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FOREWORD

The NAB Engineering Handbook, 1946 (3rd)
edition, presented a section on dlrectlonal
antennas taken in its entirety from the book
entitled “Directional Antennas” written and
published by Carl E. Smith. Mr. Smith is
Vice-President in Charge of Engineering, United
Broadcasting Company, and President of the
Cleveland Institute of Radio Electronics. The
material presented to the radio engineering
profession by Mr. Smith has enjoyed wide accept=-
ance as an authorltatlve reference work for
professional englneers concerned with the
design, construction and operation of directive
arrays.

The author has used as basic sources for
the paper which follows, his book ‘“Directional
Antennas” and appropriste sections of the home
study course on “Advanced Badic and Commnication
Englneerlng prepared and made available to
engineers; technicians and operators by the
Cleveland Institute of Radio Electronics. The
material which follows develops the theory and
practical design of the shape and size of direc-
tional arntenna systems and coiicludes with a
section on feeder system design, As combined,
amplified and edited from the two above sources,
it is believed ‘that for the first time a coor-
dinated and complete work; authoritative in

nature; 1s made available with respect to a
practical approach in the design of directive
arrays.

The NAB4Department of Engineering presents
this material with a twofold objective: first,
that professional engineers may find in their
work, with respect to directional antenna sys-
tems,; a common understanding of the basic
principles of design; and, second, that the
broadcast engineer charged with the operation
and maintenance of a directional antenna system,
no matter how complex, will better understand
its design and operation; which understanding in

“turn will pay high dividends through more

efficient, economical and consistent broadcast
services

Further information with respect
to Me. Smith’s book entitled “Direc-
tional Antemnnas” or the college-level
review of the principles of radio and
communication englneerlng as presented
in the home study course ‘‘Advance Radio
and Communlcatlon;Englneerlng may be
obtained by addressing inquiries to
the Cleveland Institute of Radio Elec-
tronics; 4900 Euclid Ave., Cleveland 3,
Ohio.
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I« 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 utilityof this serv-
ice to the public depends upon. (1) Signal
Intensity, (2) Program Content, and (3) System
Distortion. QOf these factors, the radio broad-
casting station engineer is concerned with
producing an intense signal that will override
noise and undesired signals in the receiving
sets being served and with mlnlmlzlng~dlstort10n
inthe audio and radio facilities 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 trars-
mitting antenna are propagated through space to
the receiving antenna. The only control over
these propagated waves ds in 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 con51derat10ns, such
as; ground constants, terrain, distance and
direction to the populated areas to be served,
distance and direction to the areas to be pro-
tected, and last but not least is the avail-

~ab111ty 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 intensity of
the signal from the transmitting antenna, in any
given d1rect1on, depends upon the output power
of the transmitter and the antenna design.
Since the output power is regulated by the
Federal Communications Commission 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 designing 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 broad-
casting station, particularly in the direction
of densly populated areas, by causing the waves
to be reinforced in these directions.

. CONTROL. OF PATTERN SHAPE. --The usual prob]_em
in broadcast practice is to mould the radiation
pattern into the desired shape to cover the
service areas and give the required protection
to other radio stations. As a matter of

economlcs, it 1s de51rable to do the job with
the minimum number of antennas. With severe re-
quirements, the number of antennas must be in-
ereased until the radiation pattern carnbe made to
conform to the required shape. As a general
rule, two statlons can be given the requlred
protection with two towers; three stations :can
be completely 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 possible
to completely control the nulls toward four
stations; 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, consider-
ation has to first be given to fulfilling the
conditions of the required protection to other
radio stations in accordance with the Standards
of Good Engineering Practice of the Federal
Communications Commission. The FCG Standards is
an excellent practical guide for allocation-
work. The Standards of Good Engineering
Practice was complled by FCC from extensive data
collected by its Englneerlng Department over
long periods of time. This material is under
almost constant. revision as the art progresses.
It is recommended that in connection with any
study of this article the FCC Standards con-
tained in Section Ohe of the NAR Engineering
Handbook be referred to for details.

The next consideration is to locate the
directional antenna system so that the horizon-
tal lobes will be directed toward the population
areas to be served withoit 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 district
with at least 25 millivolts per meter field
intensity.

d. DETERMINATION OF PATTERN SIZE, --Pattern size
is determined by the class of station and
efficiency of the antenna system. The power for
the class of station is regulated by the Feder-
al Communications Commission as outlined in the

Standards of Good Engineering Practice. In

general the power ranges from; 0.25 to 50 kilo-
watts for stations on clear channels, 0.5 to 5
kilowatts for regional channel stations and 100
to 250 watts for local channel stations.
However, local channel stations are not author-
ized to use directional antenna systems. The
predominance of directional antenna designs are
for regional stations which have to protect
co-channel or adjacent channel statioms in other
regions of the country.  Directional antennas
are used by a few of the clear channel stations.

The efficiency of the antenna system de-
pends upon the antenna design. It 1s always
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desirable to maintain a hagh efficiency in order
that a high percentage of the output power of
the transmitter may be radiated; particularly in
the horizontal plane. Todo this it is sometimes
necessary to use a more complicated directional
antenna system to give the required degree of
protection to other radio stations. ‘In other
words, a low efficiency simple antenna system
might give the required protection, but would
not meet the FCC minimum requirement in milli-
volts per meter root-mean=square unattenuated
field intensity for one kilowatt at one mile in
the horizontal plane.

2. BENERAL TREATMENT

4. STANDARD REFERENCE ANTENNAS--(1) Uniform

Spherical Radiator.--The Uniform, Omnidirec-
tional, or Isotropic radiator, in free space, is
taken as THE Standard Reference Antenmna because
ithasno directivity. Such as antenna is illus-
trated in Fig. 1. It is defined as a theoretical
antenna which radiates waves having the same
field intensity in all directions. Actually
such a radiator of radio waves can not be
realized, because all radio antennas have di-
rectional properties,
acoustic waves, this standard is represented
by a sphere pulsating radially.

FIELD INTENSITY AT | MILE
FOR [ KW Eg=107.6 MV/M

LOCATION OF THEORETICAL
UNIFORM RADIATOR

Iy 12)

CROSS-SECTION VIEW OF SPHERICAL PATTERN
WHIGH HAS A FIELD. INTENSITY GAIN OF 14
A POWER GAIN OF t (g=1) AND
A DECIBEL GAIN OF ZERO

SPHERICAL RADIATION PATTERN SURFACE
OF A UNIFORM OR ISOTROPIL RADIATOR

PATTERN‘OFA UNIFORM RADIATOR WHICH IS THE THEORETICAL
STANDARD REFERENGCE ANTENNA

Fre.)

For a 1 kw power source, a uniform radia-
tor will produce a field intensity of
E, = 107.6 (1)
where E_ = millivolts per meter unattenuated
field intensity at one mile for one
kllOWaC t.

This standard has come into rather common
use in antenna work during and since World War
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In the case of the -

II1. The figure of merit of all other antennas
can be compared with this basic standard. Al-
though this basic standard can not be realized
in the case of electromagnetic waves, if the
merit of all aritentias are compared to this basic
standard, then the relative figures of merit
between the other antennas can be obtained im-
mediately. Qther secondary standards for free
space may be selected and used as conveniénce
demands.

(2) Uniform Hemispherical Radiator.-=If a
tuniform radiator 1s placed at the surface of a
perfectly conducting earth, all of the power
must be radiated in the hemisphere above the
surface of the earth as shown in Fig. 2. For a
glven 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 intensity gain is
V2, therefore the field intensityis 107.6 ¥2 or,

E =152.1 (2)

where E, = millivolts per meter unattenuated
field intensity at one mile for one
kilowatt.

FIELD INTENSITY AT | MILE
FOR [ KW Eg= 152.1 MV/M

LOGATION OF THEORETIGAL
‘UNIFORM RADIATOR

"PERFECT EARTH.
1y ()

HEMISPHERIGAL RADIATION, PATTERN
SURFACE OF A UNIFORM RADIATOR

GROSS-SECTION VIEW OF A HEMISPHERIGAL
PATTERN WHICH HAS A FIELD INTENSITY
GAIN OF 1.4 A POWER GAIN QF =2

AND A DECIBEL GAIN OF 3.0

PATTERN OF A UNIFORM RADIATOR AT THE SURFACE
OF A PERFECT REFLEGTING AND GONDUCTING EARTH

Fie. 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 antemnas. It
is particularly useful in the computation of
antenna gains. This type of antenna can be con-
sidered as a standard for determining the
directivity of antennas located on the surface
of the earth.

(3) Current Element Arntenna in Free
Space. --An electric current element in free
space, sometimes referred to as an elementary
doublet or dipole, consists of a very short
conductor (Mathematically of infinitesimal
length) having a uniform current distribution.
This infinitesimal antenna is universally used




in developing the radiation property of an
antenna of any conflguratlon. This current
element antenna is a mathematical convenience
only, because such an antenna in practice for a
specified field intensity would require exces-
sive transmitter power because of the high
losses due to the radiation resistance being low
in comparison to the loss resistance encountered
in _practice. The field 1ntenslty at any distant

point in space as shown in Fig. 3(a) is given
by: ‘
607 , .
E= FS A, I (6G) cos @ (3)
 g0mf X
or = "4z T (@G) cos @
//o"
7
6./’#/
o
P

T1L-
66 pFe———-- =
. i _| 1, CURRENT DISTRIBUTION

{0) ELECTRIC GURRENT ELEMENT OF LENGTH 4G
AND GARRYING GURRENT I

TOP OF VERTICAL
" GURRENT ELEMENT

I Eg= 1318 MV/M
s AT | MILE FOR | KW

(¢) HORIZONTAL CROSS-SEGTION VIEW OF TOROIDAL
RADIATION PATTERN SHOWING UNIT
HORIZONTAL DIRECTIVITY

where E = field intensity in volts per meter at
point P
7= 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 in cycles per
second .
3 x 10® meters per second, the vel-
ocity of light

o
I

I = effective current in amperes flowing in
the conductor

W

XN

: Ey= 1318 MVZM
W=} AT | MILE FOR | KW
VERTIGAL
CURRENT ELEMENT

(b} SIDE CROSS—~SEGTION VIEW OF THE TOROIDAL
RADIATION PATTERN SHOWING THE
VERTICAL DIRECTIVITY.

PN

K\
O

(d) SURFAGE PATTERN SHOWING TOROIDAL
OR DOUGHNUT SHAPE

THE RADIATION PATTERN OF A VERTICAL ELECTRIC CURRENT ELEMENT
IN FREE SPAGCE
Fic.3
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8G = elementary length (or height) of con- where E = millivolts permeter unattenuated field

ductor measured in meters intensity at one mile for one kilowatt
= elevation angle of point P measured
from a plane perpendicular to the E;/~ millivolts per meter field intensity
’ conductor. ; measured on 4 plane perpendicular to
When this elementary antenna radiates one the conductor and in this case at the
kilowatt of pewer the field intensity at one distance of one mile for one kilowatt
mile is ; of radiated power
E= Eﬁ cos ] (4:)
= 131.8 cos ¢ ¢ = elevation angle as shown in Fig. 3(a).
N e

) to Ep=186.3 MV/M
. AT | MILE FOR | KW

E=186.3 cos 6

VERTICAL 5 Y
GURRENT ‘ .
ELEMENTS_ » E
¥ i \ vreE Lyrgoﬁ'D'UCT"“(’
—_— : g=3 s PERFECTEAFWH
56 e W y

,f ‘ ~~1, CURRENT DISTRIBUTION VERTICAL
) CURRENT ELEMENT

s S

(a) VERTICAL RADIATION PATTERN

N

o

{b) SIDE CROSS~SECTION VIEW OF THE TOROIDAL
HEMISPHERICAL PATTERN SHOWING THE
VERTICAL DIRECTIVITY,

TOP OF VERTIGAL
CURRENT ELEMENT

Eo* 186.3 MV/M
AT | MILE FOR I KW £
;00

(7}

{d) SURFACE PATTERN SHOWING TOROIDAL

&) HORIZONTAL GROSS-SECTION VIEW OF TOROIDAL .
« Al GRO E ‘o HEMISPHERIGAL SHAPE

HEMISPHERICAL RADIATION PATTERN
SHOWING UNIT HORIZONTAL DIREGTIVITY

THE RADIATION PATTERN OF A VERTICAL ELECTRIC CURRENT ELEMENT
OVER A PERFECTLY GONDUCTING EARTH
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The value of 131.8 is the maximum field
intensity and is a constant in the horizontal
plane. See Fig. 3{(c). This current element
antenna is sometimes used as a secondary stand-
ard reference antenna.

(4) Vertical Current Elemsnt Antenna Over a
Perfectly Conducting Farth.--If a vertical

. 137.8 cos(90 sin6)

XE* cos @

,9:1,64
/1/

~1, GURRENT DISTRIBUTION

e
¥

(a) VERTICAL RADIATION PATTERN

TOP OF VERTICAL.
CURRENT ELEMENT

2 o= 137.8 MV/N
AT | MILE FOR | KW

{¢) HORIZONTAL CROSS-SECTION VIEW OF
RADIATION PATTERN
SHOWING UNIT HORIZONTAL DIRECTIVITY

THE RADIATION PATTERN OF AVE

current element antenna is located at the sur-
face of a perfect earth, the radiation will be
hemispherical as shown in Fig. 4.
When this vertical current element radiates
1 kw of power the field intensity at one mile is
E = 131.842 cos ¢
= 186.3 cos ¢

(5)

Ep= 137.8 MV/M
AT MILE FOR | KW

VERTICAL /
CURRENT ELEMENT:

(b} SIDE CROSS—SECTIGN VIEW OF THE RADIATION
PATTERN SHOWING THE VERTICAL DIRECTIVITY

3
o+t

o

{d) SURFACE PATTERN SHOWING DOUGHNUT SHAPE

RTICAL HALF WAVE RADIATOR

IN FREE SPACE

Fi6.5
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where E and 6 are defined in Eq. (4) and Fig.

4{a).

This vertical current element antenna is
sonetimes used as secondary reference antenna.
It gives the vertical pattern of a zero height
antenna. See Eq. (10). While one of these
infinitesimal antenmas itself is of no practical
value it is useful in summing up the radiation
effects of antennas having practical dimensions.

(5) Half Wave Antenna in Free Space.--A

. 194.9 ¢65{90 sin @)
- c0s ©

g=2.38

4 <1, CURRENT DISTRIBUTION

{a) VERTICAL RADIATION PATTERN

=4

TOP OF VERTICAL
GURRENT ELEMENT

“Eg194.9 MV/M
AT | MILE FOR | KW

.(¢) HORIZONTAL CROSS-SECTION VIEW OF
RADIATION PATTERN
SHOWING UNIT HORIZONTAL DIRECTIVITY

half wave antenna in free space will have
essentlally a sinusoidal current distribution as
shown in Fig. 5(a). If the radiation effects of
the current elements as given in Eq. (3) are
summed up for the whole antenna the field
intensity pattern is given by

E = 137.8 cos (90 =in @) (%)
cos g
where E and § are defined in Eq. (3) and Fig.
5(a).
R\
&

Eg= 194.9 MV/M
AT IMILE FORIKW

VERTICAL
CURRENT ELEMENT 3

O o

(b} SIDE GROSS~SECTION VIEW OF THE RADIATION
PATTERN SHOWING THE VERTIGAL DIRECTIVITY

L

o0

(d) SURFAGE PATTERN SHOWING DOUGHNUT SHAPE

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

Fic.6
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HEMISPHERIGA

THE STANDARD

This type of antenna is often used as a
secondary standard reference antenna because it
is # practical type of antenna that is easy to
set up experimentally. For example, the
Federal Communications Commission uses this
standard for FM and TV Broadecast Stations.

(6) Quarter-Wave Vertical Antenna over a
Perfectly Conducting Farth.--This type of an-
tenna is very common and is often used as a
secondary standard reference antemna. With a
sinusoidal current distribution as shown in Fig.
6(a) the radiation pattern is given by

E = 194.9 cos (90 sin 6) (7)

cos 6

g0° ,
5 8c®

T T

UNIFORM
L}

RADIATOR LT

;C:O.SH A ='; |‘|. 965,’;, KL,
UNIFORM T T T,

‘SPHERICAL ARG = 90K
RADIATOR it sy g e

|

REFERENGE
ANTENNA

where E and 6 are defined in Eq. (3) and Fig.
6(8) ¥
Many directional antenna arrays are designed
with gquarter wave elements because of the ease
of making computations in design and adjustments
during the proof of performance.

(7) 0.311x Vertical Antenna Over a Per-
fectly Conducting Earth. ~--The Federal Commmica-
tions Commission at the present time uses this
height antenna (G = 111,96°) as their standard
reference antenna. It at one time represented
the average height of broadcast antennas in the
United States: With sinusoidal current distri=
bution the radiation pattern is given by

~60°

*:ff“40°

X\30°

ekl
S {g=4.83
10

=o-2f

fo=3

i e S L N P

’1 - 1.0
L ] o

0 4 : 107.6

4
152.1 1’86,,3’ 949200 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
Fie.7
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90° o

P9 60

THE STANDARD REFERENCE ANTENNA
UNIFORM SPHERICAL OR
HEMISPHERICAL RADIATOR

:::V‘5OO

N40°

0°

L.O

COMPARISON OF THE VERTICAL RADIATION CHARACTERISTICS
FOR SEVERAL STANDARD REFERENCE ANTENNAS
F16.9

— 9pnp cos (G sin 6
ks 1 - cos G) cos @
= 145.56 £9S (111.96 sin @) + 0.3740
cos §
where E and ¢ are defined in Eq. (3) and
G = 111.96° the height of the antenna in
electrical degrees.

