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PREFACE TO FIRST EDITION

Directional antenna design is a specialized
field of communication engineering requiring
considerable mathematics and experience or
education to become proficient. Further-
more, the computations in many instances
become very involved and lengthy. There-
fore, much time may be saved in making a
design if suitable formulas.and a good col-
lection of patterns are available. The pur-
pose of this book is to aid thedesign engineer
by furnishing a number of useful formulas
and a lengthy collection of systematized direc-
tional antenna patterns. The design formulas
are supported by suitable developments since
most of us donot desire to accept anunknown
formula.

There is quite a wide variety of nomen-
clature used in directional antenna designs.
Reviewing designs on file with the Federal
Communications Commission reveals that
practically every consultant has his own pet
way of presenting the information and almost
invariably uses his own variety ofsymbols.
Recently, incollecting parameters for direc-
tional antennas from the FCC files, it was
revealing to observe how difficult it was to
determine some of the pertinent factors. In
this book considerable thought has been given
tonomenclature and in most cases the selec-
tionhas been made to fit in with FCC practice,
in so far as possible, and still maintain sim-
plicity and clarity. It is hoped that some
standardizations can eventually be made so
everyone can speak the same language with
similar symbols. The author would welcome
any constructive criticisms to the nomen-
clature presented in this book, as well as
pointing out errors which are bound to occur
in a book of this nature. The book has been
made loose-leafed for ease in making addi-
tions and changes.
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Dueto the lack of systematized directional
antenna patterns anelectro-mechanical calcu-
lator was constructed prior to World War II.
In the fall of 1941, themachine was completed
and the work was started to systematize two
and three tower directional antenna patterns.
The work was faithfully carried on during the
waryears by the operators at the WHK trans-
mitter in Cleveland, Ohio, with the result that
we now have all of the patterns that were
contemplated when the systematization was
started.

The electro-mechanical calculator used to
systematize the patterns has proven to be a
very useful instrument and with the scientific
advances during the war it is hoped that a
more precise machine can be constructed at
an early date. In any event, it is believed,
that if the patterns in this bookareusedmere-
ly as a guide fo show trends, and not neces-
sarily to show precise patterns, that the sys-
tematization will have served its purpose.

In the preparation of a book of this nature
it is not possible to give credit to everyone
involved, however, the author would like to
mention some of the highlights. Mr. William
G. Hutton worked with the author from the
beginning of this project, In fact, at one time,
the systematization project was started on his
mechanical calculatorandafter drawing a cou-
ple of patterns it was decided that it would be
quicker and easier to design a special ma-
chine to do the job.

The author wishes to give particular credit
to the United Braodcasting Company and Radio
Station WHK for being sympathetic to the proj-
ect and furnishing the spare time help of their
technicians to operate and maintain the electro-
mechanical calculator. It is indeed a pleasure
to mention the following men who did the bulk
of the systematization work:




James Sturdevant, over 7, 000 patterns.
Charles Carment, over 800 patterns.
P. C. Tuttle, over 800 patterns.

In preparing the text material the author
wishes to give credit to the following: Edgar
F. Vandivere, Engineering Department of FCC
who furnished some of the basic notes for the
mutual resistance method of determining pat-
tern size; J. F. Morrison, Bell Telephone

Cleveland, Ohio
June, 1946

Laboratories, for the mutual impedance data
plotted in Figs. 30and 31; William G. Hutton,
for the mutual impedance data plotted in Fig.
32; Dr. Edward C. Jordan, University of
Illinois, for the mutual impedance data plot-
ted in Figs. 33 to 37; Calvin S. Warner,
United Broadcasting Company, for his excel-
lent drafting of the figures; and Mr. James
Harvey, Cleveland Institute of Radio Elec-
tronics, forhis patience in composing Part 1.

Carl E. Smith

PREFACE TO SECOND EDITION

The second edition title has been changed
from "Directional Antennas'" to '"Direction-
al Antenna Patterns'' since all of the direc-
tional antenna patterns have been retained
and most of the "Theory and Design of Di-
rectional Antenna Systems'" has been pub-
lished in a companion book that is more
complete and up to date than the original
edition.

The first part ontheory and application has
been thoroughly revised to cover information
not contained in the companion book, "Theory
and Design of Directional Antenna Systems. "
The primary purpose of this section is to give

Cleveland, Ohio
January, 1958
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the information necessary to make the patterns
more useful. The secondand third parts con-
taining the systematization of two and three
tower patterns has not been altered.

Since Parts II and III represent over four
man years of work, it was not practical to
rerun the patterns to improve the accuracy.
As stated in the first edition preface, these
patterns are to be "used merely as a guide
to show trends, and not necessarily to show
precise patterns." The word field intensity
should read field strength to conform with
the IRE definition.

Carl E. Smith




THEORY AND APPLICATION

1. FUNDAMENTAL PROPERTIES

a. Introduction. — The purpose of a radio
broadcasting station is to transform sound
waves into radio waves that can be picked up
by radio receiving sets. The utility of this
service to the public depends upon: (1) Sig-
nal Strength, (2) Program Content, and (3)
System Distortior. Of these factors, the
radio broadcasting station engineer is con-
cerned with producing an intense signal that
will override noise and undesired signals in
the receivingsets being served and with min-
imizing distortion in the audio and radio facil-
ities of the station.

The antenna is the last point in the system
under the control of the radio broadcasting
station. Radio waves radiated from the trans-
mitting antenna are propagated throughspace
to the receiving antenna. The only control
over these propagated waves is the selection
of the antenna site, the polarization, and the
intensity of the signals leaving the transmit-
ting antennas. The selection of the antenna
site is determined by many considerations,
such as; ground constants, terrain, distance
and direction to the populated areas to be
served, distance and direction to the areas
to be protected, and last but not least is the
availability of a suitable land area to install
the necessary towers and ground system.

