V 2 .  
This makes V 2 / 1 2  a resistance. By adjusting I,, 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 Zo 
provided that Zo > R,. 

I t  is interesting to indicate a t  this point that if V1 > Trox, Vz then 
leads l o .  To attain a resistive input impedance to the network, it is then 
necessary that L, be changed to a capacitance. The vector conditions 
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. 4.328 is preferable to using a 
capacitor in place of I,, for the following reasons: 

The energy storage in the coupling network is less and therefore haa 
less selectivity (desirable in cases where bandwidth is important). 

I t  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 a t  a resistance of Zo ohms, the feeder characteristic 
impedance. Then the bridge is connected to the input terminals of the 
coupling network, and I,, 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 ~osi t ion 
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 ~e r fec t  
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 
be made precisely by presetting the bridge to the correct operating 

value of anode resistance a t  the sockets and adjusting the power-amplifier 
until balance is obtained a t  the anodes. 

The use of this coupling circuit permits the power-amplifier output 
to be designed for working into a fixed value of resistance a t  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 A$ 
ranges of antenna impedances such 
as those encountered with medium- 
frequency-broadcast nondirective and 
directive antennas, one may be re- + 
quired impedance to match whose almost resistance any antenna may be $ { ;if 
larger or smaller than Zo and whose A - - 
reactance is positive or negative in FIG. 4.33. Transmitter output-coup- 

ling circult. 
any degree. If the phase difference 
between antenna current and feeder current is immaterial, as is usual with 
nondirective antennas, the impedance match can always be made with 
two reactive elements in an L network. The low-pass form of L network 
should al~l-ays be chosen for its harmonic-reducing property. The L net- 
work can transform resistance upward or do~vn~vard, depending upon 
whether the shunt element is on the feeder side or the antenna side of the 
series element. The T and n forms 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 a t  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 QZO. At the current maximums (voltage minimums) the impedance 
in the direction of the load is resistive and has the value Zo/Q. Then if 
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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 a t  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 is 

FIG. 4.34. 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 a t  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 spaced 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 wim 
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 s ida  
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or between the sides, or by changing conductor sizes, or by increasing the 
*umber of wires in parallel, or combinations of all these. In such a 
feeder, this series-section method of impedance matching is convenient 
and p r a c t i ~ a l . ~ ~ ~ ~ ~  Figure 4.35 shows various possibilities. In this figure 
A and B are sections of reduced characteristic impedance, and C is a 

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 

FIG. 4.35. Series impedance-transforming sections (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 follo~vs: 

The abscissa of a rectangular system of coordinates is taken as the 
scale of resistances, and the ordinates, positive and negative, are taken 
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 ) jO. This is the input impedance of a perfect 
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line with Zo = 1.0 and terminated in a resistance R1 = Zo, whatever the 
distance from the termination. 

When the line is terminated in a resistance Rt > ZO, the input imped- 
ance Zin, 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 
Rin = 0. The direction of change of Zi, with /3l in degrees from the 
termination is clockwise from the resistance axis, starting a t  the right of 
Zo when Rt > Zo, 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) Rt, 02, 
Ri, and Xi.: 

When Rl < Zo, the starting point is on the resistance axis to the left of 
the focal point and electrical length is read clock\rise, starting from this 
axis as zero and continuing around the complete circle a t  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: 

p1, degrees 

30 
10 

110 
90 

160 

R~ 1 pl, degrees 1 Rin I 

Ri, 

1.14 
2.12 
0.37 
0.56 
1.45 

These relative values of impedance are from the resistive termination 
or from the current maximum or current minimum nearest to the termin* 
tion when Z1 is complex, or when Zt # Zo. The ratio Rt/Zo = Q is the 
standing-wave ratio, marked on the confocal circles. 
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By means of this circle diagram the impedance a t  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 2/19 - at  any chosen point on a 
mismatched line, one can proceed to determine the electrical length Bloo 
and characteristic impedance 2 0 0  of a matching line to terminate the main 
feeder in its characteristic impedance 20. 

MEMATCHED MATCHED 

* 
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 a t  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 
B 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 a t  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. 4.3RR there is shown an addi- 
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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. 

'madmin 

FIG. 4.37. Location and length of impedance-matching stub line when the feeder 
and stub have the same characteristic 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 + jB is equal to the character- 
istic admittance Y o  of the main feeder. At this point, a short stub of line, 
either open-circuited or short-circuited a t  its outer end, is bridged across 
the line. The susceptance of the stub is made equal but of opposite sign 
to the susceptance of the feeder a t  the point of attachment. 

The circle diagram (Fig. 4.58) may also be read in terms of conductance 
and susceptance 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. 
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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 01 < 90 degrees, the stub is inductively reactive and 
therefore has positive susceptance. A point on the feeder can always be 

CURRENT STANDING WAVE RATIO-Q 
FIG. 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 

X L = Z O t a n p l  or B - 
1 

- Z O  tan 01 

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. 
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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 a t  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. 

-TO 
t 

3AMP 
I-A.1 TO ANT- 

1 1 5 ~ t  TWICE CORRECT WLUEt 

PERFECTLY MATCHED - 

INDUCTANCE 
'BA.~  101. TOO LOI 1.64A. - I-A. f - 

FIG. 4.39. Example of impedance matching by shunt coil. (After Carter.) 

Figure 4.38 sho\vs the location and relative reactance of a shunt coil 
that will match a feeder for standing-:vave ratios up to 10. These were 
derived from the circle diagram (Fig. 4.58) in the following way: 

The focal point 1 + j O  is taken as the characteristic admittance of the 
feeder 1 / 2 0 .  The reactance scales are now read as susceptance Y;  = l/X. 
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 - jYi. At this point the admittance of 
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the feeder consists of a conductance Gi = l /Zo  and a susceptance -jYo. 
This is the equivalent of a resistance in parallel with a capacitive react- 
ance. The resistance is 1/G = Zo. Therefore, if we add a susceptance 
jY in parallel a t  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 81 is the value read from the chart, the electrical distance 0lo to use will 
be 90 - 81. 

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 
follo~ving problem : 

.4ssume 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 
has 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, me locate the intersection of the circle for 
Q = 3.0 and the vertical dashed line through the focal point 1 + j O  and 
read a susceptance of -j1.15. This occurs on the curvilinear radial line 
corresponding to 81 = 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 do = 90 - 30 = 60 degrees, or 0.1G7 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 a t  this point, their joint reactances go to 
infinity, leaving the real value of 500 ohms. The line is then matched. 

I t  is instructive to prove this in the following way: 
.It a current minimum, the impedance of the line in the direction of the 

load is identical to a termination in a resistance 

Rt = 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- 
anre of the line looking in the direction of the load is 215 - j218 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 a t  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 
81 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 a t  
the correct location. Its application is exemplified by the following: 

A 600-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 as explained for use in its admittance form. 
The Q circle for 1.8 (interpolated) is followed clockwise until i t  intercepts 
the vertical dashed line through the focal point, a t  which point the resisb 
ance component of the series impedance of the line a t  that point (37 
degrees toward the transmitter from the current minimum) is equal to 
20. The normalized series component of reactance a t  that point, read 
from the chart, is -jO.GO. If a series inductor of normalized reactance 
j0.60 is placed in series with the line to neutralize the line reactance, the 
line is matched. In this case the value required is 

0.60 X GOO = 360 ohms 

Since the circuit is balanced, coils of one-half 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 

, J4 , 

I J* 1 

-JSI 
I '3 20 I 
I 
I 
I 

@ I I 
- J $  

; J A  

2 , f  20 -9- FIG. 4.40. Feeder matching, using series reactances. 

section or a half-wave short-circuited section coupled to the feeder,4*9 
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 section. 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 be 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 
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per cent, and outside this range the coupled section gives the effect of 
nonex i~ tence .~~  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 . - I I ! - TO LOAD 

I I I 1  - 
90' 

A- COUPLED SECTION SUSPENDED BELOW MAIN FEEDER 

B- COUPLED SECTION IN S A M E  PLANE AS M A I N  FEEDER 

- -----., TO LOAD - 
Y 

180' 
C- HALF WAVE C O U P L E D  SECTION 

FIG. 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 \\-ill give a 
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tolerable minimum of reflection a t  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 a t  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 
reflectionless impedance match between its two limiting resistance 
values.25 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 v a l u e ~ . ~ ~ J ~  In such a case, the design of the 
transforming section must be carefully computed, because a t  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  application^.^^ One can avoid 
much complicated design computation by using an exponentially tapered 
line section with a length of a t  least one-half wavelength a t  the lowest fre- 
quency to be transmitted and connecting i t  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 a t  
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 Rz, with 
a line of length x degrees (r a t  the lowest frequency greater than 180 
degrees), mark a point on the chart for R1 a t  x = 0, and another point for 
R2 a t  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 a t  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 a t  not greater than 20-degree-length intervals 
from end to end of the tapered section. 
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Example of SimpliJied Calculation for a Long Exponentially Tapered 
Transmission Line. I t  is desired to match a resistive load of 350 ohms 
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 watts, amplitude-modulated, is to be transmitted, and 

FIG. 4.42. Exponential taper computed graphically. 

ample space is available in the open to use a leisurely tapered exponential 
transformer 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 a t  5 megacycles. From this 
figure the values in Table 4.2 are tabulated: 

Distance from 350-ohm 
load, degrees 

0 
20 
40 
60 

80 
100 
120 
140 
160 

180 
200 
220 
240 

Characteristic impedance 
required, ohms 

350 
365 
380 
393 

408 
42 1 
440 
460 
478 

496 
517 
540 
560 

For p = 0.102 inch 

a 

6 . 0  

6 . 0  

5 . 5  ' 

5 . 5  

6 . 3  
7 .7  
9 . 2  

10.7 

b 

1 . O  

0 . 5  

0 .25  

0 

0 
0 
0 
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 

DEGREES 
Kp 12? 140 qo qo 200 2p 2po 

t 
b=1.om 

t t t  t 
bs0.5 b.025 b=Q204bi0 

t 
b = 0 

FIG. 4.43. Construction of exponentially tapered matching section from 550 to 350 
ohms. 

spacing is 5% inches, a t  which point a l p  is 54 for a wire of 0.102 inch 
radius and Zo = 478 ohms. I t  is then decided that  from this point t o  
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 ~ b t a i n e d . ~ ~ - ~ '  The final electrical design of the tapered 
line is shown in Fig. 4.43. 

I t  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 be soldered together. I t  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 

-4 matched section of transmission line of electrical length 81 produces a 
phase difference of 81 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 4.448 shows a T network, and Fig. 4.44B shows a a network 
suitable for producing the equivalent of a section of line less than 180 

R, ' 2 ,  
lo 

- 
10 a 4n. & 

@ @ 
FIG. 4.44. Networks for feeder building-out sections. 