(8)

(8) Half-Wave Vertical Antenna Over a

Perfectly Conducting Earth.--For comparison

purposes it is of interest to present the
radiation pattern of a half-wave antenna. With
sinugoidal current distribution the radiation
pattern is given by
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TaBLE I
SUMMARY OF STANDARD REFERENCE ANTENNAS

) o MY/M MY/ M . MY/ M MV/M | o
TYPE OF VERTIGAL FOR { WATT| FOR [ KW | POWER db TYPE GF VERTICAL | FOR | WATT | FOR1Kw | POWER |  db
N N PATTERN 1AT 1'MILE | AT I MILE GAIN GAIN ANTENNA PATTERN AT | MILE [ AT | MILE GAIN GAIN:
ANTENNA. SHAPE Eq | Ey q G SHAPE 1 & Eq g G
UNIFORN [ UNTFORM / |
SPHERICAL 3.402 107.6 J 0 HEMISPHERICAL 75 -1 a8l 52,1 2 3,000
RADIATOR \ RADIATOR
\../ VERTICAL
PURRENT ‘ %167 | 1318 L5 | o1L7sl GUHRENT 5893 | 863 3 4,771
ELEMENT : s ‘
’ ELEMENT
) QUARTER ‘WAVE i
HALF WAVE : ) / N i ‘
-~ 4,358 | 137.8 1841 | 2051 VERTICAL 3 || 6.063 64,9 | 3282 | 5.8l
ANTENNA PP SEREREPARER A i .
i ANTENNA !
G311 X
0.622 X . . . ) i s
4472 | iar4 | 1,728 | 2,378 VERTIGAL 6,324 200 | 3456 | 5.386
ANTENNA v
ANTERNA
TWO END 0N I HALF WAVE ) ; .
 WALF WavE : 5.283 | 167l 241l | s.eez VERTIOAL (L AT | 23sz | 4se2 | esse
(N PHASE ANTENNA : ANTENNA i | |
E = 936.5 &08 (9) For a vertical antenna having a sinusoidal
current distribution with a current node at the
) , top, the vertical radiation characteristic takes
_ . cos (180 sin §) + 1 on the form
=118.25 - -
cos 8
f(g) = €o2 (10)
Where E and 8 are defined in Eq. (3) and A e ..
where £(#) = vertical radiation characteristic

G = 180° the height of the antemna in
electrical degrees.

(9) Comparison of the Vertical Radiation
Patterns of Primary and Secondary Standard

Reference Antennas.-~Fig. 7 givesa comparison of
the radiation patterns of primary and secondary
standard reference antennas. The vertical
patterns are expressed in millivolts per meter
at one mile for one kilowatt of input power.
The field intensity in millivolts per meter at
one mile as a function of antenna height 1is
given in Fig. 8.

b. VERTICAL RADIATION CHARACTERISTICS.--Already
we have considered a number of vertical radiation
patterns imn Fig. 7, If these patterns are made
equal to unity in the horizontal plane they are
then known as vertical radiation characteristies.
If this is done the curves of Fig. 9 result.

2-1-12

G = electrical height of the antenna in
electrical degrees

6= elevation angle of the observation
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 radiation
characteristic is plotted as a function of ele-
vation angle for various values of tower height.
A representative set of tower heights have been
selected for Fig. 10. TFig. 11 represents this
same information in a different form; that is,
the vertical radiation characteristic is plotted
48 a furnction of electrical tower height for
various values of elevation angle. In order to
preévent reversals of the lines as plotted in



" F(8) IN PERCENT

100

VERTICAL RADIATION CHARACTERISTIC
AS A FUNGTION OF ELEVATION ANGLE
FOR VARIOUS VALUES OF TOWER HEIGHT

_50 i T T ‘
0O 5 10 15 20 25 30 35 40 45 50 55 B8O 65 70 75 80 85 90

THE ANGLE OF ELEVATION & IN DEGREES
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Fig. 11, the curves are extended 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 deter-
mining the shape of the directional antena
pattern. See Eq. (27). In the horizontal plane
this function reduces to unity and simplifies
the design equatiom.

¢. DIRECTIVITY DEFINITIONS.--(1) OntheBasis of

Equal Powers.--Directivity or directive gain of
a given antenna can be defined as the ratio of
the maximum power flow intensity to the power
flow intensity of a uniform radiator when the
total power outpit of both sources are equal.
In equation form,

; =P

. P, |
where g = directivity or power gain

(equal powers) (11)

foo

P, = maximum power flow intensity from the
directional antenna radiating 1 kw of
power ‘

Py = uniform power flow intensity from the
standdrd reference antenna radiating
1 kw of power.

Or, in terms of field intensities power gain can
be determined by the following equation,
g = [EEE TJ?  (equal powers) (12)

where g = directivity or power gain

E, = maximum field intensity in ,mv/m from
the directional antenna at 1 mile for
1 kw of radiated power

Es = field intensity (107.6 mv/m) from a

uniform spherical antenna at 1 mile
for 1 kw of radiated power.

o
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(2) On Basis of Equal Field Intensities.--

The directivity can also be defined by taking
the ratios of the power radiated when the
maximun field intensity of the directional an-
tenna is made equal to the field intensity from
a uniform spherical antenna. In equation form,
. — Ps

g8 P,

where g = directivity or power gain

(equal field intensities) (13)

P, = power radiated (1 kw) from a uniform
spherical antenna to produce a given
field intensity of E; (107.6 mv/m) at
1 mle

P. = power radiated from the directional
antenna to produce the same given max-
imum field intensity E, (107.6 mv/m)
at 1 mile.

To illustrate, let the field 1nten51ty of a
uniform hemispherical antenna be adJusted to
produce 107.6 mv/m unattenuated field intensity
atlmile. The power radiated will be 500 watts,
hence,

kw =9

g=p =

the power gain of a uniform hemispherical
antenna. In other words, twice the amount of
power has to be supplied to the uniform spher-
ical radiator to prodice the same maximum field
intensity at one mile. In the uniform spherical
radiator, the additional 500 watts is used in
the other hemisphere to make the radiation pat-
tern spherical.

(3) On Basis of Decibels.--The directivity
can also be computed in terms of decibels by the
equation,

decibels gain = 10 log g (14)

where g = directivity or power gain.

d. SELF BASE IMPEDANCE CHARACTERISTICS --The
loop radiation resistarce as given in Fig. 8 is

not very useful because it is for a very thin

conductor and the antemna is not driven at the
loop point very often. Its primary application
is in theoretical calc¢ulations. Sinece most

antennas have a reasonable cross-sectional area

and are driven at the base, the self base imped-
ance equation along with the self base resist-
ance and reactance curves will be presented.
The values of self base resistance and reactance
are needed in the solution of the mesh-equations
of a directional antemna system.

The self resonance frequency of a tower
depends upon its vertical shape as well as its
cross-sectional size.® The first factor to be
considered is the average characteristic imped-

ance Z, which represents the average cross-

sectional size. For a cylindrical antenna

Z,=60 (1n 28 _1) (15)
a

where 7 — average characteristics impedarnce,

ohms

1ln = base of natural logarithms
G = antenna height; degrees or same units’
as a ,
a = antenna radius, degrees or same units
as G.
EXAMPLE 1: Determineé the average characteristic

impedance of a 400 foot uniform cross=sectional

tower that is 6.5 feet sguare. Use 4 feet as

the equivalent radius.

SOLUTION: Substituting in Eq. (15)
7 = g6 2 (400)
Z =60 ( 1n — 1)

1

60 ( 1n 200 - 1 )
60 (2.303 X 2.301 - 1)
60 (5.3 =1) = 258 ohms ANS.
The second factor to be considered is the
vertical shape. If the antenna is nonun1form,
the first approximatiom is to regard it as
wiiform. With this assumption the error will be
small for short antennas, and will become
prohlbltlvely large for really tall antennas.
In pract1ce, broadcastlng antennas are not very
tall in terms of wavelengths and we can treag
themas transmission lines with slightly variable
characteristic impedance.

i

Applylng the theory of nonuniform trans-

mission lines the self base impedance can be

expressed by the following first order approxi-
nation,

7 = 7, H sin G+j (F-N) sin G-j (2Z_ - M)cos G
(2 Z,+M) sin G+ (F+N) cos G-j H cos G
(16)

R, + X, self base impedance, ohms
self base resistance, ohms
self base reactance, ohms
average characteristic impedance,
ohms
antenna helght in degrees or radians
0.5772 ... Euler’s constant
sine 1ntegral function
cosine integral function
=60 Si 2G+30 (Ci 4G - 1n G-Y) sin 2G
- 30 81 4G cos 2G (17)
H =60(y + 1In 2G-Ci 2CD
+30 (Y + 1n G-2 Ci2G + Ci 4G) cos 2G
430 (Si 4G-2 Si 2G) sin2G (18)
M =60 (In 26-Ci 2G + y-1 + cos 2G) (19)
N =60 (Si 2G - sin 2G) (20)

where

N

nn H I

13

MON<O N
Jobs pde
FIIN T

15, A, Schelkunoff, “Theory of Antennas of
Arbitrary Size and Shape”, Proc. I.R.E., Vol. 29,
pp: 493-521; September, 1941,
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If Eq. (16), for a cylindrical vertical antenna,
is solved for the base resistance and reactance
the family of curves in Fig. 12 and 13 will

characteristic impedance indiqa‘ted. If the self
base impedance is needed for other antenna
dimensions the solutien can be obtained from

result for the different values of average Egq. (16).

Determine the self base input resistance and reactance of a 400 foot uniform érosss

EXAMPLE 2:
Use 4 feet as the equivalent radius. The operating

section tower that 1s 6.5 feet sguare.
frequency is 950 ke.

SOLUTION:

From Example 1, Z, = 258 ohms.

) . 1n8
)\:% = g—s—’é—%a = 315.8 meters

= 315.8 x 3.281 = 1038 feet per wavelength

g =400 360° = 139° =139 =9 43 radians
1038 57.3
In Eq.(17)

F = 60 Si 4.86 + 30 (Ci 9.72-1n 2,43-0.5772)sin 278° = 30 Si 9.72 cos 278° = 132

In Eq.(18) ;

H = 60(0.5772 + ln 4.86-Ci 4.86)430(0.5772+In 2.43-2Ci 2.43+Ci 4.86) cos 278°
+30(8i 9,72-281 4.86) sin 278° = 194

In Eq.(19)

M =60(ln 4.86-Ci 4.8640.5772-1+4Cos 278°) =89.7

In Eq.(20) /
N = 60(Si 4.86-sin 278°) = 154

Now substituting in Eg.(16)
(194) (0. 656 )+j(132-154) (0.656) - j(516-89.7) {-0.755)

Z, =258 L3 e 59
ks (516+89.7) (0.656) +(1324154) (~0.755)-;(194)(-0.755) )
= p5g 1274808 = 554 33316T.5 = 349 [98,7° = 324 45176 ANS.
18145146 233(38.8° =
Thus, B, = 324 ohms and X, = 176 ohms inductive

reactance: These values can 'be‘ checked on the
appropriate curve of Fig. 12 and13 respectively.

1. Base mutual impedance curves by Chambers
and Garrison.

2. Family of loop mutual impedance curves
for towers of equal height by D. B. Hutton
and R. H. Garrett.

3. Loop mutual impedance curves for
G =G ,=9 and G,=G,= 180 by J. F.
Morrison.

e. MUTUAL BASE IMPEDANCE AND PHASE ANGLE
CHARACTERISTICS. - -The mutual impedance between
vertical antennas is needed by the designer of
directional antenna feeder systems. Since, ver-
tical antennas are usually base driven and the
antennas may vary in height in the same array it
is desirable to have enough mutual impedance
information to handle the majority of practical
cases. It is therefore desirable to have the
mutual base impedance between antennas of unequal
as well as equal height for all practical
spacings. Sufficient design equations have been ) . .
developed and presented in the literature®' ® to The general design equation for the mutual
solve this problem, however, only a few cases of base resistance and reactance is given by,
equal and unequal height antennas for spacings T
up to 600 degrees has been solved.

4. Loop mutual impedarice curves for G, = 90,
G, = 180 by W. G. Hutton.

’2'G;.V H. Brown, “Directional Antennas,’’ Preéc.
I.R,E., Vol. 25, pp. 81-145; January, 1937.
, C. Russell Gox, “Mutual Impedance between
The following mutual impedance curves are Vertical Antennas of Unequal Heights,” Proc.
presented in Appendix A: I.R.E., Vol. 35, pp. 1367-1370; November, 1947.
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_ 15
R, ———— (G,
1z sin (4 sin ng o8

+ Civ,-CG v, + 2Ciy, ~Ciy, -

- G,)[Ci u, - Ci u,
Ci s4]
+ sin (6,-G,) [Siu-Siu, +Siv,

v, - Sivy, +8is]

cos (G, +G,) [Ciw -Civ, +Cix

- 581

.'_

Ciu, $2Ciy, -Ciy, - Cis,]
+ sin (G‘2 fi'Gl) l:Sl LA Si v, + 31, u

Six, -Siy, +8i s;I } @1)

]

15
2= S G, s G, 1 ¢ (@ - 6) iy,
- Siu,
+ Sivy, -Siv,+81y, - 9 8i Yo + Si Sﬂ
-G,) [Giu
- Civ,-Ciy, +Cis]

+ cos (G, +G,) [Si v

+ sin (G, , -Cliu +Ci v

o - Siw, + Si u,

- Six
+ Siy, - 285iy,+85i si]
§ sin (G, +G,) [Ciw, - Civ, +Cinu
- Gx, -Gy +G SJ E
where
R,. = mutual base resistance between-anternas

' No. 1 and No. 2, ohms

(22)

X._ = mutual base reactance between antennas

12

No. 1 and No. 2, ohms

G, = height of No. 1 antenna, degrees

&
il

height of No. 2 antenna, degrees
Si = sine integral function
Ci = cosine integral function

S = spacing between antennas, degrees

u, = A 8% 4 G, - Gl‘)'z» + G, - G, degrees

G,, degrees

Yy = A ok +G12, +

V’1 = \isz + (Gz -‘ Gl )2 - G2 + Gl’ d‘Egreyes
W, = v, , degrees
W, =[S G +G)° +G, 4Gy, degrees

X, = u, , degrees
x, = 84 (6, +G)* -G, -G, , degrees
Yo = S , degrees
¥y, = . + Gz , degrees
s, = s degregs
s, = - G, , degrees.

If the mutual base impedance information needed
does mot appear in Appendix A then the desired
solution can be obtained by solving Eq. (21)
and (22).

If the antennas are of equal height
(G =G, =G,) Eq. (21) and (22) reduce to,
Ry, = ‘si’n‘EGV '3 4Ciu, -2Cy -2C v,
+ cos 2G [Ci w, - 2 C1 vy + Ci x,

- 9Ciuy +20Ciuy

+ sin 26 [Siw, - 2 8i v,

- Six, +28iy]} (23)

, 15 ¢ o .
X12 = Sin®G % -48iu, +28i u, +2 8iv,
+ cos 2 G l:— Siw, +28i Yy - Si X,

=+

2 Siw, - 25y
sin 2G I:Cl w o~ 201 vy

t.

Cix, +2Ciu]} (24)

2 is 90° in height
(21) and (22) reduce to,

Now, if antenna No.
(Gé = 90°) then Eqs

=
I

+ cot G, [Si u, - Siv, -28i Y,

+28is, +Siw -Si xl:H» (25)

X,, =15 { Siw, +8ix, - Siu - Siv,

+ cot G, [Cl w, ~Civ, ~2Cy,

'C"—’&]f

EXAMPLE 3: Determine the mutual base impedance
between two artenias spaced at 160° with elec-
trical heights of 120° &nd 90° respectively.

+2Cos; +Cowy (26)

SOLUTION:

G, =120° G, =90° and § = 160°
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i}

/116012 + (30)2 + 90 - 120 = 132.8° or

=
I

2.32 radians

v, =+/(160)% ¥ (30)7 - 90 + 120 = 192.8° or
3.366 radians
w, =+/(160)% ¥ (90 + 120)® 4 90 + 120 = 474°

or 8.27 radians

xy =1/(160)% + (90 + 120)% - 90 - 120 = 54°

or 0.943 radians

y, =1/(160)% + (90)® +90 = 273.6° or 4.77
radians

s, =\/(160% + (90) - 90 = 93.6° or 1.63
radians

Substituting in Eq. (25) and (26)

R, = 15{(:1 2.32 +Ci 3.366-Ci 8.27-Ci 0,943
+ Cot 120 [5i 2.32-5i 3.366-2 Si 4.77
+2 8i 1.63 4 Si 8.27-Si 0."9433&

= - 2,935 ohms

15 ;Si 8.27 + Si 0.943 - Si 2.32- Si 3.366

P
1

12
4 Cot 120 [Ci 2.32 - Ci 3.366-2 Ci 4.77

+2Ci1.63 +8.27 - Ci 0.943]}
= = 28.85 ohms

Therefore the mutual base impedance is
212 = ~2,935-5 28.85 ohms ANS;

EXAMPLE 4: Determine the mutual base impedance

between two towers of equal height G = 110° and

having a spacing of 2007,

SOLUTION: Since the tables of the Sine Integral
and Cosine Integral functions are ordinapily
tabulated with the arguments in radians, it has
been found simpler to convert G and. S to radians
before substituting in the formulas.