For standard broadcast stations, vertical
polarization is used because of its superior
ground wave propagation characteristics and
the simplicity of antenna design. The inten-
sity of the signal from the transmittinganten-
na, in any given direction, depends upon the
output power of the transmitter and the an-
tenna design. Since the output power is reg-
ulated by the Federal Communications Com-
mission for the class of station involved, the
only factors remaining under the engineer's

control are the antenna siting and design.
These factors go hand in hand when design-
ing directional antennas for broadcasting
purposes.

b. Purpose. — Directional broadcasting
antennas are required for one or more of
the following reasons:

(1) Protect the service area of other
broadcasting stations by causing the waves
to cancel in these directions.

(2) Increase the service area of a
broadcasting station, particularly in the
direction of densely populated areas, by
causing the waves to be reinforced in
these directions.

(3) Eliminate multiple ownership
problems by coatrolling one or more of
the directional antenna patterns of radio
stations owned by the same company.

(4) Control service area to mini-
mize population lost due to interference
within the normally protected contour.

c. Control of Fattern Shape. — The usual
problem in broadcast practice is to mould
the radiation pattern into the desired shape
to cover the service areas and give the re-
quired protection to other radio stations. As
a matter of economics, it is desirable to do
the job with the minimum number of anten-
nas. With severe requirements, the number
of antennas must be increased until the radi-
ation pattern can be made to conform to the
required shape. As a general rule, two sta-
tions can be given the required protection
with two towers; three stations can be com-
pletely protected with three towers in line
or if the protection is not severe, it is
possible many times to do the job with two
towers. With four towers it is always pos-
sible to completely control the nulls toward
fourstations; however, if the job can be done




with three towers there is a saving of the
cost of one tower.

In controlling the pattern shape, consid-
eration has to first be given to fulfilling the
conditions of the required protection to other
radio stations in accordance with the Rules
and Regulations of the Federal Communica-
tions Commission. The FCC Rules are an
excellent practical guide for allocation work.
The Standards of Good Engineering Practice
incorporated in the Rules and Regulations was
compiled by FCC from extensive data col-
lected by its Engineering Department over a
long period of time. This material is under
almost constant revisionas theart progresses.

The next consideration is to locate the di-
rectional antenna system so that the horizon-
tal lobes willbe directed toward the population
areas to be served without having too many
people within the blanket area, that is, the
area near the transmitter where the signal is
so strong that other radio stations cannot be
received without objectionable interference
and still be able to serve the business dis-
trict with at least 25 millivolts per meter
field strength.

d. Determination of Pattern Size. — Pat-
tern size is determined by the class of sta-
tion and efficiency of the antenna system.
The power for the class of station is regu-
lated by the Federal Communications Com-
mission as outlined in Part 3 of the Rules and
Regulations. In general, the power ranges
from 50 kilowatts for clear channel stations
to 5 kilowatts for regionals down to 250 watts
for local stations. The predominance of di-
rectional antenna designs are for regional
stations which have to protect radio stations
in other regions of the country. A few are
used on clear, but none on local channels.

The efficiency of the antenna system de-
pends upon the antenna design. It is always
desirable to maintain a high efficiency in
order that a high percentage of the output
power of the transmitter may be radiated.
To do this it is sometimes necessary to use
a more complicated directional antenna sys-
tem to give the required degree of protection
to other radio stations. In other words, a
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low efficiency simple antenna system might
give the required protection, but would not
meet the FCC minimum requirement of 175
millivolts per meter root~-mean-square un-
attenuated field strength for one kilowatt at
one mile in the horizontal plane.

2. GENERAL TREATMENT

a. Standard Reference Antennas. -—
(1) Uniform Spherical Radiator...
The Uniform, Omnidirectional, or Iso-
tropic radiator, in free space, is taken
as THE Standard Reference Antenna be-
cause it has no directivity. Such an an-
tenna is illustrated in Fig. 1. It is de-
fined as a theoretical antenna which ra-
diates waves having the same field strength
in all directions. Actually such a radi-
ator of radio waves cannot be realized,
because all radio antennas have direc-
tional properties. In the case of the
acoustic waves, this standard is repre-
sented by a sphere pulsating radially.

LOCATION OF THEORE TICAL
UNIFORM RADIATOR

9:1

FIELD INTENSITY AT t MILE
FORIKW Ey :107.6 MV/M

(AR (2)
CROSS-SECTION VIEW OF SPHERICAL PATTERN  SPWERICAL RAOIATION PATTERN SURFACE
WHICH HAS AFIELO INTENSITY GAIN OF 1, OF A UNIFORM OR ISOTROPIC RAOIATOR
A POWER GAIN OF ¢ (g ¢t} AND
A OEC BEL GAIN OF G ({G:0)

PATTERN OF A UNIFORM RADIATOR WHICH 1S THE THEORETICAL
STANDARD REFERENCE ANTENNA

Fig. 1
For a 1 kw power source, a uniform ra-
diator will produce a field strength of —
Eg =107.6 0]

where Eg = millivolts per meter unattenuated
field strengthat one mile for one
kilowatt.




This standard has come into rather com-
mon use, With this information, the figure of
merit of other antennas can be compared with
this basic standard. Other secondary stand-
ards for free space may be selected and used
as convenience demands.

(2) Uniform Hemispherical Radiator. ..
If a uniform radiator is placed at the surface
of a perfectly conducting earth, all of the
power mustbe radiated inthehemisphereabove
the surface of the earth as shown in Fig. 2.
For a given power source, the power flow will
have twice the intensity of a uniform radiator
in free space; hence, the power gain is said
to be 2. For this case, the field strength gain
is V2, therefore, the field strength is 107.6V2
or,

()

where Eg = millivolts per meter unattenuated
field strength at one mile for one
kilowatt.