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. 4.448, the following 
equations can be used to determine the reactances of the elements: 

Bl X L  = jZO tan - 2 

For the a network of Fig. 4.44B the following equations apply: 

XL = jZO sin 81 

xc = - j  ' 0  

Bl tan 3 

If a balanced network is required, the unbalanced solution is used but 
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 p ~ r p o s e , ~ ~ ~ ~ * . 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 x 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 
~ ~ i t h  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 
FIG. 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 O1 in one side for phase advancing and a phase shift O2 of 180 - 01 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 a t  an angle O1. 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 
x 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 a t  balance of the bridge. The adjustment for 
equal capacitive and inductive reactances can be made in two ways: (1) 
open the balanced resistive load, energize the single-end input a t  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 

ELECTROSTATIC 

LEAKAGE 
INDUCTANCE 

SINGLE-END 

- - 

BALANCED 1 b-1 u ~ B ~ ~ ~ ~ c ~ ~  

FIG. 4.46. Balance to unbalance transformers. 

provides a very simple and versatile balanced-to-unbalanced resistance- 
to-resistance coupling network that can be used to transform in either 
direction. The transformation ratio varies with the ratio X/RG. When 
X = mL, RL = 4RG, when RG is the unbalanced end. 

The foregoing networks are selective in that they accomplish their 
transformations from balance to unbalance a t  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. 4.46 
can be used, with or without an iron core. One winding is balanced to 
ground, while the other is grounded a t  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-band transformer design. The leakage reactances on 
each side of the circuit are thus kept relatively low, and a minimum of 
power-factor correction 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 
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- 
band designs. Balanced to unbalanced 
transformers for use withreceivingsystems 
have been successfully developed for a 
band 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. 
The transformers are principally useful for FIG. 4.47. Half-wavelength line 

transformer from unbalance 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 

COAXIAL LlNE 

0 
UN OUTER SHEATH OF 

COAXIAL LlNE 
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 relatively few good choices. Figure 4.49 is one example 
where the equivalent of a closed quarter-wave stub is placed in series with 

F SMALL BALANCING COIL (ADJUSTABLE 

I 
GENERATOR (S.E 

Jz. (BALANCED) 

- I z o  1 4 CLOSED SECTION 

b-4 
FIG. 4.49. Unbalance to 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 a t  the balanced 
terminals. 

Figure 4.50 shows a method 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 shol~ld 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. 

BALANCING STUB 
R<< 2, A" 

UNBALANCED LOAD 

R)>Z, 

?r 

UNMATCHED SECTION 
WITH VERY LARGE SWR 

- MATCHED 
FIG. 4.50. Impedance-matching 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 a t  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. I ts  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 420 (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 a t  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. 

END VIEW 

4 

Zo (UNBALANCED) 

SLOTS 

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 i t  is necessary to change the working frequency during a day 
over a given circuit and also to use the same transmitters a t  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 a t  frequencies that are greatly different from time 
to time, i t  is impractical to apply the usual matching techniques that sup- 
press standing waves a t  particular frequencies. The most practical 
method results when the sn-itches have the same characteristic impedance 
as the feeder. 

Switching devices of many kinds have been developed for this pur- 
pose.30.31,33,54 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 

*I "2 # 3 "4 

t 
TO TRANSMITTER 

FIG. 4.52. Simple switching of one transmitter to a multiplicity of antennas, using 
runtactors. 

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 a t  frequencies used for international 
short-wave broadcasting. Above this power, specially built switching 
devices are necessary. 

Figure 4.93 sho~vs an installation of contactors for smitching 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 smitching 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 
rross talk suffiriently, 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 a t  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 

FIG. 4.53. Crossbar switching with dead-end elimination. 

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. 

I t  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. 4.54,30 in 
which transmitters 1 and 2 are shown connected, respectively, to antenna 
feeders 3 and 2. The dotted lines between switch sections indicate that 
they are mechanically interconnected so as to be actuated in one opera- 
tion. The switches in one transmitter line can be 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 a t  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. I n  high-power applica- 

ANTENNA FEEDERS 

*2 * 3 *4 

FIG. 4.54. Crossbar switching panel. 

tions 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 4.55 shonrs 
diagrammatically a tn*o-pole multiposition version, suitable for inter- 
connecting one transmitter to a multiplicity of feeders.33 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 
~vhere 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 trans- 
mitter 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 

I 
TO FEEDERS 

FIG. 1.55. Multiposition switch. 

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. 4.56, 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. 
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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. I t  enters the switch with its plane 
vertical and turns 90 degrees to cooperate with the insulated switch 
points, which are horizontally disposed, where the antenna feeders also 

FIG. 4.56. Boom-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. I t  must be operable with ease 
in high winds and during icing. I t  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. 4.57.30 The indi- 
vidual switches may be complete electromechanical assemblies with 

. 
* 

FIG. 4.57. Combination of I multiposition switches. 

automatic actuating devices for remote control.31 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.33 

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 
can 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 applications. 
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4.8. Circle Diagram of a Transmission Line2-6-7-8~10.17~1g~31 

In general, for any short low-loss line, 

Zt cos pl + jZo sin pl Zi, = Zo Zo cos pl + jZt sin pl (8) 

If this equation is computed for a range of values of 01 from 0 to 180 
degrees when Zt = Rt 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 = 1, 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 Zi. = jXi,  lies on a semicircle centered on the 
imaginary axis when Dl is constant and Rt is varied. Also, it is found that 
\\-hen Rt is constant and 81 is varied, the locus of Zin is a circle centered on 
the real axis. The full range of values for Rt yields a set of confocal 
circles approaching the focal point 1 - j O  when Rt = 20. Since the 
ratio Rt/Zo is the standing-wave ratio Q, an easily measurable quantity, 
the chart yields all necessary information concerning the impedance a t  
any point in a transmission line having a known standing-wave pattern 
both in magnitude and in position on the line. I t  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 pl 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 QZo. A current maximum (voltage mini- 
mum) point is one where the line impedance is resistive and is equal to 
ZO/Q. This information also provides a handy method of determining 

* The circle diagram can also be presented in polar form.1° We use the rectangular 
form here for ronvenienre in constructing such charts for field use whenever required. 
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d = 
0°=180' 

FIG. 4.58. Transmission-line circle diagram in rectangular coordinates. 

t,he 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 (2 and 61, 
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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. cse 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, a t  the middle of the left- 
hand long side of the sheet, when the long side is vertical. Then 

a. Starting a t  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 a t  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 a t  0, mark the horizontal scale so that successive major 
divisions are 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, etc., t o  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 : 

Location of center Circle radius in terms 
on resistance axis of resistance-scale units I 

Mark the circle in 
terms of the following 
standing-wave ratio Q 

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 - jo. 
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Location of center 
on reactance axis 

-2 .74  
-1 .74  
-1 .20  
-0 84 
-0 58 

-0  36 
-0 17 

0 
0 17 
0 36 

0 58 
0 84 
1 20 
1 74 
2 74 

This gives a set of semicircles which all pass through the focal 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 a t  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 a t  some one 
place along the line where a critical factor, such as potential, determines 
the limitation. The losses in a line are minimum 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 

Mark the negative and positive ends of the 
semicircles 

Negative end, degrees 

10 
15 
20 
25 
30 

35 
40 
45 
50 
55 

60 
65 
70 
75 
80 

Positive end, degrees 

100 
105 
110 
115 
120 

125 
130 
135 
140 
145 

150 
155 
160 
165 
170 
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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 mires, 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 be suitable for much higher power if installed a t  sea level. 

I t  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 a t  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 t o  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 a t  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 a t  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. I t  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 a t  a particular weak point without intro- 
ducing an intolerable irregularity in the line parameters. I t  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 i t  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 Elas been the subject of a great deal 
of research over many years. Thornhill and Beasley59 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 a t  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 a t  
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 a t  the surface of the conductor is higher than the critical gra- 
dients for visible corona. The amount that it is higher is a function of 
the geometry of the system. The potential gradient Eo a t  the conductor 
surface that produces visible corona at direct current under these same 
atmospheric conditions is given by the follo\ving relations: 
For parallel cylinders, 

kilovolts per inch 
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For concentric cylinders, 

kilovolts per inch 

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, a t  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 a t  28 inches of mercury and a temperature of 45 degrees 
centigrade (worst sea-level conditions) 

E,  = 37.7 (1 + kilovolts per inch root-mean-square 

ant1 for concentric cylinders under the same conditions 

IS, = 39.2 (1 + 0.208 
kilovolts per inch root-mean-square 

'I'hese 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 mill vary with atmospheric pressure and with 
ambient temperature, which determine the relative molecular density cf 
the air D, which can be found from the relation 

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 D = 0.877. 

Table 1.3 gives values of D 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 1.3. REI~ATIVE MOLECTI.AR AIR DENSITY 1) 

These relations can be combined in a single equation involving 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, 

P, 

and for an air-dielect.ric concentric line 

I 
Degrees centigrade 

.4ltitude, 

In these equations the symbols have the following meanings: 

inches '-A* ' 

T', = maximum root-mean-square applied voltage, kilovolts 
S = design safety factor, usually between 1 and 3 
a = center-to-center wire spacing, inches 
p = wire radius, inches 

pl  = radius, inches, of the center conductor 
p2 = radius, inches, of the inside of the outer ronductor 
D = relative molecular air density 

The influence of the spacing of the wires is not immediately obviom 
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 
be 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. 
During the positive alternation, they move a t  high velocity and cause 
more ionization by impact. Under these circumstances the breakdown 
potential is a t  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, a t  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,  a t  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 a t  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 accumulate 
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 a t  near-maximum potential can introduce an 
increase in local gradient and cause flashover. Abnormally high peaks of 
amplitude modulation are another cause a t  times. To these must be 
added momentary mismatches due to arc-overs in the antenna system 
\vhich cause standing \fraves. 

During on-off keying, and also amplitude modulation, a plume is auto- 
maticbnlly extinguished with the first interruption of radio-frequency 
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power. Spurious arcs and flashovers due to most of the above causea 
may not reoccur. Types of emission that maintain constant radio-fre- 
quency power would not extinguish an arc, and unless it is blown out by 
the wind it is necessary manually to interrupt power to extinguish an aro. 
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 cost 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 a t  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 a t  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 ~ la s t i c  
coatings can provide a substantial increase in maximum operating 
potential, but a t  the sacrifice of increased dielectric losses. 

4.1 0. Dissipation Lines14~21~62 

Resistive loads of high power-dissipation capacity may be of the lumpd 
or t,he distributed types. A resistive load for a transmitting rhsrnbic 
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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 a t  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 loss over a greater 
portion of the length of the line, especially when large amounts of power 
must be dissipated, a tapered line has the desired qualities. If the height 
of the antenna a t  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 a t  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 as a 
resistance when its attenuative length is great enough to eliminate varia- 
tions of impedance in the input end of the dissipation line a t  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 
fen- 11-atts. 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 a t  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 a t  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 
11 ith 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 less 
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, i t  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. 
I t  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. I t  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 be lossy and the line can be attached directly 
to wood supports provided that the temperature is not sufficient t o  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 p and resistivity rl can be computed from the following 
equation: 

In this equation ro is the resistivity of copper, which is 1.724 X 1W6 
ohm per cubic centimeter for annealed copper and 1.7'7 X lop6 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. 