G, =G, = 1109 = 1.9199 radians.

S = 2006% = 3.4907 radians.

Then

u, =+/3.4907% 4 1.9199% - 1.9199 = 2.0639
u, = 8 = 3.4907

2-1-20

v, =\/3.4907% 4 1.9199% + 1.9199 = 5.9037

=+/3.4907% + (2 X 1.9199)% + (2 X 1,9199)

= 9.0290

x, =V3.4907% 1 (2 X 1.9199)2 - (2 X 1.9199)
= 1.3496
sin® G =0.9397% = 0.8830

Substituting in Eq. {(23) yields

_ 15
R, =__
12 '9.8830

-2Ci (5.9037)

§~4 Ci {3.4907) - 2 Ci (2,0639)

+ cos 220° [Ci (9.0290) - 2 Ci (5.9037)
+ Ci (1.3496) = 2 Ci (2.0639)

$2Ci (3.4907))

+ sin 220° [Si (9.0290) - 2 Si (5.9037)
- 8i (1.3496) + 2 Si (2.0639)] f

= 16.9875 § -0.1188 -0.8180 + 0. 1666

0.7660 [0.0524 + 0.1666 + 0.4549

0.8180 ~ 0.0594]

0.6428 [1.6663 - 2,8598 - 1.2203

-+

3.2672] }

I

16.9875 ; -0.7702 <0.7660 (-0.2035)

0.6428 {0.8534) f

= 16.9875 g -0.7702 4 0.1559 - 0,5486‘f

16.9875 (-1.1629) = «19.75 ohms

For the reactance component of the mutual, sub-

“gtituting in Eq. (24) yields

X,, = 16.9875 g <4 Si (3.4907) + 2 Si (2,0639)
4+ 2 8i (5.9037)

+ cos 220° [- Si (9.0290) + 2 Si (5.9037)-

Si (1.3496)
42 Si (2.0639) - 2 Si (3. 4907)]

+ sin 220° [Gi (9.0290) - 2 Ci (5.9037)

Ci (1.3496) +2 Gi (2.0639)]}

= 16.9875 ; - 7.3360 4 3.2672 + 2.8508



0.7660 [-1.6663 + 2.8598 ~ 1.2203

3.2672 - 3.6680]

-+

0.6428 [0.0524 4+ 0.1666 - 0.4549 }~0.818Q]f

~21.33 ohms

and Z,, = 29.1 |-132.8° ohns.

The loop values of mutual impedance are
readily obtained from the above base impedance
equations if the sine temms in the denominator
of the leading coefficient is omitted. Since
in Eg. (25) and (26) sin G, does not appear in
the denominator the answer can be multiplied by
sin G, to convert from base to loop impedance.

1

ANS.

Tt should be pointed out that when any of
the towers are over about 120° in height, and
particularly in the case of self supporting
towers, the values of the base mutual impedance
given by these equations are considerably in
error and therefore should not be relied upon.
In such cases the use of loop values of mutual
and self impedance will give a better indication
of the power division in the directional antenna
array.

It is of cardinal importarice not to mix
measured and theoretical values. If reliable
measured values are available they .should be
used, however do not use measured base self-
inpedance and theoretical base mutual-impedances
to determine driving point base impedance and
power division in the directional antemna array.
It is usually feasible to measure the self-
impedance of each tower with the other towers
disabled and then measure the magnitude of the
mutual impedance between each pair of towers.
Since the mutual impedance phase angles are more
difficult to measure it is quite common practice
to use the theoretical phase angle since they
are usually more reliable than the measured
values.

3. CONTROL OF PATTERN SHAPE

a. INTRODUCTION,--There are two basic problems
in a directional antenna design. First, it 1s
desirable to control the pattern shape by proper
selection ‘of pattern parameters and second the
size of the pattern for a given amount of power
is very useful in many applications. This
section will be devoted to the first problem of
moulding the pattern shape. The second problem
of determining the size or gain of the direc-
tional antenna will be treated in Section 4.

The field intensity at any given point in
space is 4 function of the placement of the
current elements along with magnitude and phase
of the field intensity produced by each current
element, In other words we must know the space
con figuration of the radiating elements and the

individual vectors of the field intensities
produced by these radiating elements. This
information can be expressed in equation form
as 4 vector equation or only as the magnitude of
the resultant field intensity which is commonly
called the pattern formula.

Itis common practice to treat each tower as
a radiating element over a perfectly c¢onducting
earth and select the observation point, P, far
enough away from the radiating system to assume
that lines joining the radiating elements and
the observation point are parallel. This
simplifies the mathematics and does not introduce
appreciable error except when it is desired to
deal with the nearby radiation field. For this
case the more general equations must be employed.

b. SPACE CONFIGURATION.--In order to establish
a system for specifying the location of each
tower in such a manner that the information can
be used in the design equations let us refer to
Fig, 14 which gives the plan viewof the space
configuration of the k*® tower. The primary
purpose of this figEre is to clearly specify the
position of the k™" tower on the ground plane.
This specification contains the following:
(1) Space reference point, which is the
space origin or point from which all
distances are measured.

(2) Space reference axis, which is a line
passing through the space reference
point and has a true north-south

orientation. It is the reference line
from which all azimuth angles are
measured.

TRUE NORTH

kB ANTERNA

SPACE REFERENCE AXIS

SPAGE REFERENGE POINT -

PLAN VIEW OF SPACE CONFIGURATION
OF k™ ANTENNA

Fic. 14
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ZENITH

SPACE VIEW OF OBSERVATION POINT P
AND THE k'h TOWER

Fic. 15

(3) True azimuth of k'" antenna, ¢, , as
shown in Fig. 14 is measured cloc cwi se
in degrees from the space reference
ax s.

(4) Spacing of k*" antenna, S , from the
space reference point, is measured in
electrical degrees along the horizontal

plane as shown in Fig. 14.

¢. VECTOR DIAGRAH,--The field intensity at the
point P in space can be expressed as the sum of
the voltage vectorsin the vector diagram. These
vectors depend upon the space configiration, the
heightof the towersand the vector field intensity
radiated from each tower.

For the space configuration of the k*"
antenna aspresented in F1g 14 and 15 we have the
voltage vector at the point P as shown in Flg. 16.
The magnitude of this vector is simply E_ in the
horizontal plane because the vertical radiation
characteristic f3(9) = 1 when # = 0, For a

VOLTAGE
VECTOR
REFERENGCE e oS
PO'NT, :"“ ’ By = Sy cos® coal¢r¢.)+l+’k

|

VOLTAGE VEGTOR REFERENGCE AXIS
VOLTAGE VEGTOR DIAGRAM FOR THE k™MANTENNA
Fie. 16
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REFERENGCE
POINT.

f kth
ANTENNA

PLAN VIEW OF k" ANTENNA SHOWING SPAGCE PHASING
IN THE HORIZONTAL PLANE

Fi6.17

tower with sinusoidal current distribution the
vertical radiation characteristic is given by

Eq. (10).

The vector for the k*" tower makes an angle
B, with respect to the voltage vector reference
ax1s whichis along the positive x-axis according
to the usual mathematical convention. The angle
B, isa functionof space phasingand time phasing.
The space phasing is represented by

S, cos 8 coslg, - )

while the time phase is simply .

For illustration, if the tower is placed at
the space reference point as shown in Fig. 14 the
spacing 3, becomes zero hence the space phasing
also is zéro. In this case only the time phase
¥ is involved. For this case the voltage vector
in Fig. 16 would make an angle ¥, with respect
to the voltage reference axis. This angle remains
constant for all positions of point P,

In many directional antennas one tower is
placed at the space reference point and all
VOltage vectors aré referred to this tower. For
this elementary case the voltage vector will lie
along the voltage vector reference axis as shown
in Fig. 16. 'The other voltage vectors are then
referred to this vector which is in the same
position as the voltage vector reference axis.

In the space phasing portion of B the term
cos 6 reduces to unity in the horlzontal plane.
In this plane the space phasing is simply the
difference in distance from the observation point
P to the k*® antenna and the space reference
point as shown in Fig. 17.



SPAGE
REFERENGE >
POINT N s \

HORIZONTAL

- | N ammutH
[<——85, COS(@-P)————— >  OF OBSERVATION
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ELEVATION ANGLE & SHORTENS THE SPACING
Sk TO THE VALUE S COS &

Fle.18

Dropping a perpendicular from the kth
antenna to the straight line connecting the
observation point P and the space reference
point creates a right triangle the side of which
is 8y cos (¢, - #). This space phasing quantity
1s the required difference distance since the
observation point P is assumed to be &t a great
distanice and it holds true for any direction in
the horizontal plane.

When the observation point is at some eleva-
tion angle ¢ the k*" antenna will appear to be
closer to the space reference point by the multi-
plying factor cos 8. Referring to Fig. 18, it
1s seen that a right triangle can be formed by
dropping a perpendicular to the line connecting
the space reference point and the observation
point P.

The k*" antenna then appears to have space
phasing of S, cos @ cos (¢, -9) from the space
reference point. Thisis the complete expression
for the space phasing of any antenna in the
system and for any observation point P in the
hemisphere.

Now, if the field intensity vectors of all
the towers are added in series the resultant
field intensity at the observation point P can
be obtained. Suchavector diagramis illustrated
in Fig. 19.

d. GENERALIZED EQUATION, --The vector equation
to express the vectors of Fig. 19 is the general-
ized equation that can be used to express the
pattern shape for a directional antenna array
with n towers. The equation in condensed form
is,

k=n

E = Z
k=1

E £0) LA @D
where:

E = the total effective field intensity
vector at unit distance (P) for the
antenna array with respect to the
voltage vector reference axis. This

vector makes the angleB with respect
to this axis as shewn in Fig. 19.

k = the k*" tower in the directional

antenna system.

n = the total number of towers in the
directional antenna array.

E = the magnitude of the field intensity

at unit distance in the horizontal

plane produced by the k*" tower

‘ acting alone.

£, (8) = vertical radiation characteristic of

the k*" antenna as given inEq. (10).
@ = elevation angle of the observation
point Pmeasured up from the horizen
in degreess
B, =S, cos 8 cosle, - ) + /4 (28)
= phase relationof the field intensity
at the observation point P for the
k*" tower taken with respect to the
voltage vector reference axis
S, cos (¢, - &) cos @ = space phasing
portion of B, due tothe location of
the k*" tower.

Sy = electrical length of spacing of the
k*® tower in the horizontal plane
from the space reference point.

¢, = true horizontal azimith, orientation
of k*" tower with respect to the
space reference axis.

¢ = true horizontal azimuth angle of the
direction to the observation point P
{measured clockwise from true north).

¥, = time phasing portionof 8 due to the

electrical phase angle of the voltage
{or current) in the k*" tower taken
with respect to the voltage vector
refererice axis.

The shape of any directional antenna pattern.
can be computed by applying the above equations,
however, many directional antenna arrays can be
designed by simplified versions of this equation.
The treatment that is to follow will show how to
apply some simplified versions of the above
equations.

VOLTAGE,
VECTOR
REFERENCE
POINT,

VOLTAGE REFERENGE AXiS

SUMMATION OF FIELD INTENSITY VEGTORS FOR m ANTENNAS
IN THE DIRECTIONAL ANTENNA ARRAY

Fic, 19
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EXAMPLE 5: The following parameters are furnished. Write the design equation.
PATTERN PARAMETERS
Tawer Electrical True Tower Horizontal
No . Height Orientation Spacing Pl‘(:-}(’lsfing field
0  « 0o 4 o
6° ° s Eony /m
1 45 78.68 185.70 133.3 154.5
2 45 108,97 195. 54 226.7 163:8
3 90 178.38 50. 00 2926.7 327.5
4 90 257.99 178.08 2926.7 163.8
5 138 289.58 187.79 133.3 154.5
6 52 358.38 50.00 133.3 309.0
SOLUTION: From Eg. (10), (27) and (28) the design equation is,
E = 154.5 08 (45 sinb) ~ cos 45 |55 70 cos 6 cos (78.68 -¢) + 133.3
(1 - cos 45) cos @ - )
¥ 163.8 cos (45 sing) - cos 45
(1 - cos 45) @059
cos (90 sing) - cos 90 ) L
4 327.5 S ( 9‘4 = [50,00 cos 6 cos{178.38 ~¢) 1+ 266.7
(1 -~ cos 90) cos @
~ 1ind) - cos 90 ‘ o
t 1638 223 {90 5inf) - e [178.08 cos 6 cos(257.99 -@) + 266.7
(1L = cos 90) cos @ )
+ 154.5 cos (138 SJ;@G) - cos 138 | 187, T900sBeos (289,58 ~F) 1333
(1 ~ cos 138) cos§
4 3090 225 (52 e1nf) - cos 52 1oy . g cos (356.38 -6) + 133.3 ANS.

(1~ cos 52) cosé

&. DIRECTIONAL ANTENNA PARAMETERS,--The symbols
needed to describe a directional antenna array
must ‘include antenna height, true orientation,

tower spacing, electric¢ current orelectric field
phasing, electric field intensity at unit distance
and elevation angle. For convenience it is
desirable toadd a symbol to express the vertical
radiation characteristic and the ratio of fleld
intensities.

The symbols chosen are those most widely
used, with a few exceptions. The exceptions are
necessary in order to mike the system consistent
in itself and not catse undue conflict with other
usages of the terms. The choice of terms and
their use was also influenced to a great extent
by the present practice of FOC. For example, the
true azimuth angle is expressed by ¢ and is
measured clockwise from truenorth. This practice
differs frommathematics where angles are measured
counterclockwise from the positive x-axis. It
also differs from electrical engineering where
the symbol ¢ is used to measure phise angle. In
another case ¢ is used toexpresselevation angle
instead of zenith angle as is the usual case in
mathematical treatments 1nvolv1ngspacegeometry
On the other hand some consultants in the past
have chosen to express the vertical angle or
elevation angle by the symbol V.

Another difference of opinion revolved about
the symbol to use for electrical height. The
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letter h or H is descriptive but the letter G was
selected because of its rather general usage.
Since the symbol ¢ was used for azimuth the symbol
Urwas selected to express phase angle.

Considerable discussion has revolved around
the selection of aternito express field intensity
ratio. The term r for ratio had been wused but
caused confusion because of its common use to
express resistance. The term # had been used to
express turrent ratio, but since this is often
different from the fleld ratio, it was decided
to retain ¥ to express current ratio. The term
F is selected to express field ratio, hence it

_can no longer be used to express field intensity

interchangeably with the term F.

f. HORIZONTAL PATTERN SHEET, --To illustrate
the use of the foregoing nomenclature a direc-
tional antenna array has been quite completely

specified in Fig. 20 using the parameters of
Example 5.

In preparing the pattern data, the following
factors were considered:

Horizental plane pattern plot with asimuth
angles measured clockwise from true north.

Direction and distance to each protected
station, with the azimuth sector indicated if an

;area is to. be protected,



Pattern plotted tothe largest scale possible
on polar coordinate paper having 10 or 15 major
radial divisions, using divisions and subdivisions
having values of 1, 2, 5 or 10%.

Minimum values, where possible, plotted on
a 10 x expanded scale.

MEOV (maximum expected operating value)
plotted and designated on the expanded scales and
on the regular scales where the expanded scales
do not apply.

, Horizontal rms field intensity circle, E_,
drawn on the pattern sheet.

Tower placement sketch showing the locatien
and number of each tower with true north at the
top of the diagram, along with dimensions useful
in special design equations if such are used to
make the pattern computations.

Symbol definitions are as follows:
G the electrical height, should be the value
used inthe vertical radiation character-

istic function,

cos (G sin®) -cos G

f() = (10)

(1 - cos G) cos 6

1f this is not the case, then the correct
vertical radiation characteristic should
be furnished.

true orientation of observation point
measured in degrees.

# with a subscript, as ¢, for No. 2 tower,
describes the true orientation of each
tower in the system.

S with a subscript, as S, for No. 2 tower,
describes the spacing of each tower from
the space reference point measured in
degrees. ; ,

¥ with a subscript, as w,for No. 2 tower,

describes the phase of the electric field

with respect to the voltage reference
axis.

the total field intensity at the angle

¢and @ . _

E with a subscript, as E, for No. 2 tower,
describes the magnitude of the horizontal
field intensity of each tower in the
system.
value in millivelts per meter unattenuated
field intensity at one mile.

F the ratio of the horizontal field inten-
sities. Double subscripts can be used
if the value is to be expressed outside
the table, thus

o

F,_=—

E

2

21
E,

Tt is convenient to express this

M tower current ratios which maybe consid-
erably different than the field ratios.
With subseripts it is written,

Iy
Hiz —‘12

This symbolisnot negeded in the systema-
tization on this sheet ’

¢ elevation angle from the space reference
point measured in degrees.