Eg = 152.1

LOCATION OF THEORE TICAL
UNIFORM RAOIATOR

FIELO INTENSITY AT | MILE
FOR | KW Eq¢ 152.1 MY/M

PERFECTLY CONDUCTING EARTH
[{}]

CROSS-SECTION VIEW OF A HEMISPHERICAL
PATTERN WHICH HAS A FIELO INTENSITY
GAIN OF 1.4, A POWER GAIN OF g o2
AND A DECIBEL GAIN OF G = 3,01

(£4]
HEMISPHERICAL RADIATION PATTERN
SURFACE OF A UNIFORM RADIATOR

PATTERN OF A UNIFORM RADIATOR AT THE SURFACE
OF A PERFECT REFLECTING EARTH

Fig. 2

At the present state of the art this antenna
has only academic interest; however, it is a
standard for antennas at the surface of the
earth, such as radio broadcasting antennas.
It is particularly useful in the computation of
antenna gains. This type of antenna can be
considered as a standard for determining the
directivity of antennas located on the surface
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of the earth.
(3) Current Element Antenna in Free
Space. .. An electric current element in free
space, sometimes referred to as an elemen-
tary doublet or dipole, consists of a very
short conductor (mathematically of infinites-
imal length) having a uniform current dis-
tribution. This infinitesimal antenna is uni-
versally used in developing the radiation prop-
erty of an antenna of any configuration. This
current element antenna is a mathematical
convenience only, because such an antenna
in practice for a specified field strength
would require excessive transmitter power
because of the high losses due to the radia-
tion resistance being low in comparison to
the loss resistance encountered in practice.
The field strength at any distant point in
space as shown in Fig. 3(a) is given by:
60m
ET o
_ sorf
T dc

I (0G) cos © (3)

or
I (0G) cos ©
where E = field strength in volts per meter
at point P
m = 3.1416

d = distance in meters from current
element to the point P

A = wave length of radiated wave in
meters

f = frequency of current incycles per

second

¢ =3 X 10® meters per second, the
velocity of light

I.= effective current inamperes flow-

ing in the conductor

0G = elementary length (or height) of
conductor measured in meters

© = elevation angle of point P meas-
ured from a plane perpendicular
to the conductor,

When this elementaryantenna radiates one
kilowatt of power the field strength at one
mile is —




E = Ey cos © (4) where E = millivolts per meter unattenuated
field strength at one mile for one
=131.8 cos © kilowatt

Eo® 131.8 MV/M
AT I MILE FOR IKW

RTICAL
1, CURRENT DISTRIBUTION Ve

CURRENT ELEMENT

Y
o°*\ %
{a) ELECTRIC CURRENT ELEMENT OF LENGTH &'h
AND CARRYING CURRENT I

(b) SIDE CROSS-SECTION VIEW OF THE TOROIDAL
RADIATION PATTERN SHOWING THE
VERTICAL DIRECTIVITY.

TOP OF VERTICAL
CURRENT ELEMENT

| €= 131.8 MV/M
S AT | MILE FOR I KW

(¢) HORIZONTAL CROSS - SECTION VIEW OF TOROIDAL
RADIATION PATTERN SHOWING ZERO {4) SURFACE PATTERN SHOWING TOROIDAL
HORIZONTAL DIRECTIVITY OR DOUGHNUT SHAPE

THE RADIATION PATTERN OF A VERTICAL ELECTRIC CURRENT ELEMENT
IN FREE SPACE

Fig. 3
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Ey = millivolts per meter field strength
measured on a plane perpendicu-
lar tothe conductor andinthis case
at the distance of one mile for one
kilowatt of radiated power

© = elevation angle as shown in Fig.

3(a).
E£=186.3 cos®
VERTICAL
CURRENT
ELEMENT
¥ o g:3
‘G
[ I, CURRENT DISTRIBUTION
(o) VERTICAL RADIATION PATTERN
N
TOP OF VERTICAL
9:3 CURRENT ELEMENT
W — —E
Eo7 186.3 MV/M
AT | MILE FOR | KW
S

tc) HORIZONTAL CROSS-SECTION VIEW OF TOROIDAL
HEMISPHERICAL RADIATION PATTERN
SHOWING ZERO HORIZONTAL DIRECTIVITY

The value of 131.8 is the maximum field
strength and is a constant in the horizontal
plane. See Fig. 3(c). This current element
antenna is sometimes used as a secondary
standard reference antenna.

(4) Vertical Current Element Antenna
Over a Perfectly Conducting Earth...If a

N uP

Eg= 1863 Mv/M
AT ) MILE FOR I KW

7

o conout“'“’

PERFECTLY orw

&
VERTICAL /
CURRENT ELEMENT \

00‘“ °

(b} SIDE CROSS-SECTION VIEW OF THE TOROIDAL
HEMISPHERICAL PATTERN SHOWING THE
VERTICAL DIRECTIVITY.

(d) SURFACE PATTERN SHOWING TOROIDAL
HEMISPHERICAL SHAPE

THE RADIATION PATTERN OF A VERTICAL ELECTRIC CURRENT ELEMENT
OVER A PERFECTLY CONDUCTING EARTH

Fig. 4
1.5




vertical current element antenna is located When this vertical current element radia-
at the surface of a perfect earth, the radia- tes 1 kw of power the field strength at one

tion will be hemispherical as shown in Fig. 4. mile is E = 186. 3 cos © (5)

£ - 137.8 cos(90 sin@) A
cos©
— g:1.64 Eo: 137.8 MV/M
/‘/ AT | MILE FOR I KW
M .

1, CURRENT DISTRIBUTION

VERTICAL
CURRENT ELEMENT

(o) VERTICAL RADIATION PATTERN

(b) SIDE CROSS-SECTION VIEW OF THE RADIATION
PATTERN SHOWING THE VERTICAL DIRECTIVITY

TOP OF VERTICAL
CURRENT ELEMENT

l . Eo=137.8 MV/M
AT I MILE FOR 1 KW

{c) HORIZONTAL CROSS-SECTION VIEW OF
RADIATION PATTERN
SHOWING ZERO HORIZONTAL DIRECTIVITY (d) SURFACE PATTERN SHOWING DOUGHNUT SHAPE

THE RADIATION PATTERN OF AVERTICAL HALF WAVE RADIATOR
IN FREE SPACE

Fig. 5
1.6




no practical value it is useful in summing up
the radiation effects of antennas havingprac-
tical dimensions.

(5) Half Wave Antenna in Free Space
...A half wave antenna in free space will
have essentially a sinusoidal current distri-
bution as shown in Fig. 5(a). If the radiation

where E and © are defined in Eq. (4) and
Fig. 4(a).