Sterba and Feldman2' have published measurements made on a 600-obm 
two-wire balanced line using uncoated iron wires of resistivity 12.3 X lo4 
ohm-centimeter and permeability of 92, with a wire diameter of 0.162 
inch. This line folio\\-s the relation 
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.\ copper line of the same dimensions follows the relation 

atot,, = 0.152 dj= 

whereas the copper loss alone for this same line follows 

acopper = 0.0916 d j z  

The dissipation line is usually located under the rhombic antenna with 
which it is associated because no additional land is required. The line 

FREQ.- MC 
FIG. 4.59. Attenuation of two-wire balanced 400-ohm lines of radius 0.040 inch and 
a volume resistivity of 34.5 X 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 lo~v, 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" lines 
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can 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 its 
directivity. In such cases, the impedance of the ends of the antenna 
must be equal and brought uniformly to a central switching point for 

DESIGN USING WOOD- DESIGN USING DESIGN USING COMMON 
SCREW MOUNTED COMMON SPOOL TELEGRAPH INSULA- 
WIRE- HOLDERS INSULATORS TORS AND PINS. 
(UPPER PAIR FOR (UPPER PAIR FOR (PAIR 1-2 FOR W T -  
OUTBOUND LINE, OUTBOUND LINE, BOUND LINE, PAIR 3-4 
LOWER FOR INBOUND) LOWER FOR INBOUND) FGR INBOUND ) 

FIG. 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 1, 
11, and I11 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 set,ting 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-l3 electromagnetic unit were 

Zo = 175 ohms 

Frequency, Megacycles Attenuation, Decibels 
10 14 
20 16 
30 21 

4.1 1. Measurement of Standing Waves on Open-wire Transmission 
Lines 

I t  is quite sufficient in some cases to determine q~alitat~ively that a 
feeder is terminated approximately correctly. Some sort of indicator, 

F E E D E R  WIRE, ,WIRE HOOK 

LAMP MOUNT 

FIG. 4.61. Miniature-lamp indicator. 

ho\vever simple, is needed. Figure 4.61 exemplifies one of the most 
elementary forms of indicator, consisting of a small incandescent lamp 
I\-ilich 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. I t  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. 

Seon 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. cnless the impedance of the device is very 
large with respect to the line impedance a t  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. 
Al method of detecting and indicating the magnitude of standing waves 

in an open-\\-ire feeder is that shown in Fig. 1.62. A short section of line 
is placed in the field of the feeder to be studied and parallel to it. This 
.;econdary line is then terminated in its characteristic impedance a t  both 
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ends and an ammeter placed in series with and a t  the middle of each 
terminal resistor. 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 a t  one end and there will 

2 

MAIN FEEDER MAVE DIRECTIONS - *----- REFLECTED -TO LOAD 
DIRECT - 

20 . 
*---- 

R o = Z o  - 
I , 
I 

(IN SERIES AT.CENTER 
@ 

@ OF RESISTORS 1 6 
/ / / / / / / / / / / / / / / /  / / / / / / / / / / / / /  

WITH BALANCED FEEDER 

MAIN FEEDER DIRECT WAVE - 
r T O  LOAD - - ---REFLECTED WAVE 

WITH UNBALANCED FEEDER 
FIG. 4.62. Standing-wave indicators. 

not be any reflection. This causes the current a t  the far end of the 
secondary 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 
Ivaves passing in both directions. The one traveling toward the load 
~vill 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 a t  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 i t  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. 4.628) and unbal- 
anced feeders (Fig. 4.62B). In order not to introduce irregularities upon 
the main circuit, the coupling of the secondary line should be small and 
sensitive current-measuring instruments used. 

CROSS-SECTION 
VIEW . . 

ANTENNA 

MATCHING 
NETWORK 

R=Z, FOR REFLECTOMETER 
LlNE 

FIG. 4.63. Simplified reflectometer 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. I t  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 transmit,ter, \\-here it can be easily 
observed by the operating personnel. 

This method of measuring or indicating standing \yaws is especially 
valuable where a feeder must be matched hut where there are no measur- 
ing instruments available except a thermogalvanometer or a t,hermo- 
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 reflectometer line. When this is 
done with unbalanced feeders, as in Fig. 4.G2B, 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 c m  
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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 reflectometer 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 

T L the magnitude relative to a previ- - 
ous condition. The adjusting proc- 
ess is continued until the instrument 1-d BAR SIZE FOR OF PICK-UP ADJUSTING LOOP 

reads zero. This is one of the sim- - - - -, -- - FOR SENSITIVITY 

plest methods that can be used con- 7r I 
ADJUSTMENT 

veniently for accurate matching. 1 i i  0 1 
For accurate measurements of -- - +FRAME OF A- -- INSULATING 

standing-wave patterns the measur- MATERIAL 

ing device should be so designed as ~~~~~~$~~~ EFzz~~s 
to be to the current FIG. 4-64. Standing-wave indicator for 
in the line or to the potential, but balanced open-wire lines. 
not both. Figure 3.64 shows a com- 
mon form of sliding thermocouple-milliammeter circuit that is responsive 
11-holly 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 
geries condenser in the middle of the short-circuiting bar. 

Figure 3.65 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. I t  should be constructed on a framework 
of insulating material which can be set on a wire with constant coupling 
t o  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 a t  both ends pro- 
vide the data necessary to  determine 
the attenuation of the line according 

)7 
to  the relation 

s I 
/ \  -t-- I," Y Decibels attenuation = 20 loglo - 

Iout 

The following sliding-ammeter 
method is useful for measuring cur- 
rent distributions in antennas and 
open-wire transmission lines. A 

FIG. 4.65. Ammeter connected to re- 
spond to current in one wire only by suitable radio-frequency ammeter or 
magnetic coupling. milliammeter 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). 

rINSULATING SUPPORT 
r--------7 
+--------a 

COUPLING LOOP .-+ 

(AND TUNING CONDENSER 
IF NECESSARY) 

FIG. 4.66. hop-coupled a~r~rneter for individual open-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, ns in a multiwire trans- 
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FIG. 4.67. FIG. 4.68. 
FIG. 4.67. Details of a bayonet-type assembly for six-wire unbalanced feeder (type 
XI) mounted on a square wood pole, as used a t  a 100-kilowatt low-frequency radio- 
telegraph station. (Photograph courtesy of RC.4 Victor Cotnpany, Ltd., ,lfontreal.) 
FIG. 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 
base insulator. Antenna-coupling and power-dividing networks are in a weather- 
proof metal box mounted on a pole near the antenna. Radio Station CIiJVS, Kings- 
ton, Ontario. 

FIG. 4.69. FIG. 4.70. 
FIG. 4.69. Details of a corner pole in a six-wire unbalanced (type XI I feeder system 
for a directive broadcast array. The t u o  lines are connected through :I 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 crossarms on the wood pile. 
(Photograph courtesy of RCA Victor Cornpany, Ltd., i21mllreal.) 
FIG. 4.70. Details of an application of a six-wire unbalanced (type XI) feeder, 
showing the use of the side-mounting bracket assenibly on a steel pole. Photograph 
shows a branching of the feeder near one coupling house in a directive broadcast 
array. (Photograph courtesy of RCA I'ictor Company, Ltd., illontreal.) 
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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 t o  

accumulate on an aerial system. 
These potentials can rise to a value 
that may cause eventual flashover, 

: with a following power arc in the 
case of transmitting. In receiving, 
the system can become excessively 
noisy owing to precipitation static. 

I t  is therefore necessary to pro- 

, vide for static drains in designing 
! a system. A lo\\--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- 

FIG. 4.71. A straight run of six-wire 
unbalanced (type XI) transmission line ence the impedances at the 
uslng 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 n-ith its coupling house, is and medium-frequency systems 
in the distance. (Photograph courtesy of 
RCA Victor Company, Ltd., Mmtreal .)  

for this purpose and occasionally 
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 a t  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 a t  the site, and 

FIG. 4.72. Details for a six-wire unbalanced feeder, showing two right-angle turns 
to enter the antenna-tuning cabin. Cast aluminum brackets are used for maintaining 
the line cross section and are designed to attach to the side of a pole. The line is 
routed into and out of the cahin 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 a t  this 
5-kilowatt broadcast station in Canada. Note building entrance details and typical 
pole hardware. (Photograph courtesy of RCA Victor Company ,  Ltd., Montreal.) 

the kinds of material available. The simplest method is t o  use single 
poles of natural round mood or sawed square poles. The size will depend 
upon the number of mires to be supported and the storm conditions to be 
endured. The height is determined almost entirely by the clearance 
desired for men on foot, 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. 
\Then 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 mires. 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 

FIG. 4.73. Details of n corner pole for a feeder of the six-wire unbalanced type built 
on untreated wood pole with steel-angle crossarms. The high-potential pair of wires 
is insulated by means of double-egg porcelain insulators with steel yokes. Spacers 
are used between the two inner wires to lnaintain uniform spacing. (Photograph 
courtesy of RCA Victor Company, Ltri., dloiltreal.) 

to  resist displacement due to horizontal loading of the wires. The load- 
ings should be precalculated, taking into account the weight, number and 
tension of the wires under the most extreme conditions of wind and ice to 
be encountered a t  the site, stresses a t  corners and bends in the line, and 
the soil resistance (mechanical) for the size and depth a t  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. *lllo\\-ance 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 t o  vibration a t  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 a t  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 
tnodrllation broadcast station WNBC, Port Washington, Kew York. The station 
building is in the background. (Photograph courtesy of National Broadcasting 
Cottlpany.) 

spacers of insulating material. I t  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 a t  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 

FIG. 4.76. View7 of a 10-inch coaxial feeder built for Station \FTJZ in 1937 and designed 
for 2,000-kilowatt peak power transmission. The feeder is straight and is free 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 Xatiur~al Broadcasting Cotnpany.) 

various antennas, the climatic conditions, and the designer's choice of 
factors of safety. 

4.13.1. 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 b,est appearance is desired. 
Otherwise the line level can follow the grade with constant wire height 
above the ground. 
X small change in the direction of the line may be made a t  a suspension- 

type pole where the suspension insulators hang a t  an angle, but when the 

FIG. 4.76. 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 a t  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 is shown a t  right. The line \\-as designed for full rating without pressurizing. 
(Photograph courtesy of ~Vatioraal 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 4.1. TYPICAL DEPTHS FOR SETTISG RADIO-FREQCESCY TRASSMISSIOS-LINE 
POLES 
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Guy anchors in soil should be set a t  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 

FIG. 4.77. Arrangement of pressurized coaxial feeders from the transmitter building 
to six radiators of the directive-antenna system for Station KTBS. (Photograph 
courtesy of W .  hf. Witty.) 

catalogues. The relations between span, sag (or dip), wire size, and 
tension are given in the following equation, 

in which S is the sag in feet, W the weight of the wire in the span, L the 
span length in feet, and 1' the tension in pounds. 