Ey the magnitude of the rms field intensity
circle at the elevation angle 8. Sub-
seripts are used, such as E, at zero
degrees elevation and E at 40° eleva-
tion, to denote the elevation angle of
the rms field intensity. It is convenient
to express this value in millivolts per
meter unattenuated field intensity at
one mile.

E_ the field intemsity of an equivalent

standard hemispherical uniform radiator.

For 1 lw of radiated power this standard

hemispherical uniform radiator will give

152.1 mv/m unattenuated field intensity

at one mile.

P. the amount of radiated power from the

proposed directional antenna.

Station data tabulation, with station call
letters entered on the first line of station data;
if the call letters have not been assigned, line
remains blank or the word new inserted. The
proposed. operating frequency in ke and the prop=
posed operating power in kw inserted. Time of
operation designated by one of the following:

U unlimited.

D daytime.

N night time.

ST shares time.

L limited time with dominant stationm,

IS local sunset.

SH specified hours.

SA special authorization.

.. Type of operation specified by one of the
following: '

DA-N directional antenna night time.

MA-D directional antenna day time.

DA-1 directional antenna with samepower and
same pattern day and night,

DA-2 directional antennawithdifferent power
and/or different pattern day and night.

Ground systembriefly described by the number
of radials per tower, the length of these radials
and the dimension of the ground screen 1f used.

Latitude and longitude given for the space
reference point of the directional antenna system.
Supersedes refers to the previous design pattern,
if any. This nurber can be given as year in two
digits, month in two digits, and day in two
digits. Pattern number refers to the proposed
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pattern and is given as year in two digits, month
in two digits and day in two digits.

The horizontal plane pattern graph paper,
as shown inFig, 20, has a circle diameter of 10"
andisprinted on standard 11" x 17" sheets which
can be reduced to 8.5" x 11" for record purposes.
However, the 11" x 17" sheet size should be
presented to FOC in order to meet their require-
ments . *

g. BROADCAST ANTENNA REQUIREMENTS, «~The design
of a broadcast antenna system is somewhat more
complex than that of the so-called “beam” direc-
tional antennas used extensively for transmission
in the short and ultra-short wave regions. The
latter antenna systems almost invariably are
designed to have a more or less concentrated beam
of energy in one direction with energy in all
other directions suppressed to a greater or less
degree, depending upon the gain of the array.
These short wave arrays often consist of numbers
of stacked elements arranged symmetrically and
fed with in-phase currents which can be distri-
buted and phased throughout the array by means
of transmission line sections. Either horizon-
tal or vertical elements may be used, as sky
wave or direct wave transmission is employed and
the ground acts as a reflector rather than an
absorber of the incident energy.

Other long-wire arrays of the thombic or V
type are also found in use at the higher frequen-
¢cies, and operate on a traveling wave princi-
ple, in which the fields from each segment of
the wires add up in one direction to give a
sharp beam.

Droadcast antenna arrays present a rather
different problem. Theymust usually be designed
to produce a unique non-symmetrical pattern, as
each directional antenna desipgn must fulfill the
peculiar requirements imposed uwpon the station
by the proximity, direction and powers of other
stations on the same or adjacent channels. ~Ver-
tical radiating elements are universally used,
as most of the useful transmission is by means
of the surface wave, which suffers tremendous
attenuation when horizontally polarized trans-
mission is employed.

An excellent visualization of the problem
involved in broadcast directional antenna design
is afforded in Fig. 21, showinga typical regional
broadcast channel in the United States. It will
be noted that the pattern of each station is
arranged so that a minimum amount of energy is

4TwotypeS of polar coordinate paper have
been prepared by the authos, with 50 and 75 com-
plete circles. The paper is available in heavy
or light weight 11" x 17" sheets. By using

these two types of polar coordinate paper and

reasonable scales the pattern van be drawn to at
" least 67 percent of full scale value.

directed towards other stations on the same
chaniiel. In addition the arrays are located in
a position with respect to their primary service
area so that the main lobe of eneérgy covers this
primary area as completely as possible.

For a complete discussion of skywave inter-
ference ratio and selection of the proper range
of vertical angles for sky wave transmission
reference is made to the FCC Standards of Good
Engineer Practice for Standard Broadcasting
Stations, issued by the Federal Communications
Commission. Here the generally accepted ratlo
of desired to undesired co-channel signal of 20
to 1 is mentioned, and methods of calculating
the interference presented to one station by
another, in the primary service area of the first
station, are described.

Sky wave interference, for allocation pur-
poses, 15 determined by use of certain curves in
the standards. These curves were prepared after
exhaustive tests and surveys had been made of
ground and skywave propagation characteristics
at broadcast frequencies. MHowever, changing
ioriospherie conditions indicate that a wholly
realistic picture of interference conditioens
cannot be obtained solely from the curves. Actual
measurements with field strength recorders are
often necessary to determine absolute existing
signal strengths at the points where the inter-
ference ratio is to be determined. Equipment 1is
availahle for measuring the interference ratio
while several stations are operating simultan-
eously on the same frequency.

The protection requirements will impose
upon the pattern nulls and minima, at various
elevation angles, the number being determined by
the number of stations to be protected. The
designer strives to provide the required protec-
tion with the minimum of towers, as a matter of
simple economics. Several different arrangements
may be tried out on paper in an attempt to find
the optimum solution to the problem.

After the pattern shape has been determined,
by methods suchas outlined in this section, then
the pattern size should be determined by methods
such as outlined in the next section. With this
information at hand the driving-point impedance
of each tower in the array can be determined.
Then it is possible to design the directional
antenna feeder system which will consist of
impedance matching networks between each tower
and its respective transmission line, computation
of phase shift in the transmission lines, provi-
sion of adequate phase shifting networks and a
power dividing network at the input to the di-
rectional antenna system, whichisusually at the
output of the transmitter. A typical directional
antenna feeder system block diagram is shown in

¥ig. 22.

After the construction has been completed, in
accordance with the construction permit issued
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by the FIC, equipment test authority is requested
of FCC. Operatlng with this authority the net-
works are adjusted to meet the design require-
ments, Actual measurements must be made in the
field to confirm that the operating parameters
and field intensities are in accoerdance with the
specifications in the construction permit. A
report is then prepared and filed with the appli-

cation for station licensewith FOC. Concurrently

with the filing of this application, program
test authority can be requested of FCC, thus
permitting the station to go on the air before
FCC has an opportunity to grant the station

license.

Finally the operation of the antenna is kept
under constant surveillance by means of ampli-
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tude and phase monitoring of the tower currents
and by periodically checki’ng the field strength
at selected monitoring points placed in eritical
directions from the antenna system,

It should be realized that directional
antenna design is a most exacting task, fraught
with difficulties and not always culminating in
unqualified success. Some large arrays for
broadcastlng stations have actually been de51gned
and placed into operation, after which it was
found impossible to tune them up to operate in
dccordance with FCC efficiency requirements.
These design failures were due to neglect to
consider high losses caused by excessive circu-
lating currents in the array - another factor
which must be carefully evaluated, as the FCC

(COURTESY MUTUAL BROADCASTING SYSTEM)
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requires that a directional antenna produce at
léast a winimum unattenuateéd r-ri-s field inten-
sity at one mile. For specific details see the
FCC Standardsin Section One of the NAB FEngineering
flandbook, Some leeway for losses is afforded by
the stipulation that the actual measured common
driving point resistance may be multiplied by
the factor 0.925 (5 kw and under) or the factor
0.95 (over 5 kw power) to obtain the operating
power resistance which, times current squared,

equals the licensed radiated power of the station.

h. TWO TOWER PATTERN USING THE ADDITION
FORM--Perhaps the simplest directiomal antenna
design equation is found in the two tower addition
form. We will now proceed to develop this equa-
tion in considerable detail. Referring to Fig.

23(a) No. 1 tower is initially placed at the
space reference point and No. 2 tower is placed
directly north on the space reference axis. By
substituting in the generalized Eq. (27) and
(28) the horizontal pattern equation can he
written,

E =E, [9i_+ E,

where the values are defined following Eq. (27).
The vector diagram for this equation is shown in
Fig., 24(a). The problem is to convert this vec=

IS, cos Ptu, (29)

tor equation into the simplest poss1b1e pattern
formula. This can be done if E, is made equal
to E o» the space reference polnt is moved to a
pOSItlon midway between the two towers, and the
phase angle ¥2/2 is subtracted from the phase
angle of the vector field intensity of each
tower. The resulting space configuration is
shown in Fig. 23(c) and the resulting vector
diagram is shown in Fig. 24(b).

The purpose of making this change is to
remove the imaginary or j component, from the
design equation. In Eq. (29) E, lays along the
voltage vector reference axis, hence does not
have a j component, however the position of E,
will rotate with respect to E, and will there-
fore have a j component for alf‘phase relations,

B, other than 0° and 180°.

If the new parameters, as shown in Fig. 23
(¢) are substituted in the general Eg. (27? and
(28) we have,
3
. ‘_Ehcos¢ R
Po=F, ?
(30)

where the values are defined following Eq. (27);
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Converting these vectors frem polar to rectangu-
lar form gives,

i S
E = Ez‘ COS(——— cos ¢ +—)
+ 3 sin (— cos ¢ + 2)J
S g
E .2 =2y
+ I:COS ( 5 cos ¢ 5 )

S, Wy
+ 3 sin (--é:-g cos ¢ __1:;1_2):[

In this equation the j sine terms cancel and the
cosine terms add giving the desired answer

E =2E, cos (—2—2-‘003 @ +L;—2 (31)

where
E = unattenuated horizontal fieldintensity
from the directional antenna, mv/m

E, = unattenuated horizontal fieldintensity
from each tower acting alone, mv/m

S, /2 = spacing from the space reference point

to each tower, degrees
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Figc. 24

¢ = true azimuth angle toward observation
point, P, degrees

v, /2 = time phase of No. 2 tower andthe nega-
tive of the time phase of No. 1 tower,
degrees,

The reason this design equation is so sim-
ple is that the j components canhcel out. This
can be seen quite clearly by reference to Fig.
24(b). The space reference point and time phase
have been chosen such that the vector E, makes a
positive angle B, that is equal to the negative
of B, that the vector E, makes with the voltage
vector reference axis. Since E the j
components are always equal and‘opp051ﬁe”hence
caneel each other leaving the real terms to add
along the voltage vector reference axis.

When the space phase plus the time phase,
(— cos @ +

—%), equals zero the cosine term be-

comes unity and the maximum field intensity is
2E, in Eq. (31). For this condition the vectors

B, ®and E_ lie along the positive x-axis as shown
1n Flg 95(a). For illustration if S, = 180°
and ¥, = + 180° then when ¢ = 180° we have the

masximim positive value due sout;h in the pattern

of Fig. 25(b). From Eq. (31) we have,

E =2E, cos (90 cos ¢ + 90)
ds the pattern equation.



As the azimuth angle ¢ of the observation
point P for the above illustration is moved
counter clockwise from true south the first vec—
tor term in Eq. (30) which represents the No.
tower takes on a positive angle as shown in Flg
24(b) while the second vector term in Eq. (30)
which represents No. 1 tower takes on an equal
negative angle. The resultant E still lies
along the positive x=axis as 1llustrated in Fig.
24(b) and Fig. 25(a). The magnitude of this
resultant decreases as the azimuth angle decreases
up to 90° at which point the resultant becomes
zero because the vectors E, and F, point in
opposite directions asshown in Fig. 2§(a) Then
as the value of ¢ decreases from 90° to 0° the
resultant becomes negative and increases in vdlue
until it reaches & maximum negatlve value as

shown in Fig., 25(a) and (b).

It is of interest to note that one lobe is
positive because the resultant vector E takes on
positive values as it moves back and forth along
the positive x- axis while the other lobe is
negative because the vector E moves back and
forth along the negative x-axis.

In this type of design equation the vector
E always lies along the x-axis in the vector
diagram. However, in order to plot the pattern
in polar coordinates the magnitude of E is
plotted in a polar fashion as a funiction of the
true azimath angle ¢. Both ways of representing
E are shown in Fig., 25.

If it is desired to fill both nulls an
equal amount the field ratio can be made other
than unity, In fact with a two tower array both
nulls will naturally be filled an equal amount
for a given field ratio. The amount of fill
increases as the field ratio is increased. When

the field ratio becomes infinite all of the
radiation is from one tower and the pattern
be comes non-directional or eircular in the
horizontal plane.

EXAMPLE 6: Write the equation of a cardioid
patters having a maximum field of 200 mv/m, to

the north, using 90° spacing anmd the addition
method.
SOLUTION: For this condition S, =90° and if

the cardioid pattern is to point nort.h then the
cosine termof Bg. (31} must be unity when & = 0,
For this conditien the parenthesis term in Egq.
(31) must be zero, thus

S
EE'COS & +%;g::

90 w,
Substituting, ~2 cos 0 +———,= 0
Solving, ¥, =~ 90° or 270°

Theréfore, the complete design equation can be
written, by substituting in Eq. (31),

9 90
E =2(X00) cos (—5— cos ¢ -—E—‘)

= 200 cos (45 cos @ -~ 45) ANSg

For this pattern the values of E always lie
along the positive x-axis, thus the whole pattern
1s a positive lobe pointing north with a null
due south. :

Ifwe had used y, = 270° instead of Yy=-90°
thenE would always lie along the negative x-axis,
thus the whole pattern would be a negative lobe
pointing north with a mull due south,
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1. SYSTEMATIZATION OF TWO TOWER PATTERNS.--

Since two tower patterns are so useful, a

systematization of 568 patterns is presented
in Appendix B, 256 of these patterns are
general patterns with spaeings out to four
wavelengths, while 312 are detailed patterns for
spacings out to one wavelength. The general
patterns are for spacings in steps of 45 degrees
and pha51ng51nstepsof45 degrees. Thedetalled
patterns are for spacings in steps of 15 degrees
and phasings in steps of 15 degrees. The
phasings are only presented from 0 to 180 degrees
since the same patterns, oriented 180-degrees,

result for phasings from 180 degrees to 360
degrees. This is readily observed by inspecting
the general patterns which present all the
phasings.

j. DIRECTION OF HORIZONTAL NULLS FOR TWO
TOWER PATTERNS, --Whenever the parenthesis

S, v, , )
term (—5- cos ¢ +)§_-) in Fg. (31) becomes 90°
or 270° the total field intensity vector F
becomes zero and produces a null. Tf only one
null is desired it mist be either due rnorth or
due south since this is in the line of the
towers. A two tower paftern is always sym-
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metrical around the line of towers, therefore
if the null is not in line with the towers there
must Dbe at least two nulls. Of course itis
possible but not necessary to have two nulls in
the line of the towers (due north and due
south).

Let us consider the special case of a null
due north. Let ¢ = 0, then the parenthesis
term in Eg. (31) must be equal te 90° for
spacings up to 180°, hence

3, +¢, = 180° (32)

Froem this equatlonlt 1s seen that forevery
spacing S, there is one possihble phasing ¥,
that will produce a mull du¢ morth. When the
spacing goes beyond 180° theu the phase angle
hecomes negatlve unless 3 0% is added to the
spacing. Referring to Tlg 26(b) the solid
diagonal lines graphically gives the relationship
Letween S, and ¥, to produce a null due north.
The patterns, for illustration at the top of the
figure, it will be noted, have been lifted from
theppneralsystemitlzat10n<xftwo tower patterns.
It should be observed that for zero spacingno
null can exist, for spacings from 0° to 180° only
one null can exist and it will be due north for



this special case. At aspacing of 180° two nulls
will exist, onedue north and the other due soith,

From 180° to 360° spacing three nulls will exist,
one of which will be due rorth and the others will
be symmetrically located from due south 1n the
third and fourth quadrants. At 360° spacing
four nulls will exist in the exact direction of
north, east, south, and west. This process of
increasing the number of nulls will continue to
inicrease, in a similar fashion, as shown in Fig,

26(b). A study of the general systematization
of two tower patterns will also reveal this
relationship.

EXAMPLE 7: Two towers on a,Norhh—South Tine
have a spacing of 110°, Determine the phasirng
required to produce a null directly north.
SOLUTION: Substituting in Eq. (32)

110° +¥, = 180°

v, = 70° ANS.

A similar special relationship exists for a
null due south. The dashed fine inm Fig. 26(bh)
gives the relatlonshlp between S, and ¥, for
this condition. This relationship is also £11us-
trated in the general systematization of two
tower patterns.

For the more general condition of producing
a null in the direction ¢y, the azimuth angle of
the null from the line of towers, we can apply
the equation,

S, cos ¢ + ¥, =+ 180° (33)

where ¢, = azimuth angle of the nulls from
the line of the towers, degrees
= azimuth angle clockwise and
counterclockwise from true north
to the nulls, if the towers are
on & morth-south space reference

axis, degrees

¥, = total phasing of the No. 2 (north
tower) with respect to the No. 1
(south tower), degrees

3, = total spacing between the towers,
degrees.

This eqnatlon has been used to prepare the
chart in Fig. 27.

EXAMPLE 8: Number 2 tower is spaced 140° frqm
No. 1 tower on a true bearing of 40°. Deter-
mine the phasing that will produce a null at
110°. 1In what direction is the other null?
SOLUTION: Substituting in Eq. (33)
140° Cos 70° ﬁ-g%‘:;lSOé
140° X 0,342 ¥, = 180°
/g

) = 132,1° ANS.