This vertical current element antenna is

sometimes used as a secondary reference

antenna. It gives the vertical pattern of a

zero height antenna. See Eq. (10). While
one of these infinitesimal antenna itself is of

194.9 c0s (90 sinO) o

cos © L3
Ey=194.9 MV/M
=1 AT IMILE FORIKW

GONDUGT NG

E=

g9=2.38

ix, CURRENT DISTRIBUTION

(o) VERTICAL RADIATION PATTERN W
VERTICAL
CURRENT ELEMENT

00"“\ 0

(b) SIDE CROSS -SECTION VIEW OF THE RADIATION
PATTERN SHOWING THE VERTICAL DIRECTIVITY

N
TOP OF VERTICAL
CURRENT ELEMENT
E— —w
Eo: 194.9 MV/M
AT I MILE FOR | KW
s

(¢) HORIZONTAL CROSS-SECTION VIEW OF
RADIATION PATTERN

SHOWING ZERO HORIZONTAL DIRECTIVITY (d) SURFACE PATTERN SHOWING DOUGHNUT SHAPE

THE RADIATION PATTERN OF A VERTICAL QUARTER WAVE RADIATOR
OVER A PERFECTLY CONDUCTING EARTH

Fig. 6
1.7




effects of the current elements as given in
Eq. (3) are summed up for the whole antenna
the field strength pattern is given by

_ 137.6 cos (90 sin ©)

E cos ©

(6)
where E and © are defined in Eq. (3) and
Fig. 5(a).

This type of antenna is often used as a
secondary standard reference antenna because
it is a practical type of antenna that is easy to
setup experimentally. Forexample, the Fed-
eral Communications Commission uses this
standard for FM and TV Broadcast Stations.

(6) Quarter-Wave Vertical Antenna O~
ver a Perfectly Conducting Earth. .. This type
of antenna is very common and is often used
as a secondary standard reference antenna.
With a sinusoidal current distribution as shown
in Fig. 6(a) the radiation pattern is given by

_ 194.9 cos (90 sin ©)
cos ©

E (7)
where E and © are defined in Eq. (3) and
Fig. 6(a).

Many directional antenna arrays are de-
signed with quarter-wave elements because
of the ease of making computations in design
and adjustments during the proof of perform-
ance.

(7) 0.311X Vertical Antenna Over a
Perfectly Conducting Earth...The Federal
Communications Commission at the present
time uses this height antenna G = 111.96°) as
their standard reference antenna. It at one
timé represented theaverage height of broad-
cast antennas in the United States. With sin-
usoidal current distribution the radiation pat-
tern is given by

cos (G sin ©) —cos G
(1 —cos G) cos ©

cos (111,96 sin ©) + 0. 3740
cos O

E = 200 (8)

= 319.5

where E and © are defined in Eq. (3) and G
= 111.96° the height of the antenna in
electrical degrees.

(8) Half-Wave Vertical Antenna Over

1.8

a Perfectly Conducting Earth. .. For compari-
son purposes it is of interest to present the
radiation pattern of a half~waveantenna. With
sinusoidal current distribution the radiation
pattern is given by

cos (G sin ©) —cos G

5 S 2 (1 —cos G) cos ©

9)

cos (180 sin ©) + 1

= 118.
118,25 cos ©

where E and © are defined in Eq. (3) and G
= 180° the height of the antenna in
electrical degrees.

(9) Comparison of the Vertical Radi-
ation Patterns of Primary and Secondary
Standard Reference Antennas. .. Figure 7 gives
a comparison of the radiation patterns of pri-
mary and secondary standard reference an-
tennas. The vertical patterns are expressed
in millivolts per meter at one mile for one
kilowatt of input power. The field strength
in millivolts per meter at onemile as a func-
tion of antenna height is given in Fig. 8.

b. Vertical Radiation Characteristics. —
Already we have considered a number of
vertical radiation patterns in Fig. 7. If these
patterns are made equal to unity in the hori-
zontal plane they are then known as vertical
radiation characteristics. If this is done the
curves of Fig. 9 result.

For a vertical antenna having a sinusoidal
current distribution with a current node at
the top, the vertical radiation characteristic
takes on the form

cos (G sin 6) —cos G

1e) = (1 —cos G) cos ©

(10)

where f(©) = vertical radiation characteristic

G = electrical height of the antenna
in electrical degrees
© = elevation angle of the observa-

tion point measured up from the
horizon in degrees.

The curves in Fig. 10 represent the solu-
tion of this equation over the most useful
range of antenna heights. The vertical radia-
tion characteristic is plotted as a function of




HEMISPHERICA

UNIFORM T
L} !
RADIATOR

UNIFORM
SPHERICAL
RADIATOR

THE STANDARD
REFERENCE
ANTENNA

o

10°
AT
=346\
|
=t - : 1 :_!]: O°
152.1 |es.3’ sqs\zoo 236.5 250

HORIZONTAL INTENSITY IN MILLIVOLTS PER METER AT | MILE

COMPARISON OF VERTICAL RADIATION PATTERN OF STANDARD
REFERENCE ANTENNAS WITH A RADIATED POWER OF | KILOWATT

Fig. 7

elevation angle for various values of tower
height. A representative set of tower heights
have been selected for Fig. 10. Figure 11
represents this same information in a differ-
ent form; that is, the vertical radiation char-
acteristic is plotted as a function of electrical
tower height for various values of elevation
angle. In order to prevent reversals of the
lines as plotted in Fig. 11, thecurvesareex-

tended to negative values in Fig. 10. This
merely means that the high angle lobe is of
opposite phase to the low angle radiation.

The vertical radiation characteristic will
be used in the generalized equation for de-
termining the shape of the directional anten-
na pattern. See Eq. (15). In the horizontal
plane this function reduces to unity and sim-
plifies the design equation.