The stringing of the wires must take into account the temperature a t  
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 a t  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 m a x i m 0  
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 sta,tic loads and attaching 
them to the wire a t  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 

FIG. 4.78. Details showing pressure gages for the dehydrated-air-distribution system 
for the coaxial feeders of Fig. 4.77 at Station KTBS. (Photograph courtesy of W.  M.  
Witty.) 

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, 

in which T is the tension in pounds as derived from the previous equation 
and t is the time in seconds for N complete fundamental vibrations of the 
whole span. 

This measurement is made as follows: Snap the wire a t  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 a t  lower temperatures. 

FIG. 4.79. FIG. 1.80. 
FIG. 4.79. TWO-wire balanced feeders, using the crossarm suspension type of con- 
struction. 

FIG. 4.80. Double-vertical bend a t  the mid-point of a two-wire balanced diseipation 
line where the direction of the line is reversed. (Photograph courtesy of Royal Canadicm 
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. 

Light. . . . . . . . . . . . .  
Medium. . . . . . . . . . .  
Heavy. . . . . . . . . . . . .  

Wind pressure, pounds 1 , Temperature (minimum), 
per square feet, or1 I degrees Fahrenheit 

projected areas , 

4.13.3. Vibrational Stress of Wires. In wire systems that are tightlJr 
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 a d  

Radius of 
ice, inches 
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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- 
tnission. 

FIG. 4.82. Details showing the use of strain insulators and the use of copper splicing 
sleeves for terminating wires a t  the insulators. 
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/ / 1 I 

FIG. 4.83. Rigger norking on a pole carrying balanced two-nire 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. Kotc the use of copper 
splicing sleeves at insulators, the attachment of guy wires, and crossarm hardware 
details. (Photograph courtesy of ~Vatnonal Broadcastzng Co~npany.)  



RADIO-FREQUENCY TRANSMISSION LINES 47 1 

FIG. 4.84. Strain-pole assembly for eight balanced two-wire feeders, with two 
feeders routed from this support to antennas 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 
clevises. The feeder wires are formed in eyes to attach to the insulators and are 
closed with pressed-metal retainers. (Photograph courtesy of Radio ~Vacional, Rio de 
Janeiro and RCA International Division.) 
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FIG. 4.85. Entrance details for eight balanced two-wire feeders as used by a 5Ckilo- 
watt high-frequency broadcast station in Rio de Janeiro. Pyrex bowl insulators (in 
pairs) serve as entrance insulators. Note the porcelain tubes used as ventilators to 
remove condensed moisture from the space in the wall between the bowl insulators. 
(Photograph courtesy of Radio National, Rio de Janeiro and R C A  International Division.) 
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FIG. 4.86. Details showing a terminal pole for two balanced two-wire feeders 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. (Photograph courtesy 
of Radio National, Rio de Janeiro and RCA International Ilivisio?~.) 
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FIG. 4.87. Details showing the method used a t  the Bolinas, California, high-fre- 
quency communication station for distributing balanced two-wire feeders to several 
20- to 40-kilowatt radiotelegraph transmitters. (Photograph courtesy of RCA Com- 
munications, Inc.) 
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FIG. 4.88. Details showing the guying of a very high wood pole, a strain pole for a 
four-wire side-connected balanced feeder and the rigging details, a vertical corner, 
a r~d  the use of post insulators on the vertical section of the feeder. This is part of a 
heam system for 200-kilowatt high-frequency broadcasting a t  Dixon, California. 
(Photograph courtesy of National Broadcasting Company.) 
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FIG. 4.89. This photograph shows several interesting features. A guyed pipe frame- 
work is used instead of a pole to support a four-wire balanced side-connected feeder 
for high-power short-wave broadcasting in England. Two forms of impedance 
matching are shown: the pinched section of higher characteristic impedance a t  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 thc 
Ir~stitutimi of Electrical Eriyirieers.) 
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FIG. 4.90. A method of construction for the four-wire side-connected balanced 
feeder. (Photograph col~rtesy of .4z~stralian Posttnaster-General's Office.) 

FIG. 4.91. A branching junction in a four-wirr side-ronnected ba1:tnced feeder, 
showing structr~ral detailing where the Innin line divides to go on to two portions of a 
dipole array for slewing purposes. The impedance-matching stub is s11own a t  the 
right, and another is seen in the background associated with another feeder. (Photo- 
graph courtesy of Australian Postmaster-General's Ofice.) 
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FIG. 4.92. Reversing junction for a dipole-array feed with four-wire side-connected 
balanced feeders, showing quarter-wave stubs and short-circuiting switches. (Photo- 
graph courtesy of Australian Postnlaster-General's Ofice:) 
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FIG. 4.93. Contactor switching system for a 50-kilowatt high-frequency broadcast~ng 
station a t  Rio de Janeiro, showing the branching circuits from one transmitter to 
right 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 National, Rio de Janeiro and RCA 
1 nternational Division.) 
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FIG. 4.94. A system of feeder and phasing sections associated with a slewable reversa- 
ble dipole array with reflector curtain, for 100-kilowatt operation in the high-frequency 
broadcast service of the British Broadcasting Corporation. The photograph illustrates 
various assembly and rigging details, steel-post utilization, the use of cages of con- 
ductors 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 back- 
ground. Switching is accomplished manually, moving the flexible cage section to 
three positions. (Photograph by  British Broadcasting Corporation and reproduced 
courtesy of Institution of Electrical Engineers.) 
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FIG. 4.95. Line construction for supporting several feeders of the four-wire cross- 
connected balanced type as used a t  the Riverhead rc,cei\,ir~g station for connecting 
diversity high-frequency receiving arite~irias with the diversity reccivcrs. Xote 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 RC.4 Commitnications, Inc.) 

FIG. 4.96. Building entrance detail for several two-mire balanced feeders. (Photo- 
graph coltrtesy of Canadian Broadcasting Corporation.) 
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FIG. 4.97. FIG. 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 a t  the Canadian Broadcasting Corporation high-power 
high-frequency broadcasting station a t  Sackville, New Brunswick. (Photograph 
courtesy of Canadian Broadcasting Corporation.) 

FIG. 4.98. Double-strain pole in a two-wire balanced feeder system. (Photograph 
courtesy of Canadian Broadcasting Corporation.) 
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FIG. 4.100. A right-angle bend in a 
' 

balanced two-wire feeder, made so as to 
1 maintain constant length in the wires 
! on each side of the circuit. (Photograph 
/ courtesy of Canadian Broadcasting Cor- 

A '  poration.) 

-- . 

I ,  m , .  Kl 
I'IG. 4.99. Corner pole In a two-nlre 
Imlanced feeder system with the feeder 
plane turned so as to make the turn with 
the same length of wlre in each side of 
the circuit. (Photograph courtesy of 
('anadzan Broadcastzng Corporation.) 

FIG. 4.101. Detail of a double-strain 
pole in a balanced two-wire feeder. 
(Photograph colcrtesy of Canadian Broad- 
casting Corporation.) 
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FIG. 4.102. Detail of a parallel-wave drain on a two-wire balanced feeder system, 
consisting of a quarter-wave balanced stub across the feeder, the end of which ia 
connected to ground with a single conductor one-quarter wavelength long. ( P W  
graph courtesy of Canadian Broadcasting Corporation.) 
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FIG. 4.103. FIG. 4.104. 
FIG. 4.103. Corner pole in a two-w~re balanced feeder. (Photograph courtesy of 
Royal Canadian Navy.) 

FIG. 4.104. End pole in a two-wire balanced feeder, where it rises to the antenna. 
(Photog~aph courtesy of Royal Canadian Nutry.) 

FIG. 4.105. Ceramic insulator crossarm used for two-wire balanced lines. (Photo- 
yraph courtesy of Wind  Tttrhinr Cornpony.) 
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FIG. 4.106. Detail showing the feeders for a receiving installation using four-wire 
cross-connected open-wire feeders terminating a t  a building and entering through 
coaxial feeders. The wide-band high-frequency balance to unbalance transformers 
are in the weatherproof black boxes on the building. (Photograph courtesy of Royal 
Canadian Sacy.) - 

FIG. 4.107. Several feeders of the three-wire type V (two outer wires grounded) 
with 235-ohm impedance for inside connections to directive-antenna tuning and 
phasing equipment. (Photograph courtesy of KCA Victor Company, Ltd.,  fontr real-) 
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C H A P T E R  3 

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 sho~vs 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: 

1. Reasonable care with drawing v7ill produce 10-inch slide-rule accu- 
racy on 8%- by 11-inch paper. I t  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 a t  a 
single frequency. To analyze the performance of a network a t  several 
frequencies, a new vector diagram is required for each frequency. 

9. Following generally accepted conventions, advance in time is 
counterclock~vise. A potential across an inductive reactance, leads the 
current through the element 90 degrees. When the voltage is lagging 
90 degrees, it is a rapacitive 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 l o  = 1 ampere). According to 

* For an analytical formulation of type I prohlems, see G. H. Brown, Proc. IRE, 
26 : 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 poll-er equal to 
that in the load, and a direction which gives the specified phase shift. 

Since Wo = 500 watts, 
-- 

IT,, = d 5 0 0  X 100 = 224 ~ o l t s  
and 

I, ,  = d w O  = 2.24 amperes 

Figure 5.1 illustrates these first two steps for the problem outlined. 
This figure represents the problem written vectorially. 

We now have a choice of a T or a T 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 ITo and lo ,  IT,, and I,,, Ro and R,,. We represent the 
network elements as X's because we do not know what is required yet. 
We also kno~k-, from elementary alternating-current theory, that 

I,, = lo + II vectorially 
1'2 = 1'" + 1.1 vectorially 

T',. = 1.2 + 1.3 vet-torially 

Similarly, we know that for circuit elements which are purely reactive, VI 
is perpendicular to Io, 1'3 is perpendicular to I,., and Ilr2 is p e r p e n d i c ~ b  
to II. These facts give us enough information to complete the vecto1 
diagram for the entire network. This vector diagram has all the info- 
tion necessary to reveal the nature and magnitude of XI, Xt,  and XI. 

There are only three currents in the circuit, and a t  the outset of the 
problem we already know two of them. The unkno\vn current I1 can be 
drawn immediately by connecting the tips of I. and I,.. The direction d 
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I l  is that which, when added to l o ,  gives a vector sum Ii,. Thus, I l  is 
directed toward I,. Its magnitude is determined by its length according 
to the scale for the current vectors. 