The two tower pattern being symmetrical around
the line of towers the other null will be at
40° - 70° = =30% or 330° from true north. ANS.

A careful inspection of this chart will
reveal a number of interesting facts about two
tower directional antennas. In general, spacing
up to 180° will produce two symmetrical nulls
for any glven phasing. Of course when the null
is at¢y =0%or ¢y = 180° there is only one null
for spacings up to 180°, The positive sign in

(33) is used for this case‘whm1¢n = 90° the
phaslng @ = 180° for all spacings. In other
words, when the towers are exactly out of phase
a null is always produced exactly broadside to
the array regardless of the spacing.

For spacings from 180° to 360° there are in
general two or four symmetrical nulls. The pos-
itive and negative sign in Fq. (33) must be used
to determine both sets of nulls. Of course two
of these nulls degenerate into a51ngle null when
$y = 0° or‘¢ = 180° and for this condition
there willbe three nulls. If the spacing is in-
creased from this value four nulls will exist
while if the spacing is decreased only two nulls
will exist. When there Is a condition of three
nulls the phasing can be increased or decreased
as shown in the chart to produce either two or
four nulls. When there are two nulls there may
be one or two other minimums depending upon the
pattern parameters. This can be visualized by
observing the systematization of two tower di-
rectional antenna patterns.

EXAMPLE 9: Determine the phase and spa¢ing to
produce one pair of nulls at B0 and 280 degrees,
and another pair at 150 and 210 degrees for a two
tower directional antenna.

SOLUTION: Referring to Fig. 27 the specified
null angles are satisfied for a spacingof
approximately 346 degrees and a phasingof
approximately 120 degrees, ANS.

It an exact solution is desired Eg, (33) can be
applied to give the following simultaneous

equations,

8y cos 80 +¥, = +180
Sy cos 150 4, = +180

Substituting fer the cosine values and subtract-
ing

0.1736 Sy 4 0.8660 S, = 0° or add 360°
S, = 346.3° spacing ANS.

Substituting this value of spacing in the first
equation

W, =180 - (346.3)(0.1736) = 119.9° ANS.
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k. TWO TOWER PATTERNS USING THE COSINE LAW FORM, --Consider the generalized equation for two
towers in a directional antenna array,

E=F1(6) |8, +E1,00) |8, (34)

The terms in this equation are defined in Eq. (27) and (28), and illustrated in Fig. 29. These
vectors can be resolved into components along the x-axis and y-axis and by taking the square root
of the sum of the squares, the magnitude of the resultant is obtained, thus,

E:'l £,(8) cos g, +F, £,(6) ‘co‘sﬁé’ 2

] = e , L (35)
g +ﬁ31 £,(6) sinB, +E, £,(0) sinﬂ,;lz
Fxpanding terms under the radical gives,
,T‘* 3 ‘?v[Elfl(e):lz G‘OSQBLV +[E2f2(01)]j cos’B, + 2E, £, (6) E’zf‘z(ey) cosp,cosp, (36)
“l,’l:F’l fl'(‘!e)v:l?' sin’g, +|:E2f12(0'):| §i“2"32 + 2F,£,(6) Fyf,(6) sing sing, |
Since sin®B + cos®*B =1 and cosB, cosB, + sinB, sinf; = cos (B, - B,) ‘the above equation can be
reduced to
BV [, @] 4, (9)] + 2 R, E,(6) Fyf,(0) cos(B,-B,) (37)

'ﬂlls is the cosine law form of a two tower pattern equation. To illustrate, consider the appli-
cation of the cosine law to the triangles of Fig, 28, '

If we write: a=Ff (8), b =F,f (0), ¢ = {Fl, and C =180 - (B, - B,). Making these substitu-
tions in the cosme law eq‘uatlon of Fig. 28 results in Eq. (37) ¢he cosine law design equation.

Now if the field intensity ratios are defined by

R B (38)
2LOE, £,(6) ,

then the quantity ¥; f; (8) can be removed from under the radical in Fq (37) and the equation can
be written,

[EI = B £, (6) [ 14F, 42, cos(B, - B,) 39

This is the cosine law equation expressed in ratio form. For some types. of antenna designs this
is a useful form of pattern equation. This equation is shown in Fig. 29.

EXAMPLE 10: If the towers in Example 8 have horizontal field intensities of 120 mv’m and 170 mv/m
for No. 1 and No. 2 towets respectively, write the horizontal pattern equation using the co-’
sine law form.

1,160 Sin @+ |—E4al0) singis —t

o Vo's b = 20b cos G C=180"~(5,~5) - A N
RéFk;Ré;{éE :

£

R SRR, |

¢ =V/a*+ b+ 2ab cos (grf5,)

[ = - VOLTAGE REFERENGE
= £ 1 (0).cos B 51518 cos: gz——‘ OLTAS

COSINE LAW EQUATION APPLIED TO A TRIANGLE VOLTAGE VECTOR DIAGRAM FOR TWO TOWER PATTERN

Fig:28 Fio.29
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SOLUTION: Substituting in Eg. (28)
B, = 140° X co0s0° X cos(40°-#) 4+ 132.1°

0 since No. 1 tower is at the space reference point

Substituting in Eq. (38)

Substituting in Eq. (39)

JE] = 1204/141.416%42 x 1.416 cos 140° cos (40°- $)1132.1° ANS,

1. TWO TOWER PATTERNS USING THE MULTIPLICATION FORM,--It is a simple matter to convert Eg.
(39) to the multiplication form. Let No. 1 tower be located at the space reference point then E;
will lay along the voltage reference axis. Now if the terms under the radical are divided by 2 F,,

the equation can be written,

]E] = E, f CINE 2\/1 t Fy” -+ cos (8, cosOt’:os“qH-wz) (40)

where F, is the same as F,, defined in Eg. (38). The double subscript is dropped because all tow-
ers are referred to the reference tower.

For the special case of equal field intensities this equation reduces to

9

|El: 2 F £, (8) cos [«2 cos § cos @ +-;—] (41)

EXAMPLE 11: For the directional antenna in Example 10 express the horizontal pattern equation in
the multiplication form.
SOLUTION: Substituting in Eq. (3§)

_ 170
1 = g = 1416

Substituting in Eq. (40)

: 141.4162 ' p
[B] = 12042 /1. 416\/ 4 TIe T cos (140°cos0%cosd + 132.1°)
202./1.068 + cos(140° cos¢+ 132.1°) ANS.

Il

EXAMPIE 12: Prove the two tower multiplication equation, thatis, show the bransition from Eg. (40)
to (41).

SOLUTION; Equation (41): is for the special case of equal field intensities.
First, for Eq. (40) we have

2
. 1 +F ‘ V
E =E, fl,(‘6)4",’/2'_F2\/—7F2~2—— + cos (S, cos @ cos d +w,)

And for equal field strengths this first reduces to

E =2 £,(8) /T 1 cos (5, cos 6 cos & +u,)
A basic trigonometric formula is

cos o :-21— (1 + cos 20¢)

2 cos®d =1 4 cos 2 @

2 cose = /'l, + cos 2 &
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Then letting

2a=S, cos 6 cos ¢ +U,

’Ot:% cos @ cos P +%§
And
) ) 3,
E =E,~NZ f(6) ~/2 cos (2—"2 cos § cos @ +W72)
. .S k
E =28, £(6) cos (2—2 cos @ cos P +~’{;£) . - ANS.

. THREE TOWER IN LINE PATTERNS USING THE MULTIPLICATION FORK.--Tf Eq. (40) is used to express
pattern No. 1 dn Fig. 30 then pattern Yo, 2 can be expressed by,
|E|= 5 £ 02 |

Now if the radical terms of Eq. (40) and Eq. (42) are multiplied together the multiplied pattern
No. 3 of Fig. 30 results, thus, -

+ cos (S, cos g cos ¢ + ‘ﬁa‘) (42)

. V 14F,* R g
:! El = 2, £,(0) < IF‘ZFB-J 2Fj+ cos(S, cosecos¢+!1f?§| f: QF: + cos(8, cos @ cos ¢ + ) (43)

(a) PATTERN NO. I (b PATTERN NO. 2 {c) PATTERN NO. 3

N(%_Z FZZE . ’ NOTL‘FO Fs i l’)g N02 ’%——e in‘ i LIJ;_ 4 F3: ug
’ N S |

Sy P AN S3 -
IR R e L 10 0 | £ 0°
NO. 1 , NO. | ' NO.1

MULTIPLICATION OF PATTERNS TO PRODUCE A THREE TOWER IN LINE ARRAY
Fis. 30
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This multiplication involvedall but the field intensity F;f;(6) from the reference tower. E,I;(68)
is not squared because the shape factors only are multiplied, Itwill be noted in Fig. 30 that the
field intensity of the reference tower is taken as unity, therefore, after performing the pattern
multiplication it is necessary to control the pattern size by the fleld intensity term Ej £1(6).
For the multiplication in Eq. (43) the spacing S = Sp = S3. Also, it will be noted that the tower
‘numbers have been arranged 1, 2, 3 in Fig. 30(c). This does not mean that tower Nos. 2 and 3
from Fig. 30(a) and (b) are llterally moved into these new positions. In the three tower pattern
No. 1 tower is the reference tower while towers No. 2 and No. 3 result from the multiplication.
Tower No., 2 of the three tower array must produce a field that is the sum of the vector fields of
towers No, 2 and No, 3 of the multiplied patterns, while tower No, 3 of the three tower array must

~ produce a field that is the product of the vector fieldsof towers No. 2 and No. 3 of the multlplled

patterns,

EXAMPLE 13: With a three tower in line array
having spacings of 90° between towers it is
desired to protect radio stations with true
azimuth angles of 33.4°, 99.6° and 326.6° If
the field intensity froman esid tower is 382 mv/m
determine the equation for each pair of towers
and then multiply the two patterns to arrive at
the final design equation. Plot the pattern for
each pair of towers acting alome and then plot
the final pattern.

SOLUTION: If the azimuth angle is split
between 33.4° and 326.6° it is found that the
pair of towers to produce nulls in these azimuth
directions miust have a true north south bearing.
Therefore, the final three tower array will also
have this bearing. ‘

Now, from Eq. (33) the phase angle for the
first pair of towers is determined as follows,

cos P +x)12~-f_180
90 cos 33.4 4y, = 1180
is measured from true north

Yy = 105¢ when-é&

» And fromEq. (40) the pattern equation for towers
No. 1 and 2 is,

E ., :fEi,fZ \//l + cos (S, cos ¢ + y,)

= 540/1 ¥ cos (90 cos § + 105) ANS

Similarly, from Eq. (33) the phase angle for
the second pair of towers is determined as follows,

90 cos 99.6 +y, = F180

Yy = 195° when¢{N is measured from true north

And from Eq. (42) the pattérn equation for towers
No. 1 and 3 is,

E g = Ef\/qg_ﬁv/j + cos (Sé cos ¢ 4+ wﬁ)

= 540, /1 + cos (90 cos @ + 195)

Now, 1f the pattera No. 1 is multiplied by
pattern No. 2, only the radical terms are multi-
plied as shown in Eg. (43) to give the final
horizontal pattern equation,

, [i + cos (Sycos ¢ + wzz]
E=E, 2

X[+ cos (90 cos & + y5)]

T £ cos (90 cos & + 105)]
VX[L + cos (90 cos ¢ +195)]  ANS

= 764 ~

The pattern for each pair of towers and the
final pattern are plotted in Fig. 30. ANS

‘The sum of the vector field intensities radiated from tower No. 2 can be expressed as a mag-

nitide at an angle.

Using the geometry of Fig. 31 we can write,

[ . , F,2 + E.2 -
Fo| % 4 F lﬁ:‘/ngFa\/'_zEftﬁ?L + cos fy - W‘E)LII{_
s Fy

(44)

‘This equation makes it possible to write out the magnitude and phase for No. 2 tower, thus all

three field intensity vectors canhe expressed as shown in Fig. 32{a).

Since the cosine of a posi-

tive angle equals the cosine of a negative angle we can write cos(y, w‘)<— cos(¥, - ) hence the
expression for No. 2 tower is correct in Fig. 32(a).
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?Fa sinl,J3

rFy sin Y,

)

VEGTOR REFERENCE AXIS

\ — ; I\ J

‘ A Y
F-zcos l|J2 , ;F3cos l|J3

SUM OF VECTOR FIELDS FROM TOWER No.2
Fic. 31

EXAMPLE 14: Prove Eq. (44) .

SOLUTION: Referring to Fig. 31 the vector sum can be written
F, ‘ y, + F, l Wy = \%FQ cos¥, + F, cos w;d)‘? + (F,sind + Fas\i’nwa-‘)z

o F, sin¥y, +\ F? «sin»ws
y ’ F’2 cos wfz_ + F3 cos 111'3
Expanding under the radical -

v, + 'Fﬁ’ \ u, -\/‘FZ2 cos? Wg 4 ZFéFﬁcosiI(Q‘c'os% + F32 cos%}t'a
: - 12

+ F,2sin®W, + 2F,F sin®sind, + Fosin®y,

F

5

Since cc)s?"lfl2 + si‘nzlp‘g = 1 and cosllfgcosllfs + s’in‘lfzsinlfé = C'os(ilf.,’; -i}rg) the above equation becomes
. o - ? 2 5o - ] , >
g‘w2+a|w3~\/g +F,2 4 2E,F, cos(¥, - ¥,) ’w’
"Eaz + Faz
=/ 2F2Fs oF,F, cos(¥y - U,) l 14 ANS,
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where

sin®r, + F. sinyr
> 3 3
W = tan”

F, cos W, + F, cos @, ANS.

Equation (43) is the general equation for multiplying patterns for a three tower in line
array. If the field intensity ratios Fp and Fa are made unity a special case of interest results

as shown in Fig. 32(b). For this special case Fq. (43) simplifies to read,
Irl = 98,1, (8) \ /L + cos(S cosfcos ¢+w‘2] (1 + cos(S coseos ¢ + 0, )| (45)

where all three towers are of the same height.

For this special case it is convenient te change the reference tower to the center of the
array as shown in Fig. 32(c). This was accomplished by subtracting the phase angle u—fg—;—‘{f—i from
each tower field intensity vector. The pattern is not altered by performing this operation with

the result that the center tower is now the reference tower with zero phase angle. Design Eq. (44)
1s still valid.

N
) T
1 gt NazTo [PATLEN
No3 TG Fp Fal WotWs !
H \ F,5in Yy +F3 51 Y i sin Ypesiny
) ., /e2eel e f' 1 Fo510 Uy 3 510 Wy fod £
Noz-t» £/ Py /Y3 =\ /2 FaFy _2TZF3_ + cos (¥ ¥aYy an———_’_FgwsiUg? ooy <O 1/ Y2+ lzlﬂa 2 [T cos (B4 cosliy+ cosys
ST 7 3 !
NOILO 10 No, 1 LQ 170
{0} ‘GENERAL CASE’ (b} SPECIAL CASE WHEN Fy= F3 =
N N N
{ oo 1 .
No.3 p O 12 oty Re:3p o[z Ne. 3 T oFd norin . soutn
! fower 5 fower P }
E i Yo (P ? vector - o vector / F{5cose cosb+y
) 5 . L
o 2 ( )L-» No. 24 ©1 206
e Zf O Lte F 1Lk ek * l = . locus.of resulignt vecior
7 ] ; XN resultont T T mE R
. center ! gron
No. r}- © 140 Lo lz _ ot L @F sy sower veclor ¥ /=S cos 8 cos B¥u)
vector h
, # 1 b
New F:—————t ond new 4 & ‘#22 2
T2
(€). SPECIAL CASE WITH REFERENCE TOWER (d) VECTOR D,IﬁGRAMS FOR SPECIAL 'CASE
CHANGED TO CENTER OF ARRAY WIiTH CENTER REFERENCE TOWER
résiiltgny vector . )
2";‘];’:7”\“;:\' F/Seds0icos O 4 FlScos@cosh3y
~\6¢iss of resuitant
(V2% ivector OR

F /={(Stos B cosh+ ¥)

resultant vector position for.o minimum

(] VEGTOR DIAGRAMS TO FILL ALL NULLS AN EQUAL AMOUNT
VECTOR FIELDS FOR THREE TOWER IN LINE ARRAYS USING THE MULTIPLICATION FORM
Fie.32
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Another simplification can be made by changing all of the field magnitudes such that the
center tower will have a unit field intensity magnitude. For this condition design Eq. (43) can
.be simplified to read,

IEI = 2FEf (o) [}21—15' + cos(S cos ¢ cos ¢ + L‘l')] (46)

where the tower arrangement and parameters are shown in Fig. 32(c). This equation is for towers
of equal height. The center tower field intensity is E f£(0). The reason this design equation is
so simple is that the resultant vector always lies along the voltage reference axis. Fig. 32(d)
shows how the three vectors add to produce this resultant.

EXAMPLE 15: A three tower in line array has a spacing of 135° betweén each tower and the array has
a true north-south bearing. Write the horizontal pattern equation if stations are to be protécted
at azimuth angles of 10 and 30 degrees and the field from No. 1 tower is 197 mv/m.