1.9




SUMMARY OF STANDARD

TABLE 1

REFERENCE ANTENNAS

MV/N MY/ MV/M MV/M
TYPE OF VERTICAL Foriwart| rom i xw | POWER db TYPE OF VERTICAL rom watt | Fom 1 kw | POWER db
PATTERN AT ) MILE | AT 1 MILE GAIN GAIN ANTENNA PATTERN AT | MILE | AT 1 MILE GAIN GAIN
ANTENNA SHAPE £, £, 5 6 SHAPE £ £o 9 G
UNIFORM UNIFORM
SPHERICAL 3,402 107.6 1 o HEMISPHERICAL 4,811 152, 2 3,010
RADIATOR RADIATOR
VERTICAL
RRENT
e — a067 131.8 L5 1.761 CURRENT 5.893 186,3 3 4771
ELEMENT
ELEMENT
QUARTER WAVE
HALF WAVE
4,358 137.8 1.641 2,151 VERTICAL 6.163 194,9 3,282 | s.i6l
ANTENNA
ANTENNA
0.311 2
0.622 )
s.a72 1414 1.728 | 2.375 VERTICAL ‘ 6.324 200 3.456 | 5.386
ANTENNA
ANTENNA
TWO END ON HALF WAVE
HALF WAVE do 5283 | 1670 2.9 | 3822 VERTICAL 747 | 2362 | 4822 | e.832
IN PHASE ANTENNA ANTENNA

C.

Directivity Definitions. —

(1) On the Basis of Equal Powers...

Directivity or directive gain of a given anten-

na canbe defined as the ratio of the maximum

power flow intensity to the power flow inten-
sity of auniform radiator when the total pow-
er output of both sources are equal. In Equa-

tion form,

|

Pg

(equal powers)

(11)

where g = directivity or power gain

Py, = maximum power flow intensity

1.10

from the directional antenna ra-
diating 1 kw of power

Pg = uniform power flow intensity from

the standard reference antenna
radiating 1 kw of power.
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FOR SEVERAL STANDARD
Fig.

Or, in terms of field strengths, power gain
can be determined by the following equation,
2]
g = | — | (equal powers) (12)
Eg

where g = directivity or power gain
Em = maximum field strength in
mv/m from thedirectional an-
tenna at 1 mile for 1 kw of ra-
diated power )

1.12

REFERENCE ANTENNAS

Eg = field strength (107.6 mv/m)
from a uniform spherical an-
tenna at 1 mile for 1 kw of ra-
diated power.

(2) On Basis of Equal Field Strengths
... The directivity can also be defined by ta-
king the ratios of the power radiated when the
maximum field intensity of the directional
antenna is made equal to the field strength
from a uniform spherical antenna.
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VERTICAL RADIATION CHARACTERISTIC
AS A FUNCTION OF ELEVATION ANGLE
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form spherical antenna to produce
a given field strength of Eg (107.6

mv/m) at 1 mile

In equation form,

(13)

Pg

(equal field strengths)

g=Pr

al antenna to produce the same
given maximum field strength Ep,

power radiated from the direction-

Py =

directivity or power gain

g
Ps

power radiated (1 kw) from a uni-

1.14




(107. 6 mv/m) at 1 mile.

To illustrate, let the field strength of a uni-
form hemispherical antenna be adjusted to
produce 107.6 mv/m unattenuated field
strength at 1 mile. The power radiated will
be 500 watts; hence,

the power gain of a uniform hemispherical
antenna. In other words, twice the amount
of power has to be supplied to the uniform
spherical radiator to produce the same max-
imum field strength at one mile. In the uni-
form spherical radiator, the additional 500
watts isused in the other hemisphere to make
the radiation pattern spherical.

(3) On Basis of Decibels. .. The direc-
tivity can also be computed in terms of deci-
bels by the equation,

G=101logg (14)

where G = decibels directive gain
g = directivity or power gain.

d. Generalized Equation to Determine
Pattern Shape. — The generalized equation for
a directional antenna array as given here is
based upon the following assumptions:

(1) That the antennas areover a perfectly
conducting plane earth surface
That the distance from the space ref-
erence point to the observation point
is great in comparison to the physical
dimensions of the directional antenna
array.

The generalized equation for n antennas in
the directional antenna array is —

E = Efy(0) /B1+ Esfy(0) /B, +
Egf(0) /By + *+ + Enfn(6)/Bn

By using the summation sign this equation
can be written

(2

(15a)

k=n

Z  Efk(©) {Bk
k=1

where E = the total effective field strength

E= (15b)

vector at unit distance for the an-
tenna array with respect to the
voltage reference axis

k = the kth antenna in the system

n = the total number of antennas in the
directional-antenna array

Ei = the horizontal magnitude of the
field strength at unit distance pro-
duced by the kth antenna

fi.(©) = vertical radiation characteristic of
the kP antenna-see Eq. (10) for a
vertical thin conductor

O = elevation angle of the observation
point measured up from the hori-
zon

Bk = Sk cos (@) — D) cos © + Vi

= phase relation of the voltage (or
current) in the kth antenna with
respect to the voltage reference
axis

(16)

S) cos (P — P) cos © = space phasing
portion of the 8) due tolocation of
the k2 antenna

Sk = electrical length of spacing of the
kth antenna from the space refer-
ence point

@y = true horizontalazimuth, orienta~
tion of the kth antenna, with re-
spect to the space reference axis

@ = true horizontal azimuth angle of
the direction to the observation
point P (measured clockwise from
true north)

¥ = time phasing portion of 8| due to
electrical phaseangle of the volt~
age (or current) in the kth anten-
na with respect to the voltage ref-
erence axis.

The generalized equation for n antennasas
given in Eqs. (15a) and (15b) treats only the
kth antenna. All of the antennas in the direc-
tional antenna array can be handled in a sim-
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ilar fashion and the vectors finally added to-
gether as indicated by the summationsign. It
will be noted in this equation that the field
strength vector for the kth antenna has a mag-
nitude of Ey in all directions in the horizontal
plane. This magnitude is modified by the
vertical radiation characteristic fi(©) which
corrects the magnitude of the field strength
vector Ey to give the correct value of the el-
evation angle being considered. For simple
vertical antennas Eq. (10), Figs. 10 and 11
can be used to determine the value of fx(0).
The vector field strength from the kth an-
tenna in any direction is illustrated in Fig. 12.