The intersection of perpendiculars through V o  and Via locates V 2 ,  as 
shown in Fig. 5.3. The directions are found from considering that 
V o  + V1 = Vz vectorially and Vi,  = V2 + V3 vectoriallj. From the 
scales for the diagram 

V o  = 500 volts I0 = 1.0 ampere 
V 1  = 418 volts I l  = 1.5 amperes 
V2 = 670 volts Ii, = 2.24 amperes 
V3 = 611 volts 
Vi,  = 224 volts 

- - -j418 ohms X l = % - m -  

where V l  lags lo by 90 degrees, 

X  - V 2  - 670 - --j448 ohms 2 - I I - 1 . 5 -  
where Vz lags I l  by 90 degrees, and 

i '3  611 
X )  = - = -- = j273 ohms 

I,, 2.24 

where V g  leads Ii, 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 I l  and Tr2 vectors, which FIG. 5.3 
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 
X1 = 0 and the circuit is simplified to two reactive elements. This is 
the case where V 3  passes through I r o  and V 1  vanishes; also V2 = VO.  
The phase shift 4 becomes cos-' (Ir,./Vo). For values of 4 greater than 
the value where X1 = 0, the sign of X I  changes from - j  to  +j.* When 

* When this circuit is used as a tank circuit for a radio-frequency amplifier, its 
clnergy-storage ratio Q increases with increasing phase difference between the load 
rurrent and the input current. This ratio approaches infinity as the phase difference 
approaches 180 degrees, a physically unrealizable limit. Most practical tank circuits 
will lie between phase-shift angles of 120 and 165 degrees. (See Fig. 4.33.) 
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4 is positive instead of negative, the signs of all the elements reverse 
likewise. 

Taking now the u-network solution for the same problem, the circuit 
becomes that shown in Fig. 5.5. In this case, we know VO, lo, Vin, Ii,, 
and 4. We also know XI, Xz, and Xa to be pure reactances. Therefore 

Il must be perpendicular to VO, Iz must be perpendicular to V1, and I 3  
must be perpendicular to Vin. Since we know VO and Vin, we can draw 
IF1 immediately, as shown in Fig. 5.6. From the scales of the diagram 

VO = 500 volts I 0  = 1.0 amperes 
V1 = 325 volts I1 = 2.76 amperes 
Vi, = 224 volts 1 2  = 2.95 amperes 

I 3  = 1.9 amperes 
Ii, = 2.24 amperes 

I 'o  500 x l = - = - , =  
1 1  2.70 

-j181 ohms 

1 7 1  325 x l = - = - - =  
1 2  2.95 

j l l O  ohms 

x 3 = - = - - =  '.ln 224 j l l8  ohms 
1, 1.9 

The network becomes that shown in 
Fig. 5.7. 

If the value of 4 is immaterial, 
there is a value a t  which I3 = 0 and 
Xa = =. This particular solution 
simplifies the circuit to two reactive 
elements. For values of 4 greater 

- 
VO than this particular value, the sign of 

X3  reverses. Study of the vector 
FIG. 5.6 diagram enables one, by inspection, to 

foresee the influence of variations in the network for a given impedance 
transformation and to select a design for maximum circuit economy or 
energy economy. 

To demonstrate the solution for the two-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 Va to  pass directly through Vo and, in the s 
case, causes Z l  to  pass through I,. X ~ = J I I O  
For example in the u case we dralv 
the loci of Vim and Zin for variable 4, 

R, 
as shown in Fig. 5.8. Then we erect lnq-m-+q x3= jH8 R,=500 

Z l  perpendicular to Vo through Io. 
Where this cuts the locus of Ii. FIG. 5.7 
locates the vector Zi,. 

In the case of the T, XI becomes 0, and in the case of the s, X Q  becomes 
.o. Thus, the T and T solutions merge into a common solution a t  this 

value of 4 where two reactive elements suffice to solve the problem, as 
sho\vn in Fig. 5.9. 

Where 4 is larger, for the T case, the diagram becomes that shown in 

- 
X :JL3 X ; J!! 

Iin 10 

Fig. 5.10. The circuit becomes that shown in Fig. 5.11. Complete 
curves of reactances for both n and T networks for this transformation as 
a function of 4 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 

NEGATIVE PHASE ANGLE $ 
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 c o r m  
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 corn- 
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ponents are ultimately required-three instead of four or five. In the 
same sense, if a T 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 

NEGATIVE PHASE ANGLE 0 
FIG. 5.13 

derived from the network synthesis. This is virtually what is done in 
the type I1 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 hut minimizes the selerti\.ity of the 
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network. This has special importance whenever the bandwidth 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 a t  frequencies where line sections are preferable. 

5.2. Type II Problem 

Problem. We desire to couple a load circuit having an impedance of 
Z o  = 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 
In = 1.0 ampere 

Then 
VnR = 75 volts 

and 
Vox = - j30 volts 
V n  = 81.3 volts 

Power in load = 75 watts 
Power input = 75 watts 

V,,  R = , , I ' m 0  = 222 volts 
V,. = 0.354 X j150 = 53 volts 

I,, = d 7 X o 0  = 0.354 ampere 
V,,  = 233 volts 

To solve for the network required 
to make the indicated transforma- 
tion, complete the vector diagram 
shown in Fig. 5.14, and obtain there 
from the nature and magnitude oj 
the required reactances. There is 8 

choice between a ?r and T network, 
Let us illustrate by using a T net- 

~~=75-i30 
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work. Draw the circuit, and label all potentials and currents, as in Fig. 
5.15. 

vin Vin R + jVin x 2. = - =  
In I i n  I i n  

Draw Vl in a direction perpendicular to I,, starting a t  Vo, as shown in 

'0 "m 
Fig. 5.16. Then draw V3 in a 
direction perpendicular to I,,, 
through Vin. The intersection of 
these perpendiculars locates the 
lengths of V1, V2, and V3. Draw 
1'2 from the origin to the inter- 
section. As a check on accuracy, 
measure the angle between Il and 
1'2-it should be 90 degrees. As 

X,=j263 X,  ---1184 

Z , n = 6 0 0 + ~ W  TFeh:30 
. * 

FIG. 5.16 FIG. 5.17 

before, II is drawn to connect l a  and I,. From the scales of Fig. 5.15 

Vo = 81 volts 10 = 1.0 ampere 
V1 = 184 volts I1 = 0.875 ampere 
V2 = 230 volts Iin = 0.354 ampere 
V3 = 93 volts 
V,. = 233 volts 

x - V 1 -  184 - - j184 ohms 
l-lo-1.0- 

V2 230 = j263 ohms 
X ' = z = m 5  

v x3 = -3 = - 93 = j263 ohms 
I i n  0.354 

The network becomes that shown in Fig. 5.17. 
Solving this same problem on the basis of a ?r network (Fig. 5.18), we 

construct Fig. 5.19. Tabulating values from vector scales, we obtain 
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Vo = 81 volts l o  = 1.0 ampere 
VI = 159 volts II = 0.72 ampere 
Vin = 233 volts I2 = 1.47 amperes 

1 3  = '1.50 amperes 
Iin = 0.354 ampere 

X - vo 81 
' - , = K T 2  

= -j113 ohms 

x 'jg = -jlO8 ohms 
1.47 

i n  233 
X1 = - = - = j155 ohms 

1 3  1.5 

The circuit becomes that of Fig. 5.20. 

5.2.1. Extreme Case of a Type II Problem 

Problem. Calculate the required elements of a network which d 
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 components 
on the basis of equality of power at  input and output, shown in Fig. 
5.21 with the scales chosen (for example, 1 inch = 1.0 ampere end 
1 inch = 500 volts). 
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-- 
\'in = d1,500 X 300 = 670 volts 

Iin = = 2.24 amperes 

Vin = 2.24 X 400 = 893 volts 
ITi, = 670 + j893 = 1,118 volts 

This shows Vin in phase with VO as required, and the relative directions 
of I 0  and Iin. I t  also is marked to show the potentials and currents pre- 
vailing in the load and for the 
input to the network. From this 
point, the vector diagram must be 
completed for either a ?r or a T net- 
work. We shall demonstrate both 
and compare them. 

The block diagram of the ?r net- 
work version for this problem is 
shown in Fig. 5.22. The vector 
diagram shows that VO and Vi. FIG. 5.21 
are in phase. Vectors I1 and I3 must both be perpendicular to the direc- 
tion of Vo and Via; thus they can never intersect. A solution with a T 
network is therefore impossible. 

The T network provides a solution for t'he problem as shown in Fig. 
5.23. 
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V O  = 1,530 volts I0 = 1.0 ampere 
V1 = 364 volts 11 = 1.62 amperes 
J r 2  = 1,575 volts I,, = 2.21 amperes 
V3 = 603 volts 
V, ,  = 1,118 volts 

s , = - = - =  "' 3" '364 ohms 
I ,  1.0 

The network is shown in Fig. 5.24. 
NOTE: If the problem had specified that the load and input currents be 

x3=-j270 X , = j 3 6 4  in phase, then a T solution would be 
possible and the T solution impossible. 

.- Ti300 5.3. Type I1  Problem 
Z i n = 3 0 0 + j 4 0 0  X2=j968 

Problem. What elements are re- 
1500 quired for a phase-shifting network 

rvhich will introduce a phase shift 
FIG. 5.24 

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 

perpendiculars through V ,  and I T i n  and connect la with I ,  as shown in 
Fig. 5.27. From this we obtain the solution shown in Fig. 5.28. 

Had we chosen the r solution, the vector diagram ~ o u l d  have been 8s 
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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+ 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 

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 a ? 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 
calculate 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 Zi. 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 m to  0. 

Proceeding in the same manner, 
the 90-degree network is analyzed. 

10.42 10.42 k-Tm-/ - j 1.42 

I0 "0 

FIG. 5.30 FIG. 5.31 

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 
I 

I circuit for open- and short-circuit 
terminal conditions and see what 
happens to Zi,. When Rt = Ro, 
Zi. = Ro. \Then Rt = 0, XI and Xt  
in parallel give a condition of anti- 

%= j 1.0 XI= j 1.0 T""T3 X z = - j  1.0 R,$ LO 

l o  Vo 
FIG. 5.32 FIG. 5.33 

resonance and Zi, = m .  When Rt = m ,  X 2  and X 3  in series tune to 
series resonance, making Zi. = 0. 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 
specified 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 B is 550 ohms, its $-TI;:: V9=1500v& 

--Is 
Zln ~~=1200v/*45° 

NETWORK 
~ ~ = 5 5 o n  

FIG. 5.34 

terminal potential must be 1,200 volts, and it must lead the generator 
electromotive force by 45 degrees. The generator potential is 1,500 
volts. What networks are required? What impedance is seen by the 
generator? The problem is illustrated in Fig. 5.34. 