SOLUTION: From Eq. (33) the phasing for a null at 10 degrees is
W, = 4180 - 135 cos 10 = 47°
and at 30° ¥, = +180 - 135 cos 30 = 63°

Applying the formulas for the special case as illustrated in Fig. 32(e),

1 1
F = Ty - W = 47 - 63 = 0.505
Zeost——5—2)  Zeos(—5—)

w. +w. AT & 63
1/ 23: 3 = 55

The horizontal patterm €quation by substituting in Egq. (46) is,
i

n, NULL FILLING USING THE MULTIPLICATION FORM,--1f it is desired to fill all nulls an equal
amount, the phase of the center tower can be shifted from 0° by the angle @ as shown in Fig. 32(e).
When the reference vector phase is shifted in this manner the resultant vector traverses a locus
parallel to the reference vector axis and thus the resultant vecter magnitude will mever drop to
zero. The magnitude of the minimums is proportional to sin a. The minimums will occur when the
resultant vector is at right angles to the vector reference axis. For this condition the magnitude
of the minimums can be written,

(2)10.505) (197) [(2) (0—"“]5‘05) 4+ c0s(135 cos ¢ + 55)j|

= 199 E)99 + cos(135 cos ¢ + S‘SZ’ ANS.

:"E2 f(e) sin « (47)

min

g

where

o = the phase angle of the center tower reference vector, and the other values are as
defined above.

E, = the field of the center tower, mv/m.

When it is desired to fill only one set of nulls, say 1@, in Fig. 30, then the field ratio
F, must be made different than unity in the design Eq. (43). If at the same time it is desired to
retain nulls + ¢y, then the field ratio Fa‘ must be made umity. If the field intensity does mot
drop to zero the value is called a minimum rather than a null. Strictly speaking a null is a zero
value only and a minimum is a low value that approaches a null value.

1

EXAMPLE 16: Ttis desired to fil) the horizontal Py = 19702 , E, =390 /557 and
nulls to a mifiimum of 20 mv/m in a three tower E, 197/110° and the spacing between
in line array where, consecutive towers is 135°,

H
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Determine o and give the approximate and exact
design equations.

SOLUTION: From Eq. (47) and for the horizental

plane we have,

JE/ gin = Eg £(8) sin o

20 = 390 (1) sin o
20

sin & = % = 0.05128
o = 2,94° .A_IE

Making the center tower No. 2 the referénce tower,
by Eq. (46) with complete nulls we have,

JE/ = 199 [o,.9‘9 + cos (135 cos O + 55)]

Now if the phase of the center tower ‘i:s shifted
fo = 4 2.94° we can write approximately

E =199 [0.99 + cos (135 cos § + 55)] + § 20 ANS

The approximation is wtha‘f:; + j 20 is added to
/E,/ = 390 making E, = 390 1 j20 rather than the
exact solution which is

+ jo

E,=3908" = 390/ + o

= 389.49 + j 20
which would give an exact solution of

E = 199 [0.99 + cos (135 cos § +55)
- 0.51 + 520 ANS

o. DIRECTION OF VERTICAL NULLS FOR TWO TOWER PATTERNS.--If a null‘is to be ‘produ‘ced in the
vertical plare then the space phasing term must also include the elevation angle. In equation form

we can write for null No. 1

Sy cos @, cosdyy +¥, = 1+ 180 (48)
ELEVATION OF NULL—
N
Up
, UP
L= J VERTICAL
VERTICAL y N PATTERN
NO. 2 o PATTERNZT RS = =7 4
] o 1/ Y, N /
Sy AZIMUTH OF
AZIMUTH OF NULL NO.4
NULL NO. 2
—r 95 10
NO. 1
HORIZONTAL
PATTERN

(a) TOWER PLACEMENT

(k) HORIZONTAL AND VERTICAL PATTERNS

AZIMUTH AND ELEVATION ANGLES TO LOCATE VERTICAL NULLS

Fie. 33

2-1-42



where 8, = spacing from No. 1 to No. 2 tower, degrees

'ﬁm = azimuth angle of null No. 1 from line of towers, degrees
6, = elevation angle of null No. 1, degrees
W, = phase of No. 2 tower with respect to No. 1 tower, degrees

In a similar fashion the equation for null No. 2 can be written
S, cos @y, cos Gy, +¥, = 1180 " v (49)

where the terms are similar to those in Eq. (48) except that the values are for vertical null No. 2.

EXAMPLE 17: A two tower directional antenna Byy = 60° (using the + sign) ANS
array has the following parameters: : i
, ( = 300° (using the ~ sign) ANS

No G° #° 8° ¢ E F
I 96 o 0o 0 200 1 For an azimuth angle~of 20° the vertical
2 60 0o 90 135 200 1 null is determined by Eq. (48), thus,

Determine the azimuth angles of the horizontal 90 ¢os 20 ¢os 9y, + 135 = £ 180

nulls, the elevation angle of the vertical nulls (

for azimuth angles of 20° and 320°. Also, plot Oy = 58° (using thefsign)  ANS

the horizontal pattern and vertical patterns for o

the above azimuth angles of 20° and 320° For an azimuth angle of 300° the vertical

null is determined by Eq. (49), thus,
SOLUTION: By Egq. (48), in the horizontal plane ; ;
90 cos 300 cos 6N2 + 135 = iy 180

o

Byp = 49 (using the + sign) ANS

S, cos 'QNJ cos By, + ¥, =% 180
The desired horizontal and vertical patterns
90 cos Pyy + 135 =1 180 are plotted in Fig. 33. ANS

It is sometimes desirable to specify two vertical nulls at different bearings when using a
two tower array., For illustration it may be desired to protect two stations havipg an azimith
angle ¢,, between the two stations. For this case the azimuth angle of the two vertical nulls
must add to give this angle as shown in Fig. 33, thus

$o = TPy (50)

Since the distance to the stations to be protected determines the elevation angle the values 6,
and § , can be specified. Of course it may be necessary to give protection over a vertical and
also a horizontal angle. In such cases an estimate is made and the pattern fitisdetermined. If
the pattern does not quite fit then the misfit will usually indicate what to try next.

If for example + signs are used in Eq. (48) and (49) then by subtracting Eq. (49) from
. {48) the spacing, phase, and constant 180° can be eliminated to get

cos Gy COS 6 yy = CosPyy COS Gy,
Substituting forc‘im from Eq. (24) we can write

, i 6
cos ¢«N1 = cos (¢12 - t.‘b ).g_?%r:‘j

This equation can be rearranged to give

cos 8 Ni ~ cos 9 Ng cos ¢-142

tan@ y, = i (51)

coS By, SIN Py,

where
"75_3{1 =azimith angle from line of towers to null No. l which is the value to be
determined,
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and the other values, as defined above are known. This design equation makes it possible to
determine the true azimuth of the line of towers when two radio stations are to be protected in
vertical nulls.

When this method is used to fix vertical nulls for two towers it is possible to use the
multiplication method and protect other stations with another two towers, the pattern of which is
to be multiplied by the first pattern. Since the multiplication method is being used a null with
one set of towers will not be altered if the pattern is multiplied by the pattern of another set
of towers, This is true because a null or zero value multiplied by some value is still a null or
zero value. This fact makes the multiplication method very attractive to the directional antenna
design engineer.

EXAMPLE 18: The vertical elevation of a nu,li to protect station No. 1 is 20°, the vertical
elevation of a null to protect station No. 2 is 30° and the azimuth angle between the two stations
is 90°. What is the azimuth angle from the line of bowers toward station No. 1?

SOLUTION: Applying Eq. (51) we have
’ ; cos 20 - cos 30 cos 90
tan @, = cos 30 sin 90 =1.083

@, = 47.3° ANS.
p. THREE TOWER IN LINE PATTERNS USING THE ADDITION FORM..-Referring back to Fig. 24 a three
tower in line array can be obtained by placing another tower at the space reference point as shown
in Fig. 34. For this special condition the design equation is

=E,£,(8) [1+2F, cos (S, cos 0 cos ¢ + wz)] (52)

s

where the values are as defined above and specified in Fig. 34(c).

In this case towers No. 2 and No. 3 must be of the same height. If tower No. 1 is different in
height F, must be determined from Eq. (38). In Eg. (52) the non-directional pattern of the center
tower 1s represented by number one the first term inside the bracket. E;f;(#) multiplied by this
term gives the horizontal pattern as shown in Fig. 35(a). The second term withinthe bracket gives
the pattern for No. 2 and No. 3 towers as shown in Fig. 32(b). This term is the same as Eq (31)

Ep=Es
Y3 =W,
Sz =53

E=E/f(0) [[ +2 Fypcos (Spcos6 cos§ +yz]]
(a) Original {b) Required equality. {e) Final values and eqz:rat‘ion.‘
THREE TOWER PLACEMENT FOR ADDITION METHOD

Fic. 34
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except that f (§) is multiplied by the magnitudeé term and the cos @ term is multiplied by the
space phasing term in the angle. Also, the spacing is S; instead of S,,9 and the phasing is ¥;
instead of ¥5,2, Eq. (31) is for the horizontal pattern while Eq. (52) gives the pattern for
the hemisphere. ‘

In Fig. 35 it will be noted that the vector which produces pattern No. 1 is positive and lies
along the reference axis. For pattern No. 2 the sum of the two vectors for the end towers pro-
duces a positive vector which also lies along the reference axis for the positive lobe of the
pattern and lies along the negative reference axis for the negative lobe of the pattern. .The sum
of these two pattern vectors gives the resultant addition pattern. It will be noted that both
vectors lie along the vector referemce axis. If it is desired to fill all nulls anequal amount
the time phase of No. 1 tower can be shifted in accordance with Eq. (47).

EXAMPLE 19: When the antenna paraméters in Fig. E =63.5 I:z cos (90 cos @ + ‘905
34areE; = 63.5 mv/m, F, = F, =1, 8, =8, = 90, Cem .
and y, =— y, =90 write out the horizontal pattern = i cos (50 cus @ +50)
equation for the end towers acting alone and This pattern is plotted in Fig. 35 (b} ANS
plot the pattern. Then add the center tower, -
write out the horizontal pattern equation for By Eq. (52) for all three towers we have
the 3 towers and plot the pattern. ;

ANS

, ; ) 4 E=63.5 [1+2cos (90 cos § + 90) ] ANS
SOLUTION: By Eq. (52) for the end towers only

we have, And the pattern is plotted in Fig. 35 (c¢) ANS

N NO.Z2 —o¢ Ez/ Vs
1 r

NO.1 o Ej {'O + -
Ss

NO. 3 L - B2/l

T
11

;B2 //Sac0s8 cosO+Ya

£ /0 I

{a) PATTERN NO. I {b) PATTERN NO.2 (¢} ADDITION PATTERN NO.3

3 \ Bz /—( 52 cos B cos ¢+ Vs)

ADDITION OF PATTERNS TO PRODUCE A THREE TOWER IN LINE ARRAY
F16.35 .
- 2-1-45



q. FOUR TOWER PARALLELOGRAM ARRAY USING THE ADDITION FORM, - -The addition method in some re-
spects is quite simple. With this method it is possible to lay one pattern on top of another
pattern and make the required addition to produce the sum pattern. In general, todo this requires
that the line of towers have different azimuth angles. Consider that towers No. 1 and No. 3 lie
along a line making an angle ¢, with respect to the reference axis as shown in Fig. 36(a). Simi-
larly, place towersNo. 2 and No. 4 along a line making an angle ¢, with respect to the reference
axis as shown in Fig. 36(b).

For the first pair of towers in Fig. 36(a) we can write,
E,' = 2E,f,(8) cos [SI cos 8 cos(¢; - @) +zlf'1:| (53)
and for the second pair of towers in Fig. 36(b) we can write,

(54)

Ey' = 2E,£,(6) cos [Sz cos ¢ cos($y - @) +‘11f2:|

N N
4\\@1 NO. [
e
NO, 3 o ~SPACE / REFERENCE o
S Boi e o nos ¥
Ei/-W £,/-Y2
\‘x.EiE’ e E
e — - T =
2 i EI Ez
(a) FIRST PAIR = b} SECOND PAIR - = (c)SUM OF FIRST PAIR AND SECOND PAIR

ADDITION OF PATTERNS TO PRODUCE A FOUR TOWER PARALLELOGRAM ARRAY

Fic. 36
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where

@, = the azimuth orientation of the first pair of towers with respect to true north

= the azimuth orientation of the second pair of towers with respect to trué north
E ' = field dintensity from first pair of towers

E, ! = field intensity from second pair of towers

and the other values are as specified in Fig: 36. The total field intensity from the parallelo-

gram array is then the sum,

E :Ej_' ;+E2,i

= 2E,£,(8) cos [Sl cos Gcos(P; - @) ’-I—‘llfi]

+ 2E,1,(8) cos l:Sz cos@cos(d, - @) + 1112:'

(55)

In this equation towers No. 1 and No. 3 must have the same height and towers No. 2 and No. 4 must
have the same height because of the required symmetry to make the resultant vectors traverse the

x-axis or reference axis.

Since the resultant vectors of each pair is simply a positive or

negative quantity the sum vector E must also be a simple positive or negative quantity.

EXAMPLE 20: A pair of towers having a spacing
of 404ﬁ are arranged suqh that No. 1 tower has
a true orientation of 73° with respect to No. 3
tower and & time phasing of -140° with respect
toNo. 3 tower. Another pair of towers are spaced
210° and arranged such that No. 2 fower has a

" true orientation of 170° with respect to No. 4

tower and a time phasing of 340° with respect to
No. 4 tower., If the field intensity from each

tower is unity, write out the addition form of the

horizontal pattern design equation for each pair
of towers dcting alone and then pive the design
equation when the patterns are added together:
Plot the pattern for each pair of towers acting
alone and finally the pattern of the total field
intensity of all four towers acting together.
Also, show the arrangement for each pair of towers
and the final arrangement of the four towers.

SOLUTION; From Eq. (53) the design equation
for the first pair of towers No. I and Neo, 3 is

E; =2 cos [%gi- cos (73-9) i\l%gz

= 2 cos [?02 cos (73-@) - 7@]

ANS
And from Eg. (54) the design egnation for
the second pair of towers No. 2 and No.-4 is

E, = 2 cos [?%9 cos (170-9) + 340

I

= 9 cos [105 cos (170-@) + 17,0] ANS

Finally, the design eguation for vhe four tower
array by Eq. (55) is
E ::'E1 +E,"
2 cos [202 cos (73-@) - 70]
ANS

—

+ 2 cos[}OS cos (170-@) + lTQJ

The regquired patterns along with the tower
arrangements are shown in Fig. 36. ANS

v, MULTI-TOWER ARRAYS USING THE ADDITION FORM,--First let us consider a five tower array com-

sisting of a parallelogram of four towers and a fifth tower at the space reference point.

For

this condition we can immediately write down the design equation which is the sum of the field
from the center tower plus the sum of the fields from the other two pairs of towers, thus

E = Esfs(e‘)‘

+2 E £,(8) cos ES1 cos § cos(¢, -
+ 2 Ezfz'(g) cos [52 cos @ cosld, - ¢) +1112:|

where the terms are defined as shown in Fig. 37

$) +w1]

(56)

_ From the inductive steps taken in dealing with the addition form it should now be evident
that more pairs of towers can be added by increasing the terms in Eg. (56).
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B0 NO2 © Ep/-We

Ea/-

{a) REFERENCE TOWER + (b} 2 PAIRS OF TOWERS = () SUM OF REFERENCE. TOWER
AND 2 PAIRS OF TOWERS

ADDITION OF PATTERNS TO PRODUCE A FIVE TOWER DIRECTIONAL ARRAY
"Fle. 37

EXAMPLE 21:- To the four tower array of Example o . [;:,,“ﬂ 79-4) :]
20 add a fifth tower at the space reference E=2.1 42 gos | 202 cox (73-¢) ~ 70
poinit which has & magnitude of 2.1 and zero time
phasing. Write out the horizontal pattern design
eguation. Plot the single tower pattern; the
four tower pattern and the five tower pattern.