VOLTAGE
REFERENCE
POINT

VOLTAGE REFERENCE AXIS

VECTOR REPRESENTATION OF THE MAGNITUDE E, f,{8)
AND PHASE ANGLE g,
OF THE FIELD INTENSITY FROM THE ™ ANTENNA

Fig. 12

It has a magnitude of Ejfi(6) and makes an
angle of B with respect to the voltage ref-
erence axis. The summation of these vectors
for the n antennas in the directional antenna
array, as indicated in Eq. (15), is illustrated
in Fig. 13. The vector angles, as will be
noted in the figure, are all measured from
the voltage reference axis.

The angle By, of the field strength vector,
as defined in Eq. (16), is a function of space
phasing and time phasing. The space phasing
parameters for the kth antenna are illustrated
in Fig. 14.

This figure illustrates that any antenna in
the directional antenna array can be located
with respect to the space reference axis by
the true orientation angle Qk, and with re-
spect to the space reference point by the
distance Sk.

.

1.
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VOLTAGE
REFERENCE
POINT

VOLTAGE REFERENCE AXIS

SUMMATION OF FIELD INTENSITY VECTORS FOR n ANTENNAS
IN THE DIRECTIONAL ANTENNA ARRAY

Fig. 13

In the space phasing portion of Eq. (16),
the term cos © reduces to unity in the hori-
zontal plane. In this plane the space phas-
ing is simply the difference in distance from
the observation point to the kth antenna and
the space reference pointas snown in Fig. 15.

Since the observation point is assumed to
be at a great distance, a perpendicular drop-
ped from the ktR antenna to the straight line
connecting the observation and reference
points creates a right triangle, the side of

TRUE NORTH
.
[+

kP ANTENNA

SPACE REFERENCE AXIS

SPACE REFERENCE POINT

PLAN VIEW OF THE TRUE ORIENTATION
AND SPACING OF THE %'" ANTENNA

Fig. 14



TRUE NORTH

SPACE
REFERENCE

ANTENNA
POINT (3

PLAN VIEW OF k™ ANTENNA SHOWING SPACE PHASING
IN THE HORIZONTAL PLANE

Fig. 15

which is S cos (Q)k — @). This space phasing
quantity is the requireddifference distance for
any direction in the horizontal plane.

When the observation point is at some ele-
vation angle © the kth antenna will appear to
be closer to the space reference point by the
multiplying factor cos ©. Referring to Egq.
(16) and Fig. 16, a right triangle canbe formed
by dropping a perpendicular to the line con-
necting the space reference point and the ob-
servation point.

SPACE
REFERENCE
POINT A \

\ HORIZONTAL
AZIMUTH

OF OBSERVATION
POINT

F——— S, COS (§-)——————»1

ELEVATION ANGLE 6 SHORTENS THE SPACING
Su TO THE VALUE $,C0S @

Fig. 16
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The k' antenna then appears to have a
space phasing of Sy cos (P — @) cos 6 from
the space reference point. This is the com~-
plete expression for the space phasing of any
antenna in the system and for any observation
point in the hemisphere.

The direction of the observation point P
in terms of the true orientation @ and eleva-
tion angle © is illustrated in Fig. 17. The
magnitude of the total effective field strength
E, as given in Eq. {15), is represented along
the direction of the line from the space ref-
erence point toward the observation point P.
This is for convenience in drawing polar
charts.

OBSERVATION
POINT

oP

REFERENCE POINT s

VECTOR REFRESENTATION OF THE TOTAL
FIELD INTENSITY IN SPACF

Fig. 17

Referring agair to Eq. (16), it is seen
that the phase angle of the voltage vector is
a function of space phasing and time phasing.
The space phasing, as discussed above,
varies with the position of the observer,
while the time phasing is a constant that is
set by the phase argle of the voltage (or cur-
rent) in the kth antenna.

It is of interest to note that a pattern can
be calculated for a given elevation angle
which is equivalent to a horizontal pattern
that has field strength vector magnitudes of
the respective antennas equal to Eyf (6) and
spacings reduced to Sy cos ©. This scheme
of drawing patterns at the various elevation
angles is a useful method for determining the




TABLE 2

DIRECTIONAL ANTENNA PARAMETERS

Antenna True Horizontal Vertical Radiation
No. Orientation | Spacing | Phasing | Field Strength Characteristic
o* §° e Emv/m H{E)
1
2
k
n

vertical pattern of an equivalent non-direc~
tional antenna. All that is required to make
this computation is to determine the root-
mean-square value of the pattern for each
elevation angle.

e. Directional Antenna Parameters. —In
general this system specifies all of the para-
meters required to determine the shape and
size of the directional antenna pattern. To
be specific the system specifies:

(1) The number of antennas in the direc-

tional antenna array,

(2) The true orientation of each antenna
from the space reference axis,

(3) The spacing of each antenna from the
space reference point,

(4) The time phasing of the voltage (or
current) in each antenna with respect
to the voltage reference axis,

(5) The horizontal field strength of each
antenna,

(6) The electrical height of each antenna,
if a uniform cross-section tower, or
the vertical radiation characteristic if
it cannot be determined from Eq. (10).

The general scheme for specifying the
parameters of a directional antenna system
can be tabulated as shown in Table 2.

where k = kth antenna in the array
n = total number of antennas in the
array
@* = true orientation in degrees
S* = spacing in degrees
¥* = phasing in degrees
Emvy/n = horizontal field strength in mil~
livolts per meter
f(©) = vertical radiation characteristic

f. Systematization of Directional Antenna.

(1) General...A pattern numbering sys-
tem has been devised which furnishes the
antenna parameters in an orderly fashion.
The first digit specifies the number of an-
tennas in the directional antenna array. Suc-
ceeding sequences of three digits specify
the orientation, spacing and phase of each
antenna in the array. To simplify this num-
bering system, the orientation, spacing, and
phase of each antenna is shifted in steps of
45 degrees. Rather than specify these steps
directly in degrees, the number of degrees
is divided by 45 to produce small whole num-
bers that can be used more conveniently in
the pattern numbering system. The orienta~-
tion, spacing, and phasing sequences are
followed by two digit figures to specify, in
percent, of the maximum lobe field strength,
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the horizontal field strength from eachanten-
na and finally the last two digits specify in
percent the r-m-s field strength in the hori-
zontal plane for the directionalantenna array.