Procedure. Set up the known con- 
vB=1200v /+45' 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 

V Q = I ~ O O V ~  

- r- 
choose the simplest possible circuit to 
make the specified potential transfor- 
mations, we can use a two-element 
L network for each branch, provided 

jf VA=800v  /-90. k & ~ l  
R  A 
OR RB 

' I  IA 10 
1 IA=3.2 

FIG. 5.35 FIG. 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 V1 for 
each network. We know Io. We do not know I I  but know its direction 
with respect to Vo. We do not know I z  but know its direction with 
respect to IT1. We can draw V1 directly since V o  and V ,  are specified. 
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Thus we have enough information to complete the vector diagram of Fig. 
5.37. This diagram reveals the nature and magnitude of each reactive 
clement, and we obtain 

V A  = 800 volts I A  = 3.2 amperes 
VIA = 1,700 volts IU = 1.72 amperes 
V ,  = 1,500 volts Izll = 3.6 amperes 

V,E = 1,310 volts IB = 2.18 amperes 
V,X = 700 volts I= = 0.28 ampere 
VB = 1,200 volts 12B = 2.19 amperes 

V1B = 1,058 volts I ,  = 3.9 amperes 
T r A  800 X I A  = - = - = -j465 ohms 
IIA 1.72 
Vl* l1700 = j472 ohms X B A  = -- = -- 
[ P A  3.6 

The input impedance to the two networks in parallel is V,/I,, where 
I ,  is the vector sum of I?.% and 12,. The two series components of the 
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input impedance are 

Zi, = Ri, + jXin 
where 

V , x  700 xi, = --- = --- = j180 ohms 
I, 3.9 

The entire circuit required to satisfy 
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 
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 

the problem is shown in Fig. 5.38. 

changing f rom a single-end generator to a b a l a n c ~ d  (push-pul l)  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? 

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 a t  the left of Fig. 5.39. 
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The choice of the direction of V, a t  90 degrees to the load potentials is 
arbitrary. I t  could be any angle between the two. The 90-degree 
choice, however, has symmetry which is usually desirable. 

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 I o A  = 2.0 amperes 
V I A  = 585 volts I i A  = 3.28 amperes 
V, = 300 volts I z A  = 3.84 amperes 

VOB = 500 volts I o B  = 2.0 amperes 
VIB = 585 volts IlU = 3.28 amperes 

1 2 ,  = 3.84 amperes 
I, = 6.65 amperes 

V 300 Zi. = 2 = - = 45 ohms (resistive) 
I, 6.65 
VOA 500 XIA = -- = - = 152(-j)  ohms 
I 1 A  3.28 
VIA 585 xnA = - = --- - - 152 (+ j )  ohms 
Inn 3.84 

XIB = same as XIA except sign = 152 (+j) ohms 
XZB = same as XIB except sign = 152 (-j) ohms 

These values yield the circuit shown in Fig. 5.12. 
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5.5. Calculation of Circuit Losses XZA=j  152 

In solving for the reactance re- 
Z,,'45 r?P' quired in a network of given perform- 250 

XIA= -j152 
ance, the choice of potential and cur- 
rent values a t  the beginning of the 
problem is immaterial and deter- 250 

X,g=~152 
mined by convenience only. For 
definite ever, i t  may design be applications, best to work how- the 9 xm=-1152 FIG. 5.42 

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 a t  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 be examined with the 
view of obtaining minimum energy storage and therefore minimum 
circuit loss. 

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. 

I t  is of some academic value to look a t  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 Z o  = Ro - ~ X O  to a large value 

Z,, = r, ,  + jay,, 
with random phase shift (Fig. 3.43). 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 
I1 (Fig. 5.43), which must connect I0 
with I,,. We draw this immedi- 
ately. But when it comes to deter- 
mining I T 1  and V3, we find an infinite +Ti Iln 

- 1 ( ~ o = r o + , X ,  
2, =r,+lX,n 

FIG. 5.43 FIG. 5.44 

number of choices. Let us select a point P a t  random, any\vhere in the 
entire plane of the diagram. Completing the diagram through P, we 
obtain 

where V l  leads lo less than 90 degrees, 

Vz 2, = - = -R  - j X  
I1 

where I l  leads 172 more than 90 degrees, and 

v 
2, = --" = R + jX 

Iz 

where IT3 leads Ii. less than 90 degrees. 

5.7. Single-phase to Polyphase Transformations 

To derive a system of balanced three-phase potentials from a constan& 
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 Km'-r+l 

LY 
R 

- - 
@ 

I 

"I .! /F666\ - 
N 

x2 -- 
R x3-- R 

I - 
@ 

120° PV "I 
"2 0 

FIG. 5.45 

original source has also a resistance R directly across it as the load for the 
first phase (see Fig. 5.45-4), the potentials across all three resistors will be 
equal in magnitude and a t  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 = X I .  Since both reactances are directly 
in parallel, they ml1t1lal1-y become infinite in impedanre owing to anti- 
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resonance and are eliminated from the real circuit. The other elements 
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 R1 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 reactances, the phase shift will vary with 
any deviations from the value R which terminates each phase. There- 
fore, true balanced three-phase potentials are dependent upon the load 
resistances for each phase remaining constant a t  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 a t  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 fa 
a multielement array, as is often done for day and night operation. 
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Logarithmic-potentia I Theory 

Logarithmic potentials have been mentioned frequently in the previous 
chapters of this book and have been used t o  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 i t  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, 
a t  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 t o  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 electromagnetic 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 I flowing in a wire is related to the charge per unit length Q 
on the wire by 

I = V Q  

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 units 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. In order to apply to each logarith- 
mic term the sign of the real or image charge under consideration, recip- 
rocal distances are used 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 = d r C ,  and since v = l/dE, Zo = l/z~C. The velocity of propa- 
gation v for air-dielectric systems has the value 3 X lo8 rneters per 
second. The capacitance per unit length is defined in the usual way 
as the charge per unit length divided by the potential difference, 
Q/ v. 

The symbols used will have the following meanings: 

Q = root-mean-square charge, coulombs per meter 
X = constant derived from an indefinite integral 
V I  = root-mean-square potential, volts (with respect to 

ground), on conductor 1, etc. 
lc = charge ratio less than unity 

K = charge ratio greater than unity 
Zo = characteristic impedance, ohms 
C = capacitance, farads per meter 
v = propagation velocity, meters per second 
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 

rl, r2, rg, etc. = distances from the conductors, 1, 2, 3, etc., to a point in 
space 

rll, r22, etc. = distances from images of conductors 1, 2, etc., to  a point 
in space 

,411 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 above Ground 

The simplest case to study is that of a single elevated \\.ire parallel to 
ground (Fig. 6.1). The potential on 
the wire, in terms of its charge per / ,%I& p 
meter, is written .r- ik r, 

Ba = ( 1 3 8 ~ ~  log,, I x y l p  
h 

The induced potential on the \\-ire I 1 
due to its image is WOUND / / / 7 / / / / / / / / /  

V; = - [(138vQ loglo &) + x ] I " 

The total potential on the wire is 
the sum of these direct and induced 

1 , LGE OF WIRE 

potentials. FIG. 6.1 

In taking the ratio the unknown integration constant x is eliminated. 
The reciprocal capacitance is 

The characteristic impedance for this wire is 

In this way the circuital characteristics of the wire system are derived 
directly from the cross-sectional dimensions of the system, and from no\\- 
on it can be handled as a typical circuit element. We understand the 
characteristic impedance to apply to a circuit mhich 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 I\-ish to locate 
the equipotential lines. The electrir lines of force are everywhere normal 
to these equipotential lines. From such calculations the potential gradi- 
ents can be computed. 

For this single-wire line, the potential a t  a point P in space in the region 
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of the wire is obtained exactly as before, except that the point a t  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 

Then 

From this equation the equipotential lines can be completely located and 
potential gradients found. 

In  the following developments the same general philosophy applies so 
that a t  the outset we can omit the integration 

@ constant x in writing the potential equations since 
it will always fall out when we arrive a t  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 owncharge 
is, after omitting the integration constant x, 

These charges set up a potential at  the inside surface of the outer con- 
ductor which is 

1 
V R  = 138vQ loglo 

The image charges on the inner surface of the outer conductor set up a 
field which will reduce the total potential on its surface to zero. This is 
the same as equating V R  t o  zero. After this step, we proceed as before 
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and obtain 
R 

V ,  - VR = 138vQ loglo- 
P 

Since 
VR = 0 

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 rl ,  the distance of the point P from the axis. Therefore we can 
substitute V ,  for V ,  and write 

Then 

6.2. Two-wire Balanced Transmission Line 

The wire potentials are always 
with respect t o  ground, or zero po- 
tential. A balanced two-wire line 
has two parallel wires of radius p, 

spaced a distance a and located a t  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): FIG. 6.3 

The potential of wire 1 is written 
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and for wire 2, Ti2 = - V1. Then 

and so 

When h >> a, 
a Zo -+ 276 log10 - 
P 

I t  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 he 'in free space. 

The elechic field around a balanced line parallel to  ground can be com- 
pletely calculated ixi 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 

In terms of the potential at  the surface of ~vire 1 

When a two-wire balanced transmission line is far enough removed 
from ground so as to be considered to he in free space, rll and rzz are 
eliminated and the field can be plotted from the relation 

=1 field map derived from this equation is shown in Fig. 6.4. It is 
instructive to examine this map to determine \\-hat additional informa- 
tion it can yield. The equipotentinl lines are plotted a t  intervals tor- 
responding to 10 per cent of the n-ire potentials, which are actually con- 
focal cylindrical 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 its 
charge is on the outer surface, the external field is undisturbed but the 

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 = T7/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 t ~ v o  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 000-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 

Zoo = 0.7 X 600 = 420 ohms 

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 

zoo = 
600 

= 240 ohms 2 

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 

zoo ohms 

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 

Cnbalanced 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 geometry of Fig. 6.5. The two middle wires on each side are 
in parallel a t  high potential. The four outer wires located a t  the corners 
of a square are grounded. The configuration is located a t  an average 
height h which is sufficiently large 
with respect to a to allow the con- 
venience of employing a constant 

t-0-4 
0 3  

value of h for all the wires with 4' 0.50 7 7  o 
negligible numerical error. 

We see that there is symmetry to 
this problem, which makes evident 
a t  once that the charges on the 

p 
wires on the left will be the same as 
for those on the right. If h is suffi- h 

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. 

// 

FIG. 6.5 
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, 

For the four grounded wires 3, 4, 5, and 6, 
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or 

v, = 138vQ1 log10 Q 2 
4h2L + - log,, - = 0 ( o.5a2 4 1 . 2 5  Ql pa3 d\/Z 

Solving for the ratio 

lGh4 ) 

log10 
4h2 

!&=-  0.5a2 d m  
&I 16h4 

= k 
log10 - 

pa3 4 5  
Making this substitution in the first equation permits the desired informa- 
tion to be derived. Since Q1 is the charge on one high-potential wire and 
Q2 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), 

Zo = 69 log10 - + 212 loglo ( : 4h2 
0.5a2 dm) 

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 Qz and 
two high-potential wires each with charge Q1, the total charge ratio on the 
wires (and therefore the current ratio) will be 4&2/2&1 = 212. There- 
fore, if I is the total current in the high-potential wires, the total return 
current in the grounded wires will be 2121. 