+ 2 cos [}05 cos (170-4) + 17@] é§§

Show the tower arvangement, The required patterns and tower arrangement are
shown in Fig. 37 ANS

SOLUTION: From Eq. (56) and the answer in
Example (20) we can write,

s. FOUR TUWER4PARALLELOGRAM ARRAY USING THE MULTTPLICATION FORM,~-The multiplication of two pat-
terns which results in a four tower parallelogram array is one of the most useful tools in design-
ing a directional antenna which must afford protection to a number of radio stations. The three
tower in line array is actually a special case of the four tower parallelogram array. When the
spacings are made equal and the azimuth angles of the tower pairs are identical the four tower
parallelogram becomes a three tower in line array. In this case the center tower performs the
function of two towers.
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e
N
'S5005({5 )
P
P 53 005 (9p-05)
NQ. | — S, 008 (Q,- §)
/o 55
Fz.&ﬂ g
R 85608 (05-0,3
(o) I'ST PAIR OF TOWERS (b) 2ND PAIR OF TOWERS (¢J 4 TOWER PARALLELOGRAM ARRAY

MULTIPLICATION OF PATTERNS TO PRODUGE A FOUR TOWER PARALLELOGRAM ARRAY
Fic. 38
In order to better understand the parallelogram array consider the multlpllcatmn app1194 to

two pairs of towers as shown in F1g 38. The normalized field (reference tower has unity as its
field intensity) for the first palr of towers can be written,

E' = 1L+ E, |8 (57)

And the riormalized field for the second pair of towers can be written

E,' = 1L+ F, ’33, : (58)

By multiplying these two patterns together we get the total normalized field
B'O=E/ES =1|0 +F,| 8 +F, B, +EF, |8, +4,

=1] 0 +F, L}?_+F[_ﬁ_+Fli " (59)

whereFF —F andﬁ +B

This multiplication shows that the multiplication of two pairs of towers results in a four tower
array. No. 1 tower is located at the space reference point, No. 2 tower is located where No. 2
tower of the first pair of towers is located with Tespect to the reference tower, No. 3 tower is
located where No. 3 tower of the second pair of towers is located with respect to the reference
tower of that pair, and the location of No. 4 tower is yet to be determined. Its location is con~
trolled by the space phasing terms in 8, which in turn is equal to the sum of the space phasing
and time phasing terms of 8, and B,. This means that the sum of the space phasing terms No. 2 and
No. 3 téwers must equal the” space phasmg term of No. 4 tower, that is,

S, cos(®, - $) +8, cos(®,- $) =S, cos(q, - ¢) (60)

as shown in Fig. 39 and the sum of the time phasing terms of towers. No. 2 and No. 3must equal the
time phasing term of tower No. 4, thus
v, +w, =V,

(61)
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~ If the multiplication of the patterns is to hold, tower No. 4 must be placed such that Fq.
(60) is satisfied. Consider one case by making @ = @, and place No. 4 tower at a point to com-
plete the parallelogram. For these conditions we have Eq. (60) reduce to
S, coslé, - ¢,) +8; coslgy-¢) =8, (62)

An inspection of the parallelogram in Fig. 38(c) reveals that this equation is true if the perpen-
dicular lines are drawn from towers No. 2 and No. 3 to the line joining No. 1 and No. 4 towers.

Although this is not as rigorous a proof as could be furnished it is hoped that the geometri-
cal picture makes the results more realistie.

Equation (43) can be generalized for the parallelogram array by simply orienting each pair of
towers appropriately, thus,

T+ F2 ‘ |
' = + cos {52 cos 8 cos(¢, - &) 'sz}]

E =2 £, (6)/F,F, "?;}Z | ’. (63)
) [ X -ﬁ + <‘:0sj{S3 cos 8 cos(d, - ¢) +y, }:l
where

E = magnitude of the resultant field, mv/m
E £, (6) = field intensity from reference tower, mv/m

:-E—2 ratio of field intensities of No. 2 and No. [ towers
E,

:—E—:g- ratio of field intensities of No. 3 and No. 1 towers
1

(A3

.Sa = spacing of No. 2 tower from No. 1 tower, degrees

8 = elevation angle of cbservation point, degrees )

¢2 = azimuth angle of tower No. 2 with respect to tower No. 1 degrees
¢ = azimuth angle of observation point, degrees * :

¥, = time phase of No. 2 tower with respect to No. 1 tower, degrees
8, = spacing of No. 3 tower from No. 1 tower, degrees ‘

¢, = azimuth angle of No. 3 tower with respect to No. 1 tower, degrees
¥, = time phase of No. 3 tower with respect to No. 1 tower, degrees

Although this equation does not specify No. 4 tower it is necessary to have No. 4 tower
placed such that it will complete the parallelogram. Its field must be equal to

E, = E/F,F, (64)
and its time phase must be
V=, + Y (65)
For the special case of equal field intensities from each tower Eq. (63) reduces to
L 8 oy (S, 5 Wy )
E =4F f (8) cos {2—2- cos § cos(¢, - &) +?2} cos {—;— cos 6 cos(dy - @)+ _.g. } (66)

EXAMPLE 22: The first pair of towers No. 1

MPLE : for the multiplied patterns; Finally, plot the
and No. 2 have the parameters, @, = 47. 105

patterns for each pair of towers acting alone

S, = 238.74° and y, = 240° The second pair of
towers No. 1 and No. 3 have the paraneters,
P, = 101.8°, S, = 216.01° and Yy, =100% Tower
No. 1 is at the space reference point for both
pairs of towers.
the design equation for each pair of towers
acting alone and then pive the design equation
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For unity field intensity give

and then plot the pattern for the four tower
multiplied pattern: Also show the tower placement
plans.

SOLUTION: Substituting in Eg. (40), after
modification for the orientation of the array,
for the first pair of towers results in



N X »\/l + cos ESz cos (QB-Q’) 4 \sz

| s

=2 E; cos l:——z- cos (sz-ﬂ) +..‘P_a]
' 2 2

And for the parameters specified

E 2 = 2 cos [;[19.‘37g cos (47.1° = @) + 60ﬂw

In 4 similar fashion by Eq. (42) for the second
pair of towers

DIAGRAM TO ILLUSTRATE Egq. (60)

Fie. 39 : E =2 cos [’108:‘0 cos (101.8°-p) + 5OEI ANS

The design equation for the multiplied pattern

e e by Eg. (66) is,
E ,=E; £,(8),/2 F,

E=E;, XEy

X \/ 14 Fz + cos S, cos O cos (B,-B) + s =4 cos [119.37° cos (47.1%@) + 1207
2 F
2 X cos [ 108°o0s (101.8°%@) + 507] ANS

For the horizontal pattern B
The required patterns and tower placement plans

s =E; v/ 2 are shown in Fig. 38 ANS

t. SIX TOWER PARALLELOGRAM ARRAY USING THE MULTIPLICATION FORM ,--When simpler designs will

- not afford the requ1red protections it is often possible toapply a six tower design to get the desired
result. If the six towers are arranged in a parallelogram array the pattern is the result of mul-
tiplying three two-tower patterns. Two of the patterns must be the result of a three tower in
line array with equal spacings between the towers. Often this type of array is referred to as a
two by three tower multiplication,

If the three towers are located at an angle ¢, with respect to the space reference axis and
the two tower pair make an angle of ¢, with respect to the space reference axis as shown in Fig.

40(a) the design equation can be wrltten,

E =E f(8) /8FFF, g EE;;—%— + :cos{S2 cos 8 cos(d, - @) +¥1’2}]
- A: «1 9
T + F,2
X EE:;—"’- +cos{S cos § cos(®, - &) +, }:l
X [2; i +cos{$ cos § cos(d, - &) 1+, }j” (67)

In this equation it will be noted that the multiplication consists of three patterns two of which
have a spacing of S, and an orientation of ¢, since three of the towers are equally spaced and

are in line.

NI

For this design equation the nulls can be specified in the horizontal and elevation angles
by the following equations in térms of phase angle and spacing, thus

W, = 1180 - 8, cos(é, +4,,) cos by,

where o .
¥, = phase angle to use in Eq. (67)
S2 = spacing to tse in Eq (67),
@, = orientation of No. 2 and No. 3 towers. ‘ (68)
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- ¢, = orientation of nulls in horizontal plane with respect to the line of the 3 towers.

@,1 ¢y, = orientation of nulls in horizontal plane of the two or more nulls for one pair of towers
- in the three tower lineup.

= elevation angle of the nulls of the two or more nulls for one pair of towers in the three

Oy2 0
tower lineup.

The directional antenna parameters for the second pair of towers in the three tower lineup
can be specified in terms of the orientation angle ¢, 5 and elevation angles 8, thus,
W, =4 180 - S, cos(¢, +dy,) cos 8, (69)
and the other terms are similar to those defined in Eq. (68).
In a similar fashion the nulls for the third pair of towers can be written,
U’;l = i— 180 - S’4 cos(954 i¢n4) cos Oy, (70)
With these last three equations it is possible to specify at least 6 nulls, two with each
equation. If the spacing is greater than 180 degrees then more than 2 nulls can be specified for
each pair of towers, or each equation.

For unity field ratios Eq. (67) reduces to the following simple form,

; 5 ) IE , A
E =8Ef {6) cosli; cos @ cos(tﬁz 3] +£§:| cos E—;COS" 0 cos(f, - #) +*%
X cosE—;- cos @ cos(®, - @) +£§]' (71)
For the horizontal plane pattern this equation reduces to
E =8E, cos Esz—é cos(®, - @) +_111223] cos »[—S—cds(d’z -®) +—u—,é2:1:|

B A
¥ cos Ei cos(d, - 9) +_§-J ‘_ (72)
This short form is very useful in locating nulls in the horizontal plane. After making this
computation Eq. (41) or (45) can be used to determine the vertical radiation patterns.

; ) 5
EXAMPLE 23: By inductive reasorning write oub % ~1+F3 ’ o ,
the general design equation for a 9 tower array s F + cos S, cos @ cos (B,~B) + y,}
and sketch the tower layout. LS 3
SOLUTION: By referrimg to Eq. (63) and (67) 1472 ’ ’ . ’
it should be apparent that the required 9 tower X —2% 4 cos {574 cos O cos (,ﬁg-‘ﬂ)'i' 1{1;4}
array pattérn design equation is, __2 Fy

E = 4E, £,() /F, F, F, F, , (1482 = ‘ c 1/2
X| =L 4 cos {5, cos § cos (B,-B)+ Vo) ANS

14F2 |2 Fr

p 2 | - 3 3 A 0

[2 T + cos {Sz cos © cos (B,-8) +y, }il And the tower layout sketch is shown in Fig.
— " 2 40 (b) ANS

u, FOUR TOWER IN LINE ARRAY USING THE WULTIPLICATION FORM.--A special case of the 6 tower array
which results in a 4 tower in line array is very useful because it gives the flexibility of multi-
plying three patterns. This design is limited to the same azimuth angle for all pairs of towers
so in some cases a null may go to waste by giving protection where it is not needed.

In Eq. (67) if we let S=8, =8, and ¢, = ¢, the 6 tower array canbe represented by 4 towers
since tower No. 2 and No. 4 of %ig. 4(4-0(3) are the same and towers No. 3 and No. 5 are the same
The resulting four tower array is given in Fig. 41(a) and the design egquation is,
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14 Ff

E = E £ (68)\/ 8F,F,F, { Top cos{s cos 6 cos (8, - @) +y,

. l + Fsz |
X ZF,, * 4 cos {S cos @ cos. (452 -9) tw, }
L -
- -, 1
1+ F_f 1 2
X |~ 7o+ cos{S cos 6 cos (8, -¢) +w, } ‘ (73)
2F4 2 J y
L -
N O Py Fy Fa £ Wty

/' Fp Fy [ W2¥Ws
+F3 Fs [Ustla

‘ :ﬂ‘ 3
5 ¥
2 g,
No:! P -

(a) six TOWER ARRAY

(b) NINE TOWER ARRAY

SIX AND NINE TOWER PARALLELOGRAM ARRAYS
FiG. 40

This equation, for unity field ratios, reduces to
E =8Ef(6) cos [% cos § cos (b, - @) +u§:| cos E— cos § cos ($, - ¢) +-q-12—3:}

X cos Eg. cos 8 cos (¢, - &) +—ug] (74)

and for the horizontal pattern is further simplified to give

o S A . Is ; o
E =8E cos I:_z. cos (3, - ¢) +_'f’_23] cos |:_.2. cos (¢, - ¢) +w—2{l
S , :
X cos [—-2— cos (¢, - ¢) +-w2—4] - (75)

This short formis very simple considering that this equatioh actually represents an 8 tower array.
This can be visualized by inspecting the array in Fag. 41(a). No. 1 and No. 4 towers represent single
vectors. 1’L0_ and F_QFS,F4| v, tW, +W, respectively while No. 2 and No. 3 towers represent three

vectors each making a total of 8 vectors or 8 towers for the complete array,
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¥l
" Fp By By [ Nt¥sa
6
No.3

o] i .
/ Fo F3/V5*¥s v wppu/Votla + o5 By LUsr Vs
, s
No. 2
&

FalWo F3/ W3+ 73/ VW

{a) FOUR TOWER IN LINE ARRAY

{b) EIGHT TOWER PARALLELOGRAM ARRAY
(a) FOUR AND EIGHT TOWER ARRAYS

Fie. 4|
EXAMPLE 24; By inductive reasoning write out M +~F32 ‘
‘the general design equation for an 8 tower array X 5T + cos {S_ cos © cos (sz =0y + vy }
and sketch the tower layout. L 3
SOLUTION: By referring to Eg. (67) and (73) 1+F 2
it should be apparant that the required 8 tower X} + cos {52 cos B cos (‘ﬂ‘z-ﬁ) T v, }
array pattern design eguatien is, » 2F, - '
B _ 2
E=4E; £ (o ~/F, F, F, F, 1+F - i )1/2
1 (9 2TAT4 TS X + cos {S_ cos 8 cos (B.~0) +y )
~ 2T ANS
. l +F ; ,
31 9 - t cos {SZ cos © cos (@ '¢)+q’2} And the tower layout sketch is shown in Fig,
2T, 41 (b)

ANS
v. PROOF OF THREE AND FOUR TOWER MULTIPLICATION EQUATIONS.--The multiplication Eq. (43) and

(63) for three and four tower patterns must, by basic definition, be derived from the fundamental
pattern formula, which by Eq. {)27) is as follows

k=n

= 3 B £, |8

=1

For those interested in a more rlgorous proof of this fact the following development made by

D, B. Hutton should be carefully studied, in order that the validity of the multiplication equation
may be seeii.

First of all for the four tower array shown in Fig. 42 the general pattern formula is

N P Ne. 4

- € fui=o

Ez /Y3

SIMPLIFIED FOUR TOWER PARALLELOGRAM ARRAY

GENERAL FOUR TOWER CONFIGURATION
Fi6.43

Fig.42
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E=E L0 [0 +E550)] 8, + 5,0 | 5 +5,50) ]| 5

which, expanded for the horizontal plane pattern, becomes

E=E, oo+ Eg,l S, cos (¢, - &) +¥, +E, s ~®) t, +E, | S cos (g, -4)+ %

This expression can be simplified by placing No. 2 tower north of the reference point, making

¢, = 0, and by using field strength ratios giving

S, cos (¢, -¢) +w, +F, | S cos (g, -4) +¥,

The appearance of the array is now as in Fig. 43. Making use of identity of Eq. (37) the
length of S, is given by the cosine law equation, and is

Sy =/ Sa® + 8% + 25,5, cos ¢,

By constructing Fig. 44, below, the value of ¢, can be determined in terms of the other
parameters as shown.

DETERMINATION OF VALUE OF @,
Fic. 44
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Therefore,
S, \sin b,
'S’z + S, cos 'd’a,

tan ¢, =

S, +5, cos g,

cos @, °

VS, + 5,2 4 25,5, cos ¢,

S, sin¢,

sin ¢, =

%22 +5,% + 25,8, cos g,

returning to the basic pattern formula on page 2-1-54 the angle S, cos(#, - #) +¥, cannow be rewritten as

\/S,? +8,° + 25,5, cos ¢, cos (¢, -9) +w,
inserting the terms above, and employing the identity
cos (¢ -f) = cosa cos 8 + sina sing

we have for the above angle

S, + Sy cos ¢,

A/S,® +5,% + 25,8, cos ¢,

cos ¢

V8,7 +5,2 + 25,5, cos ¢,

S; sing, cos ¢

t — Ty,
/S, +8,% + 28,8, cos

= Sz cos ¢ + [Sa cos ¢, cos ¢ + 5, sin ¢, sin ¢:I‘ i,

and returning the temms in brackets to the form given above the angle is
S, cos $+ S, cos (¢, ~9) +¥,

A vector diagram for the array of Fig. 43 then appears as in Fig. 45.

To simplify the angles above let
B, =8, cos b +¥,
B, = S‘a cos (<,i"\3 - @)+,
So that
S, cos¢ +8; cos (B, -9) +¥, =8, +8, tw, -¥, -¥, =8,
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| F4/ Sp cos @ + Sz cos ( ¢3—¢‘)+u4’

Ry /3008 (05 014y

Fo/ Spcos ¢+,

Origin /

| LQ_O

VECTOR DIAGRAM OF ARRAY
Fi6.45
The vector diagram above can be resolved into its horizontal and vertical components and the

resultant found by use of the expression

.

E=E \/[1 + F, cos B, + F, cos B + F, cos 6.4] + I:F2 sin B, + F, sin g, + F, sin {34]

~ The terms under the radical can be expanded by squaring and the resulting expression is then
simplified by use of the trigonometric formulas

sin® B + cos? B = 1

cos B, cos B, '=21 i: cos (B, +8,) + cos (B, = ﬂe«)]
sin B, sin 8, :% -cos (B, +8,) + cos (8, - ﬁz):l

After making use of the sbove formulas to reduce terms in the expanded equation the field
strength is written as
E=E, [1 + F,2 + F? + F,® + 2F, cos B, + 2F; cos 8, + 2F, cos 8,
L, 1
+ 2F,F, cos (8, - By) + 2F,F; cos (B, - B,) + 2FF, cos (8, - 53)] ’
In the next step F, is placed equal to F,F, and ¥, is made equal to ¥, + W, whereupon
ﬁQ =B, + B, Moreover, by making use of the trigonometric formula
cos (B, +B,) + ¢cos (B, -~ B,) =2 cos B, cos §,
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the field strength can be written

E=E

1

[1 + B2 + F,® + F,°F,® + 2F, cos B, + 2F, cos 8,

+ 4F,F, cos B, cos B4 + ?FézFa cos B, + ‘21‘"21‘1,;‘2 cos ‘Bz] 2

This, it can readily be demonstrated, is the expansion of the equation

E=E

or, dividing by F, and F,

E= 2E-\/

F,? | 3
+cos,8)( 1t +cosB)_| ) ,

l:(1+F2+2F cos p,‘,)(l+F2+2F cosp] 2

1

= J

And, as a final step, the values of B, and B, which have been given above, are substituted in
the equation, giving the design Eq. (63) (also returning f (9) and cos © to the equation)

1+F2
9F,

2

E=2E, £ (8)\/FF,

2F,

+ cos { 8, cos @ cos (¢, - ¥) +V,

[ 4 F32

+ cos

[ Ean e

S, cos @ cos (&

-¢)+wa}f.
71

And for the three tower in-line array on a north-south axis this equation reduces to that of

Eq. (43).