The basic idea of the pattern numbering
system is illustrated in Fig. 18. Referring
to this figure the first digit specifies the
number of antennas and will require only 1
digit for 9 or less antennas. Each antemma in
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PATTERN NUMBERING SYSTEM

Fig. 18

the array will require 3 digits to specify its
orientation, spacing and phase plus 2 digits
to specify its field strength in percent. Fin-
ally, the r-m-s field strength will require 2
digits.

On this basis the pattern number will re-
quire,

Total number of
digits in the pat-
ternnumber =1+ 3n+2n+2=5n+3 (17)

where n = number of antennas in the array.
However, if No. 1 antenna is placed at the

space reference peoint and the phase is held
at zero, the first set of three digits will al-
ways be zero. Therefore, the pattern number
can be reduced by three digits if No. 1 an-
tenna is used as the reference antenna. The
first set of 3 digits will then specify the orien-
tation, spacing and phase of No. 2 antenna
with respect to No. 1 antenna. Using this
modification the number of digits required
will be,

Total number of
digits in modified
pattern number =1+ 3(n —1) + 2n
+2=5n (18)

where n is defined in Eq. (17). On this basis
a two tower systematization will require 10
digits, a three tower systematization will re-
quire 15 digits and a four tower systematiza-
tion will require 20 digits. Figure 19 illus-
trates respectively a two, three and four
tower directional antenna array using this
pattern numbering system.

(2) Systematization of Two Tower Pat-
terns. .. For two towers the pattern number-
ing system consists of a 10 digit number as
shown in Fig. 19(a) and Fig. 20.

Number 1 antenna is placed at the space
reference point so its orientation, spacing
and phase are zero. The orientation of No.
2 antenna is made zero or true north of No.
1 antenna for all patterns. However, its
spacing is varied from 45 degrees to 1,440
degrees (from 1 to 32 in the pattern number-
ing system) and for each placement of No. 2
tower its phase is varied from 0 degrees to
315 degrees (from 0 to 7 in the pattern num-
bering system). Since the orientation of No.
2 antenna is always zero the second digit of
the pattern number, which is ordinarily used
to specify the orientation of No. 2 antenna,
is used in this particular systematization to
specify the spacings which require two digits
for spacings greater than 405 degrees (9 x 45
= 405).

For the purpose of systematization, the
magnitude of the field strength are each made
equal to 50 percent of the maximum value.
This results in complete nulls whenever the
voltage vectors swing exactly out of phase.
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The maximum field strength is 100 percent
when the vectors are in phase and is repre-
sented by the outer circle of the simple polar
chart. The field strength is a maximum when
the two field strength vectors are exactly in
phase.

In some cases, especially for very close
spacings, the field strength vectors are never
exactly in phase; hence, the percent field
strength from each antenna must be increased
above 50 percent to secure the desired 100
percent maximum value. This is illustrated
by the pattern No. 2 014 129 129 69, where
the percent field strength from each antenna
must be 129 percent to produce a maximum
field strength of 100 percent. The theoreti-
cal r-m-s value is only 69 percent.

In other cases the field strength vectors
are never exactly out of phase with the result
that the pattern will not have a complete null.
Pattern No. 2 010 50 50 85 is an example
where the minimums are very shallow.

For the two tower systematization with
spacings out to four wavelengths (1440°) the
number of settings of each parameter is given
in Table 3.
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TABLE 3

TWO TOWER SYSTEMATIZATION
PARAMETER SETTINGS

Parameters | @,

Sl[ ‘1’1| 0,

A

The product of the number of settings re-
sults in

Sz [ ‘I’z

32I 8

No. Settings 1

Number of two tower patterns
=1%x1%1x1x32x8=256 (19)

which is the number of patterns in the two
tower systematization. This systematization
is presented in PART II.

Since two tower patterns are so important
in directional antenna work, particularly in
multiplying patterns, a more detailed system-
atizationhas also been preparedand presented
in PART II. In this more detailed systemati-
zation the spacing and phasinghave been shifted
in steps of only 15 degrees, thus making 13
patterns for each spacing. The numbering
system has beenaltered to present the spacing
and phasing in degrees instead of numbers
which have to be multiplied by 45.

(3) Systematization of Three Tower Pat-
terns. .. For three tower patterns the number-
ing system consists of a 15 digit number; how-
ever, for convenience this number is divided
into two parts as shown in Fig. 19(b). The
first part as shown in Fig. 21 gives the num-
ber of antennas in the system, followed by the
orientation, spacing, and phase of the second
and third antennas with respect to the first or
reference antenna. This part of the number
is located in the lower left hand corner of the
pattern sheet.

The second part of the number as shown in
Fig. 19(b) and Fig. 22 gives the magnitude of
the various horizontal field intensities in per-
cent of the maximum lobe field strength. For
a threetower pattern each antenna will require
two digits and finally two digits will be re-
quired for the r-m-s horizontal field intensity
for theantenna array. This number is placedat
the lower right hand corner of the pattern sheet.
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For the purpose of systematization of
three tower patterns, No. 1 tower is located
at the space reference point, then its orien-
tation, spacing and phase can be considered
zero and thus be deleted from the pattern
numbering system.




Number 2 tower, for convenience, can be
located due north of No. 1 tower; hence, its
orientation @,, will always be zero. The
spacing, S,, can be varied from 45 degrees
to 360 degrees (from 1 to 8 in the pattern
numbering system) and the phasing ¥,, for
each placement of the towers can be varied
from 0 degrees to 315 degrees (from 0to 7
in the pattern numbering system).

Number 3 tower orientation, @4, will vary
from 0 degrees to 315 degrees (0 to 7 in the
pattern numbering system). The spacing,
83, will vary from 45 degrees to 360 degrees
(from 1 to 8in the pattern numbering system).
The phasing, ¥, for each placement of the
towers will vary from 0 degrees to 315 de-
grees (from 0 to 7 in the pattern numbering
system).