That portion of the total current I which does not return in the 
grounded wires must return through the ground. Therefore the ground- 
return current I, = 1(1 - 212). 

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 lines 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 based 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 flat strips of half 
thickness p with spacing a, used as a balanced transmission line. The 

y-0.500+/ 
- 

t I! 0 . .  
+ + +  

CONFIGURATION OF I 2N0 STEP(N.3) 
@ 0.500'~ TRANSMISSION LINE @ Zo 'I85 

p0.4697 
1 2 3 2  1 
e. . . .  + + + + +  

lST STEP (N.21 @ @ 0.500'~ I Zo .I78 
- - - - -  ..... 
1 2  3 2  I 

FIG. 6.6 

numerical results 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 d 2  Zo = 138 loglo - = 227 ohms 
P 

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 
Q3/Q1 = 0.418 and &*/&I = 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 l /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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Proceeding through the successive steps to solve for Zo,  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. 
A 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. Computat ion  o f  Potent ial  G r a d i e n t s  

Any solution for the potential a t  a point in space near the conductors of 
a transmission line can be applied to the computation of the potential 
gradient a t  the surface of a conductor. The potential can be computed 
for a point very near to the conductor and compared with the potential a t  
the surface. The fall in potential from the conductor surface to the 
point in space, divided by the distance between them, mill yield an aver- 
age gradient. The exact solution can be obtained by differentiating the 
potential equation a t  the surface of any of the conductors, which would 
give the rate of change of potential versus distance from theconductor. 
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 a t  which the potential is computed is very small with respect to the 
radius of the conductor, the potential difference across this space divided 
'Dy 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 pl, and then com- 
pute the potential a t  a point distant Ap, where Ap is very small with 
respect to pl, the gradient across Ap 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 a t  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 pan-er JV is being transmitted into the feeder 
that is correctly terminated in its characteristic impedance. Then 

Then, since the potential gradient VV = f(p) for a given configuration of 
wires, 

VVI =  PI) and VV, = f ( p ~  + Ap) 
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Then the approximate potential gradient VV will be 

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 volts. 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) 

zo R = p loglo-' -- = 79.17 inches 138 

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 a t  a point in the dielectric space of a coaxial line, 
we obtain, by using five-place logarithms, 

The 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 a t  
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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Penetration of earth currents (skin depth) as a function of fre- 
quency and ground conductivity, with inductivity of unity. 
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Magnitude of mutual impedance between identical thin vertical 
cylindrical radiators as a function of height and spacing. 
Values are those referred to the base of the antenna, except for 
the 180-degree height which is referred to current antinode. 
(Bfter G. H. Brown.) 
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Angle of the mutual impedance vector under conditions identical to those for Appendix 
111-A. (After G. H. Brown.) 
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Resistive and reactive components of the mutual impedance for 
two identical thin vertical cylindrical radiators one-quarter 
wavelength high. (After G .  H. Brown.) 
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Resistive and reactive components of the mutual impedance for 
two identical thin vertical cylindrical radiators one-sixth wave- 
length high. (After G. H. Brown.) 



Chart of radiation patterns from two point sources having equal radiation fields, as functions of spacing and time-phase differ- 
ence. For identical vertical radiators with equal currents, these are horizontal patterns. The radiating sources have their axis 
along the horizontal axis of each pattern, and the current in the right hand radiator has a leading time-phase with respect to 
t h a t  in the left-hand radiator. Polarity of fields of lobes is indicated. (After G.  H .  Brown.) 
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PHASE DIFFERENCE-0 

Chart of angles of nulls in the function 

cos (i sin 6 + B) 
The angles of nulls in the patterns of Appendix IV-A as measured 
from the normal to the axis of the radiators are read from this chart. 



NOTE : 
When :~pplied to mdia- 
tion patterns of straight 
antennas parallel to per- 
fectly reflccting surfaces 
(such as "ground " or 
passive reflectors), S rep- 
resents the electrical 
spaclng between the 
antenna and its ifticye. 
Therefore S / 2  iu the 
electrical height h of the 

2 antenna :~bove ground, 
or the electrical dist:tnce 
d from a reflccting 
screen. 

I 

Tabulation of the functions sin (:sin +) and sin [g sin (90 - +) for values of S from 180 to 2,520 degrees in 180- I 
degree steps. 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 be read as a vertical 
pattern for a horizontal antenna over perfectly conductirrg ground. 



TABULATION OF THE FUNCTIONS COS (g SIN 4) AND COS [g SIN (90 - 611 

S O .  
82.5 
85. 
90. 

I I I I 

(90 - 4) for values of S from 180 to 

parallel nonstaggered radiators with equal cophased currents. 
2,520 degrees in lWegree  steps. These are the patterns in the equatorial plane of two identical 
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Function 
0 

Degrees ' I 1 Degrees 

Tabulation of the functions 
cos (90 sin $) cos (90 cos e), the radiation pattern 

cos IL and sin 0 
for a half-wavelength cylindrical dipole in free space, with the angle $ measured from 
the normal to the dipole, and the angle 0 measured from the dipole axis. 
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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 a t  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 as 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 a t  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. I t  is therefore of prime importance to make atmospheric noise measure- 
ments a t  locaiions 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 a t  different hours of the day during different seasons. I t  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 Central 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 a t  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 a t  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. 
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Minimum Operating Signal-to-noise Ratios for Various Classes 

of Commercial Service in Telecommunication 

Approximate Minimum 
Type of Radio Service SIN (Decibels) 

1. Double-sideband radiotelephony (%kilo- 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  cyclebandwidth) 15 

2. Single-sideband radiotelephony (3-kilocycle 
bandwidth) 9 

3. Broadcasting (5-kilocycle bandwidth) . . . . . . . . . . .  26 
4. Manual Morse radiotelegraphy (for average 

operators). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 
5. Frequency-shift radiotelegraphy (60-word 

teleprinterspeed) . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 
6. Single-sideband two-tone radiotelegraphy, 

one tone marking and one tone spacing, 60- 
wordspeed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 

7. Single-sideband four-tone radiotelegraphy, 
two tones marking and two tones spacing, 
60-wordspeed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 

8. Radio facsimile with &decibel contrast ratio 
using double-sideband amplitude modula- 
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 

9. Radio facsimile with %decibel contrast ratio 
using carrier-shift.. . . . . . . . . . . . . . . . . . . . . . . . . . . .  12 
NOTE 1 : 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 signals from other 
stations. 

NOTE 3: Professional operators engaged in handling telegraph or 
telephone traffic often are able to copy faithfully when SIN is 10 to 15 
decibels below the values stated for 1, 2, and 4. The others, with the 
exception of 3, are intrinsically machine methods. 

SOTE 4: Consult documents of the International Radio Consulting 
Committee (CCIR) for standards under study on this subject. 
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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 Xorth 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. I t  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, a t  the same 
time, to protect the service areas of stations that were already on the channel 
before a new station is installed. I t  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 any 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.U 
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 a t  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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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, 4445, 249-250, 

252, 345 
spreader construction, 30 

Canadian Broadcasting Corporation,347- 
352, 481484 

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), 551 
Central Radio Propagation Laboratory 

(CRPL), 104, 196-218, 542-550 
Chalk, J. H. H., 226n. 
Characteristic impedance, cages, 33, 379- 

381 
half-R-ave dipole, 240 
line with noncylindrical conductors, 

522-524 
long wire, 28, 310 
tapered lines, 126, 422425 
transmission lines, 43, 243, 366-367, 

371-404, 513-524 
vertical antenna, 27-29 
wave antenna, 56-57 

Charge-current relationship, 513 
Choke (see Tnrlilctor) 

Christiansen, W. K., 317-319, 335, 337, 
338 

Circle diagram for transmission line, 413- 
414, 416, 418421, 439442 

chart, 440 
construction, 441442 

Circuits, space, multihop, 201, 21 1, 212, 
215 

single-hop, 201, 212, 215, 228 
two-hop, 228, 229 

(See also Setworks) 
Civil Aeronautics Authority, 62 
Cleckner, D. C., 247 
Coaxial (concentric) transmission lines, 

334, 370, 392-395, 432, 463467, 
516-517 

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, 443448 
Corona shields (grading rings), 48, 71,444 
Corrosion, 176, 177, 244, 448 
Counterpoise, 49, 52-54, 139 

construction, 53-54 
potential, 52, 53 
reactance, 52 

Countern-eight, 75, 346, 360, 361 
Coupled sections, 421422 
Couplet factor, 268 
Coupling, between antenna and feeder, 

243 
between antennas, 229, 230 
(See also Cross talk) 

Coupling networks, (see Networks, 
coupling) 

Course bending, 6147 
Course squeezing, 61 
Coverage, daylight, 85 

intermittent, 91, 104 
night, 85 
prediction, 83 
sky-wave, 156 
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Critical potential gradients, 444446 
Cross talk, between antennas, 230 

between feeders, 396-398, 433 
Current distribution, 20-23, 27, 79, 95- 

99, 111 
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, 395403, 

520-522 
shunt-fed antenna, 106-108 
sinusoidal, 78, 80, 94, 239 
trapezoidal, 24 
(See also Waves) 

Current ratio in folded dipoles, 252-253 

Defrosting, 4 M 1 ,  71, 75 
Degree-amperes, 4, 5, 23-24, 26-27 
Delay, multipath, 209, 212, 216, 237 
Diamond antenna, 4041,  69 
Diffraction, wave, 15 
Dipole antenna (see Half-wave dipole 

antenna) 
Direction finding, 54, 67, 214 
Directional antennas, use of, for broad- 

casting allocatiorls, 552 
(See also particular types) 

Director-reflector antenna, 259-261 
Discharges, static, across insulators, 177 
Dissipation factor Q, 22, 509 
Dissipation lines, 448453 

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, 226 
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, 46M61  

Driving-point impedance, 128-129, 295- 
300 

Eddy currents, 51, 121 
Efficiency, feeder, 448 

radiation, 16-17, 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, 262 
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, 379403, 517-520 

coaxial (concentric), 47, 60, 63, 65, 125, 
141, 180, 334, 370, 392-395, 432, 
463467, 516-517 

impedance-matching techniques, 406- 
425 

transmission-line design, 367, 486 
(See also Setworks; 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, 236 

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 

Fishbone antenna, English, 340-341 
RCA, 197, 339-341, 361, 481 

Fisher, C. J., 299, 300 
Fitch, E., 226n. 
Flashovers, spurious, 447448 
Flat-top, 16, 28-30, 39, 4 1 4 2  
Folded-dipole antenna, 109, 250-256 

construction, 255-256 
current ratios, 252-253 

Folded unipole (monopole), 4245 ,  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, 77, 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, 176 

Gain, 8, 79-81, 331 
directivity, 153, 171, 199, 221, 258, 

260, 336 
diversity, 226 
maximum from a pair of equicurrent 

radiators, 153 
Goniometer, cross-coil, 6 2 4 5  
Graphical solutions, array patterns, 171 

impedance-matching networks, 490- 
512 

Ground, 10, 11 6, 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, 85, 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-star, 49, 51 
radial, 49-50, 71, 79, 115, 117-1 19, 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 

H 

Hallborg, H. E., 209, 213 
Half-wave dipole antenna, 5-6 

center-fed, 242 
characteristic impedance, 240 
end-fed, 250-251 
horizontal, 228, 232-250 
mutual impedance, 292, 293, 298 
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, 41 1, 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, 

3 15-339 
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. K., 39212. 
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, 11 1-115 

Impedance inversion, 368, 504 
Impedance matching, 125, 238, 242-243, 

245-246 

Impedance matching, networks (see Net- 
works, impedance-matching) 

techniques, 406425 
Impedance transformations, 42, 105, 

110, 115 
complex impedance to complex im- 

pedance, 498-502 
generalized solution, 509-510 
resistance to resistance, 491498, 502- 

504 
Inductivity, ground, 15, 116, 118, 120 
Inductor, antenna tuning, 21, 29, 42-46, 

66, 141 
loss, 29 

current-equalizing, 52 
tower-lighting, 11 5, 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 
loss, 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 Union 
(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; 68 
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 

J 

Jelonek, J., 226n. 

K 

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, 

66 
multiple-tuned, 16, 3 8 4 5  
radiation pattern, 16 
radiation resistance, 16, 23, 25, 39, 67 
reactance, 29, 4647 ,  67-70 
total resistance, 22, 24, 46, 52, 70, 118, 

120 

McLarty, 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, 35-36, 67, 79, 197 
Monitor, phase, 177 
Multipath control techniques, 196, 262 
Multipath interference, 211-212, 237 
hlultipath signals, 258, 262 
Multiple tuning, 16, 3 8 4 5  
Mutual Broadcasting System, 552 
Mutual impedance, 109, 115, 128-129, 

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, 190,356,358360,463465, 
470, 475 

Navigational aids, 19, 55, 60-67 
Neper, 11, 367n. 
Networks, balance to unbalance, 133, 

146, 147, 507-509 
coupling, 114, 125, 132, 408411 

for directive array, 131-139, 191 
graphical synthesis, 134-139, 490-512 
impedance-matching, 136, 408411, 

490-512 
L, 495, 505, 508 
T, 494, 497, 499-501 
T,  492493, 49-96, 498499, 501- 

502 
losses, 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 

?;odes (minimums or zeros), 99-101 
Xoise, 13, 221, 231 

ambient, 87, 91, 221, 222 
atmospheric, 94, 104,221,231,542, 551 
ignition, 231 
man-made, 93, 221, 231, 232, 551 
precipitation static, 231, 245 
world zones, 14, 18, 222, 542-547 
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Xormalizing, 160 
Xorth 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 

Omnidirectional antenna, 94 
Open-wire transmission lines, 370, 374- 

392, 395405, 411438 
Outrigger, 44-45 

Pairs of radiators, 153-175 
radiation patterns, 537-540 

Paralleling, of synchronous transmitters, 
131 

two transmitters of different frcquen- 
cies on common antenna (diplex- 
ing), 146 

Parasitic dipole, 260 
Parasitic reflectors, 264, 299-300 
Patterns (see Radiation patterns) 
Penetration of ionosphere layers, 21 1-213 
Permeability, of free space, 7 

of transmission-line wires, 371, 451 
Permittivity of free space, 1 
Peterson, H. O., 223, 340 
Phase diagram, 135, 137 
Phase 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, 476 
\\ood, 348-349, 356-357,359-363,459- 

462, 464466, 468471, 475, 477, 
478, 481485 

Potential, antenna, 29, 45-47, 51, 107, 
141, 239-242 

corona, 29, 241, 442448 
counterpoise, 52 
distribution, 46, 95-99, 141, 240 
equations, 514-526 
flashover, 29, 443 

Potential gradients, 29, 34, 4648 ,  143, 
238, 271, 442448, 516, 525-526 

effect of frequency, 446448 
maximum safe, 444448 
pluming, 29, 46, 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- 

ductors, 366-370 
ground-wave, 14-19, 214, 229 
high-frequency, 199-217 

references, 21 7-218 
horizon clearance, 226-229 
medium-frequency, 84, 86, 88-90 

data, 84, 89-90, 93 
multipath, 196, 211, 222, 225 
ray theory, 216 
scattering a t  reflection, 15, 201 
sky-wave, 18, 91-93 

(See also Ionosphere) 
stability, 199 

Propagation constant, 367 
Proximity, of antennas, 229-230 

effect of, 398 

Q 
Q, antenna, 37, 38, 240-242 

dissipation factor, 22, 509 
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Q, inductor, 22, 40, 43, 509 
(See also Standing-wave ratio) 

Quarter-wave vertical radiator, 20, 105, 
162 

with parasitic element, 299-300 

R 

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 

uncomplementary 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, 24&247, 

54 1 
horizontal, 148, 150, 267-279, 281-283, 

286-292, 537-540 
isotropic antenna, 8 
multielement array, 147-149, 261-292 
nulls in vertical patterns, 149-153 
for pairs of radiators, 148-149, 537-540 
power distribution, for dipole arrays, 

277-279 
RCA fishbone antenna, 340-341 
rhombic antenna, 317-318, 321, 323- 

328 
secondary-lobe suppression, 156-176, 

261-267, 276-292 
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 

attenuation, 262-263 
traveling waves on long wires, 304-308 
vertical, 16, 94, 100-102, 120, 148-150, 

261-267 
for vertical radiators with sinusoidal 

current distribution, 09, 101 
Radiation resistance, 2, 21-23, 77-78, 81 

definition of, 8 
half-wave dipole, 238, 240 

Radiation resistance, low-frequency an- 
tennas, 16, 23, 25, 39, 67 

Radio range, four-course, 14, 19, 60-67 
nonsimultaneous, 66 
simultaneous, 67 

Radio stat ions, Bolinas, Calif., 474 
CBK, 185 
CKLR, 187, 191 
CKUTS, 459 
Dixon, Calif., 475 
KOA, 185 
KTBS, 54, 187, 188, 466, 467 
Radio Sacional, Rio de Janeiro, 357, 

471473, 479 
Riverhead, N. Y., 361, 481 
Rocky Point, N. Y., 72, 524-525 
Sackville, New Brunswick, 347-352, 

481484 
WJZ, 178, 179, 180, 464 
WMAQ, 181 
U'SBC, 184, 190, 463, 465 
WTAM, 189 

Radiophare, 24, 26 
RAF Sho~twave 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, 4647 ,  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 
Fresnel equations, 118, 233 
from ground, 10, 15, 201, 216, 244 
in transmission lines, 368-373 

(See also Current distribution; 
Standing-wave ratio) 
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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 antennas, 216 

Rhombic antenna (see Horizontal rhombi(: 
antenna) 

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, 164-165 
Rotary-beam antenna, 261 
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, 276-292 
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, impedance matching, 117-121 
Shunt-fed antenna, horizontal dipole, 238, 

245 
impedance-matching, 238 

vertical, 104-105 
radiation patterns, 10fi-108 

Signal intelligibility, factors affecting, 
218-226 

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 
Skilling, 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 
Slewing, beam, 271-272, 274 
Soil, moisture content, 85 

texture, 85n. 
(See also Ground) 

Spark gap, 114, 177, 186 
Spreader, 30, 348, 349, 350 
Spurious flashovers, 447448 
Stability, array, 66, 176-182 
Standing-wave ratio, 243, 248, 36S369, 

439 
measurements, 453458, 460 

reflectometer, 455457 
sliding ammeter, 457458 

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. ,4., 3 
Structural design, high-frequency an- 

tennas, 242, 252, 255, 259, 316, 319, 
336, 342-363 

low-frequency antennas, 69-75 
medium-frequenry antennas, 182-191 
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Structural design, transmission lines, 382, 
385, 387, 390, 392, 396-397, 403, 
452, 459486 

Stub lines, 416417, 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; Poles; Towers) 

Switching of feeders, 432438, 478480 
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, 41 1, 493n. 
Taper, cage, 249-250 
Tapered transmission line, 126, 422425 
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-loss 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 also Masts; Poles) 

Transformation ratio, folded dipole, 253 
folded unipole, 110 
shunt feeder, 105 

Transformer, balance to unbalance, 133, 
146-147, 426432, 507-509 

impedance, 109, 369, 370, 411-415 
reflection, 56-57, 59 
tower-lighting, 73, 114, 143, 186, 187, 

189 
Transmission lines, artificial, 63, 65 

balanced, 370, 379-403, 51 7-520 

Transmission lines, balanced, four-wire 
side-connected, 398400, 476478, 
480 

two-wire, 395-398, 412425, 430- 
431, 455457, 468475, 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, 399403 
eccentric, 520 
enclosed, 370, 374-392, 395-405, 411- 

438 
general equations, 367-369 
infinite, 366, 515 
irregularities, 372 

compensation, 373, 395 
mechanical construction, 461486 
noncylindrical conductors, 522-524 
open-wire, 370,374-392,395-405,411- 

438 
power-transmission capacity, 442-448 
tapered, 126, 422425 
unbalanced, 370, 379-395, 520-522 

six-wire, 388-389, 459-462 
Traveling-wave antenna, 55-56, 304-331 

(See also Fishbone 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, 4 M 1  
Units, centimeter-gram-second (cgs), elec- 

tromagnetic, 117-1 18 
electrostatic, 118, 235 

meter-kilogram-second (mks), 7 
Universal antenna, 255-257 

V antenna, 311-31.5 
RCA Model D, 314 
RCA Model G, 315 

\'~ctors, rotating, 95-97, 4 W 9 1  
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\'elocity of propagation, 9, 95 
in antennas, 27, 57 
in coaxial cables, 368 
in dielectrics, 1 
in free space, 1 
in open-n-ire transmission lines, 294, 

366-367, 372, 514-525 
Vertical antenna, 20-23, 26-29, 4445 ,  

54, 69, 80, 82, 112-114, 117-1 18 
on building roof, 139-141 
current distribution, 19-23, 25-27, 78- 

80, 94-99, 106-107 
field strength, 86 
impedance, 38, 4 2 4 4 ,  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, 468469 

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, X., 249 
Wide-angle suppression, 156-174 
Wind Turbine Company, 485 
Wire, drop, 109-1 11 

ground, 122-123 
Wire stringing, 466468 

tension, 467 
Witty, W. M., 54, 187, 188, 466, 467 
Wolf, I., 175-175 
Woodward, 0. M., Jr., 112, 113 
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