The restrictions placed on the field strength
from the respective antennas is in general
that they add up to produce a maximum of
100 percent in at least one direction and that
they completely cancel in at least one other
direction. The suggested procedure for ac-
complishing this is to at first make the field
strength from all three antennas equal, then
inspect the pattern for minimums. With the
orientation that gives the lowest minimum
the magnitude of the respective field strength
can be adjusted for a null if possible. This
is usually accomplished by increasing a field
strength that produces a lower minimum.
Usually a little manipulation of the field
strength magnitudes and perhaps a slight
change in orientation will result in the re-
quired null.

This procedure eliminates the field
strength as parameters in the systematization.
If this was not done the number of patterns
required would soon become prohibitive. It
isbelieved that this procedure is a good com-
promise because it gives complete nulls in
most cases. Of course whenthereare several
possible nulls it would be desirable to present
patterns for each of them.

For the three tower systematization with
spacings out to one wavelength (360°) the
total number of settings is given in Table 4.

The product of the number of settings re-
sults in,

.22

Number of three tower settings =

IXIXIX1IXx8x8x8x8x8=32,768. (20)

TABLE 4

THREE TOWER SYSTEMATIZATION
PARAMETER SETTINGS

Parameter |Q, [S; |¥; Dy |S; | ¥, |Ds |Ss

No.Settings| 1 |1 |1 |18 |8 |8 |88

The systematization placement chart is il-
lustrated in Fig. 23. A study of this chart
and the systematization problem reveals that
several things can be done to decrease the
number of patterns, and thus eliminate dup-
lications.

THREE TOWER SYSTEMATIZATION PLACEMENT CHART

Fig. 23

The number of patterns in the three tow-
er systematization is decreased by

(a) Eliminating the cases where No. 3
tower falls on No. 2 tower. These cases
actually result in two tower directional an-
tenna patterns as given in Part II.

The number of patterns eliminated from
the three tower systematization by using the
two tower patterns is given in Table 5.



TABLE 5

NUMBER OF TWO TOWER SETTINGS
ELIMINATED FROM THE THREE TOWER
SYSTEMATIZATION

Parameters ¢1 Sl "1 ¢2 Sz g’z ¢3 83 ‘l’al

No. Settings{1 |1 |1 |1 1|8 (1 |8 |8

Performing the multiplicationindicated in
Table 5 gives,

Number of two tower patterns eliminated
=1xX1x1x1x1X8x1x8x8=512 (21)

In Table 5, S, and Sy step along together ma-
king a total of 8 settings when Qg = 0.

(b) Eliminating all three tower patterns in
line whichare the duplicate of another place-
ment of the towers even though the pattern
is turned around 180°,

Number of three tower patterns eliminated
=84 x 8 x 8=5,376 (22)

(c) Eliminating the cases whereNo. 2 and
No. 3 towers have the same spacing and
orientation. For this case the orientation of
No. 3 tower for 225, 270 and 315 degrees
which corresponds to @3=5, 6 and 7 in the
pattern numbering system can be omitted
from the systematization. These placements
can be exactly duplicated when the orienta-
tion of No. 3tower is 135, 90 or 45 degrees,
respectively. The only difference is that the
whole pattern will be rotated. This sort of
restriction has been placed upon both the two
and three tower systematizations when No. 2
tower was arbitrarily placed due north of No.
1 tower. It would be foolish, for example,
to present all of the same two tower patterns
eight times, the only difference being that the
patterns would be rotated in steps of 45 de-
grees as the orientation of No. 2 tower is
varied from 0 to 315 degrees.

Performing the indicated multiplications,

Number of three tower patterns eliminated
(by not using @3 =5, 6 or 7 when S, = Sg)

=1x1x1x1x1x8x3x8x8=1,536 (23)

TABLE 6

NUMBER OF THREE TOWER SETTINGS
ELIMINATED FROM THE SYSTEMATIZA—
TION BY NOT USING @5 =5, 6 OR 7
WHEN 8, = Sy

Parameters ¢1 Sl 1’1 ¢2 Sz ‘1’2 ¢3 83 ‘1’3

No. Settings|{1 |1 |1 | 1| 1|8 | 3|88

(@) Another reduction in the total number
of patterns could be achieved by eliminating
all image patterns. For example, when S,
=90° and Sy = 180° the patterns produced
when Qg = 315° is the image of the patterns
produced when @3 = 45°. This was not done
in the systematization because of the diffi-
culty of visualizing the shape of the image
patterns, or actually having to supply a mir-
ror with the pattern book and having to ex-
plain how to write the pattern number. The
production of the image patterns was accom-
plished by printing image patterns and de-
leting the numbers. The image patterns are
then presented on the left hand side of the
page opposite the original set of patterns
from which the images were made. The
pattern number of the respective image pat-
tern is the same as the original with the ex-
ception of the orientation. The orientation
of the image pattern is such that if the sys-
tematization placement chart is folded along
the north-south line through No. 1 and No. 2
towers the location of No. 3 tower for the
image pattern will coincide with the location
of No. 3 tower of the original pattern.

(e) The elimination of three tower patterns
which are duplicates of original or image pat-
terns but shifted in orientation amounts to
10,752 patterns. For example when @3=1
the patterns produced when Sy =1 and Sg= 2
is the same as for the case when @3 = 7 with
Sg=1 and S, = 2 with the exception that the
patterns are rotated 45 degrees counterclock-
wise. For each value of the orientation, @ =
1, 2, 3, 5, 6 and 7, there are 28 placements
that are duplications of this nature. The
number of patterns eliminated are then
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Number of three tower patterns eliminated by
not duplicating patterns shifted in orientation
=6 X 28 x 8 x 8 =10,752 (24)

After eliminating these various types of
duplications as given in Eqgs. (21), (22), (23)
and (24), the resultingnumber of patterns is,

Total number of

patterns in the

systematization,
Eq. (20)

1.24

Total number of
patterns elimi-
nated, Egs. (21)
(22) (23) and (24)

Substituting values,

32,768 — 18,176 = 14, 592 (25)

Dividing this number by 64 gives 228 pages
of patterns as furnished in Part III of this
book.

Total number of
patterns produced
in the three tower
systematization.
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