E=2E f, (8)+/EF,

Y. CONTROL OF PATTERN SIZE

a, GENERAL DESIGN EQUATIONS FOR POWER FLOW
INTEGRATION METHOD,--(1) General Treatment--
The total power radiated from a directional an-
tenna array cain be computed by mtegratung the
energy flow outward through an imaginary spherical
surface surrounding the dlrectlonal antenna
array. This method does not give information
regarding the distribution of power to various
towersof the directional antenna array, however,
1t is very useful for making comparisons of
pattern size,

The rate of energy flow'in watts per square

2-1-58

1 .
——+——— + cos (S, cos § cos ¢ +4r,)
3F,
g R —
;L‘F L+ cos (S, cos 6 cos $+W,)

3

—

meter at a given point P in space can be ex-
pressed by Poyntings vector, thus
=EXH (76)
where p = watts per square meter energy flow
E = volts per meter electric field intensity
X = ¢ross product sign
Hl = ampere-turns per meter magnetic field
intensity

Out in free space the vectors E and H are
orthogonal and have the following magnitude re-

lationship,

(77)



where g, = 4#19'7 henries per meter the perme-
ability of free space

farads per meter the permittivity

8 C2

of free space,
© =2.99776 x 10" meters per second the
velocity of light.S

From these values the characteristic resis-
tanceof free space can be determined. The char-
acteristic resistance of free space has a value
of resistance such that no energy will be re-
flected. In other words, energy leaving the di=
rectional antenna array and flowing into free
space will never return, In equation form

(78)

where B, = 376,710 ohms the characteristic re-
sistance of free space.

Substituting Eq. (77) and (78) in Eq. (76)

the power flow can be expressed

P :PT 79)

c

If this power flow is integrated over an
imaginary spherical surface surrounding the di-
rectional antenna array the total power radiated

1S
P.= f p dS =% f E? dS (80)
épherical ‘ spherical
sur face surface
where Pr = watts, total power radiated

Jie = 376.,7 ohms the characteristic resis-
tance of free space

E = volts permeter, total field intensity
‘ at the surface of the sphere
dS = square meters in the element of area

on the surface of the sphere.

1f the energy flow outward through the surface
of the sphere is integrated as illustrated in
Fig. 46 we can write

dS =& cos v do df (81)
where d=meters, radius of spherical surface and
the other values are defined above. Substituting
this value of dS in Eq. (80) gives

SThis figure ¢ = (2.99776 + 0.00004)10 0 .

sec”tis from Raymond T. Birge, University of

California published in Review of Modern Physics,
Vol. 14, No. 4, p. 233, October 1941.

up

SPHERIGAL SURFAGE INTEGRATION
Fic. 46

gm 4%
: J T
o - —

2

= total power radiated from an antenna system
in free space,

P, :% E? d® cos 9 do dé  (82)

(2) Field Intensity From a Standard Befer-
ence Antenna Which Has a Uniform Spherical Pat-

tern.--1f the field intensity is the same in all
directions the E in Eq. (82) can be replaced bZ
the constant Es- Moving the constant Es and d
outside of the integral signs and performing the
indicated integrations gives *

E 2 d2 2” +7T/2
P = SR : - cos ¢ d6 dff
¢ 0 /2
9T 1 2 42
2 E2 4n E;° d "
e ] = (83)
o)

-Solving this equation for the solid rms field

intensity of a uniform spherical radiator

: P,
E. =/ _°

4w 42

B, '(84,)A

For one kilowatt of radiated power the field in-
tensity at one mile is

£ = \/ (1000) _(316.710)
* O\ 4(3.14159) (1609, 347)°

107.584

1

(85)

1
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= 107.6 mv/m the field intensity at one mile
for 1 kw from The Standard Reference Spher-
ical Radiator.

(3) Field Intensity From a Standard Refer-
ence Antenna Which Has a Uni form Hemi spherical
Pattern.--In Eq. (82) the integration of 6 is
from 0 to 7/2, that is, from zero elevation to
straight up, therefore,

2w 42

P = j E? d% cos o do df (86)

L
-
c P
6
Substituting the constant E for E and solving

for E; in a fashion similar to the procedure in
Eq. (83) and (84) results in,

/P R
T {87)

For one kilowatt of radiated power the field in-
tensity at one mile is,

E

k-2

il

152, 147 (88)

= 152.1 mv/m the field intensity at one mile
for 1 kw from a standard reference hemis-
pherical radiator.

This value can also be obtained by multiplying

107.584 ~/ 2 = 152.147

(4) Maximum Field Intensity From a Current
Element Antenna in Free Space,--For a current
element in free space it is of academic interest
to determine the maxdmim field :Lnten51ty at one
mile when one kilowatt of power is radiateds As
given in Eq. (4) the field intensity pattern is
a cosine function which if substituted in Eq.
(82) gives

P_ :—B— (Escos )% d® cos 8 do d¢
e % —~ /2
I E 2 @2 2 . 8n E d?
I I cos’ B do = (89)
R, L2

Solving for the maximum field intensity for one
kilowatt of radiated power at a distance of one
mi le

= 131.763 (90)

= 131.8 mv/m the maximm field intensity at
one mile for 1 kw fran a current element
antenna in free space.

(5) Horizoental Field Intensity For a Ver=
tical Current Element at the Surface of a Per-
fect Farth,.--Substituting the cosine functions

of Eq. (4) into Eq. (86) results in,
2n w2
1 2 g2 O e
P"‘:E_ I f (Et5 cos 8)° d* cos©d O cos ¢ d¢
¢ Y o ’
4mE ? g? ‘
—— (91)
3R

[+

Solving for E, the horizontal field intensity
for one kilowatt of power radiated at a distance
of one mile

= 186,341 (92)

186.3 mv/m the maximum field intensity at
one fmile for one’ kilowatt from a vertical
current element at the surface of a perfect
earth,

(6) Field Intensity From a Center Fed Con-
ductor of Length 2G in Free Space.--With a sinu-
soidal current distribution on the conductor as
shown in Fig, 47, the field intemsity at any an-
gle from a plane passing through the center and
perpendicular to the conductor is

E=E, f(O)‘"ECOS (G sin @) - cos G

(1l-cos G) cos @ (83)

Substituting this value of E in Eg. (82) and in-
tegrating with respect to ¢ gives,

Pr =

e : P2
2 d_2 EO? J‘ / [COS (G sin 9) cos G]de
R, (l-cos O /2 58 (o

Performing the indicated integration®,

9t d2 ‘an

P = o
R, (1l-cos G)?

T

[ (#+ In 2G - Ci 20)

4+ 1/2 sin 2G(Si 4G-2 Si 2G)

%See pégev 434 Ramo and Whinnery “Fields and
Waves in Modern Radio,” John Wiley and Sons -
1944.



+ 1/2 Cos 2G(y+ In G - 2 Ci 2G + Ci 4G) ]
(95)

Solyving this equation for E; results in,

; . P R
(l-eps G) , | —2
E = V_ 2m d?

- - (96)

7 (¥ + 1n 2G - Ci 2G)
/+1/2 (Si 4G - 2 Si 2G) sin 2G
+1/2 (y4+ In G - 2 Ci 26 + Ci 4G) cos 26

where E;

[l

volts per meter, the field intensity
on a plane passing through the center
and perpendicular to the conductor

P watts, total power radiated

R, = 376.710 ohms, the characteristic re-
d

(il

sistance of free space,
meters from the antenna
1609.347 meters in one mile

Y = 0.57721566 Euler’s Constant

In = natural logarithm to base € = 2.71828
Ci = cosine integral

Si = sine integral

2G = radians or degrees length ¢f the con-
ductor,

Substituting Eq. (96) in Eg. (93) gives the
field intensity at any point in space, thus,

cos (G sin ) - cos G / P, B,
cos 8

;= ‘ /_2nd  (g7)

(7+ In 2 - Gi 20)
1+ 1/2 (546G - 2 Si26) sin 2G
/] +1/2 (4 InG - 2 Ci 2G + Gi 4G) cos 2G

where § = the elevation angle from the plane and
the other terms are defined following
Eq. (96)

g

.

PLANE PASSING THROUGH CENTER
AND: PERPENDIGULAR TO THE CONDUCTOR

Eo

1 SINUSOIDAL CURRENT DISTRIBUTION

CONDUGTOR OF LENGTH 26 IN FREE SPAGE
Fic. 47

(7) Field Intensity From a Half Wave An-
tenrta in Free Space.-~For a half wave antenna ra-
diating one kilowattof power the field intensity

at one mile, by substituting in Eq. (97) is
cos (90 sin @)
E = 152,147 _cos 8
1.21884
=137.813 _c0s 00 sinf) npmy (98)
cos @

The space pattern resultlng from this equa-
tion is shown in Fig. 5.

(8) Field Intensity From a Vertical An-
tenna of Height G Over a Perfectly Reflecting
Earth,--Assuming sinusoidal current distribution
the limitsof integration an Eq. (94) are changed
to cover the hemisphere above the surface of the
earth, thus

) 27 d® E, 2
P = B X
R, (l-cos G)*?
/2 [ cos (G sin §) - cos G]g a6

cos.§ ,
3 (99)
Performing the indicated integration and solving
for E results in,

¢os (G sin §) - cos G
cos @

E= ~ T (100)

[ (7+ In 2G - C1 2G)
[+ 1/2 (Si 4G - 2 Si 26) sin 2G
[+1/2 (+1n G -2 Ci 2G + Gi 4G) cos 2G

| P, B,

where the terms are defined in Eq. (96) and (97)
except E, 1s the horizental field 1ntenslty, G
is the helght of the antenna and ¢ is the eleva-
tion angle as shown in Fig. 48,

1 SINUSOIDAL
GURRENT DISTRIBUTION

VERTICAL
ANTENNA~I~

' !
71//777//T//////////////f/////T// &

PERFECT EARTH
VERTICAL ANTENNA OF HEIGHT G OVER A PERFECT EARTH

Fi16.48
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Aleng the horizontal plane Eg. (100) reduces to

i ~/ P. R
(1-cos G) \/ —=
\ . dz

m

. (101)

(7 + In 2G - Ci 20)
4 1/2 (Si 46 - 2 Si 26) sin 26
+1/2 (¥ +1n G - 2 Ci 2G
+ C1 4G) cos 2G

If this theoretical field intensity E, is
plotted as a function of antenna height for one
kilowatt of power at a distance of one mile the
curve of Fig. 8 results,

As a matter of interest the loop radiation
resistance for a thin vertieal conductor is,

R, =29.99776 [ (¥+ In 26 - Gi 2G)
+1/2 (Si 4G - 2 81 2G) sin 2G
+ 12 (¥+ 1InG -2 Ci 2G
+ Ci 4G) cos 2G ] (102)

where B, = ohms, loop radiation resistance of a
thin vertical conductor over a per-

fectly conducting earth., This curve
has also been plotted in Fig. 8.

For a vertical quarter wave antenna the
loop radiation resistance 1s

R, = (29.9978) (1.21884) = 36.5626 ohms
The base resistance can be determined from the

approximate equation,

R, & —TX (103)
sin® G

base resistance, ohms,

(9) Field Iitensity From a Vertical Quar-

ter Wave Antenna Over a Perfect Farth,--Substi-
tuting for G = 90° = 7/2 radians in Eq. (100)

when the power is one kilowatt and the distance

is one mile the field intensity is,

ms(%}ﬂnﬁ)
cos 0

E = 194.897 my /ni (104)

The vertical pattern resulting fromthisequation
1s shown in Fig. 7.

The field intensity along the surface of
the earth from Eq. (104) is,

E, = 194.897
= 194,9 mv/m the theoretical horizontal field
intensity at one mile for one mile for one
kw of power.
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~ (10) ApplicationofPower Flow Integration
Method te Directional Antennas.--Thus far the
power flow integration method has been applied
to standard reference antemnas, secondary stand -
ard reference antennas, and to the size of pat-
tern produced by sinusoidal current distribution
on a conductor in free space or a vertlcal radi~
ator of various heights. The method is not con-
fined to these special cases but ean be applied
to any directional antenna system so long as the
field distribution is known from the individual
elements that make up the system,

Considerable space has been devoted to de-
termining the pattern size on a non-directional
antenna, that is, an antenna which produces a
constant field intensity at all azimuth angles
in the horizontal plane and at any given eleva-
tion angle the field intensity is corstant for
all azimuth angles. Thereason for this approach
is that any directional antentia can be trans-
formed to its equivalent non-directional antenmna
pattern, This can be accomplished by determin-
ing the root-mean-square of the pattern at each
elevation angle, then it is only necessary to
integrate this equivalernt non-directional pat-
tern with respect to the elevation angle since
the determination of the mms values is the re-
sult of integrating the pattern with respect to
the azimuth angle.

In order to develop this method consider
the horizontal field intensity from two towers,
one at the origin and one at the spacing Sg due
north., The total vector field is then

E= EL+E| cos¢+w

changing to rectangular form,

(105)

E=E, 4+ E, cos (S, cos ¢ +¥)
+3 E, sin (5, cos ¢ +u,)

The magnitude of E squared is

E2 = Elf2 +‘522 cos® (52 cos @ %—wé)
+ E,® sin® (S, cos ¢ + )
+ 2E, E, cos (S, cos ¢ +1,)
=E,® + E,® +2E, E; cos (S, cos ¢ +,)
(106)
From Eq. (86) performing the azimuth integration,

we substitute the value of E2 from Eq. (106) to
get

2m 2

fﬁ dé = f [F2+E,?

(s} o]



+ 2E, I, cos (S, cos ¢ + w,) ] dé
=2m { E,® +E® +2E B,
’ 27

2
Xf [ cos (8, cos ¢) cos ¥,

- sin (S, cos ¢) sinw, ] d_qs,}

The second term in the integral 1s zero as can
be demonstrated by plotting the function. There-
fore,

o
j' P dé= 27 [ B+ E*
&

+oE, E,

cos (S2 cos ¢) dé |

2
cos ﬁllffz. QL f
P .

=2m [E® +E,* + %EE, cos¥, J (S,) ]

where J,(S;) = a Pessel function of the first

kind of a zerc order. In this equation the

phase ¥ and spacing S is between elements 1 and
2 hence a more general form is to write

Wys = difference in electrical phase angle of
the field fran the lstand t e 2nd antenna,
electrical lergth of spacing between the
1st and 2nd antenna.

Sas

||

With this change in nomenclature the above equa-
tion becomes

om
j‘ E* d¢=2n [ E,® +E,°

)

+2E E, cos®,, J (S,,) ] (107)

In this equation the integration is performed
for only two antennas in the horizontal plane.
This equation can be generalized to account for
any elevation angle ¢ if the field intensities
are multiplied by f(8) and the spacing is multi-
plied by cos 6. Making these modifications Eq.
(107) can be written,

Eg? =1 f E?
d 2m

+ 2B, f£,(8) E, £,(8) cosy, J (S,, cos 8)
(108)

dé=E,* £,(0)% +E,? £,(8)

where Eg4 = root-mean-square field intensity ra-
7 diated at the elevation angle 6. (In
this case for only 2 antennas.)

1f Eq. (108) is generalized for any number of
elements in the directional antenna array the
r-m-s field intensity at the elevation angle
can be written

pP=n g=mn
Eg= z z E £(6) E £(6)
\ X cosw  J (8,  cosé6)
~ " o (109)
where Eg = root-mean-square effective field in-

tensity at the elevation angle 6.

- ptP antenna in the system,

q*" antenna in the system.

nunber of elements in the complete di-

rectional antenna array.

Ep = horizontal mapgnitude of the field in-

) tens1ty produced by the p*" antenna.
£, (8) = vertical radiation characteristic
of the pth antenna.

I’y = horizontal magnitude of the field in-
tensn‘,y produced by the q*h antenna.

£4(8) = vertical radiation characteristic

of the gth antenna

¥,, = difference in electrical phase angle
of the voltage (or current) between
the p*?and gt® antennas in the direc-
tional antenna array.

Spq = spacing in degrees or radians between
the p*" and q*® antennas,

Jo{(Spq cos 8) = Bessel function of the first
kirid and zero order of the apparent
spacing between the pth and the gt
antemnas.

84"
Hun

Analyzing EBq. (109) for a two element di-
rectional antenna reveals how Eq. (108) is de-
ducted, When p = 1 and q=1 we have the term
Ei f (8) E £,(0) cos ¥,, J (S, cos ©).
ﬁlnce Wyy = O cosWir=1 and s1nce Si1 =
Q, Js{(S;; cos 9) =1, thus resulting in the first
tem of Eq. (108) that is Ei2f,(8)2. In a simi-
lar fashion the second term of Eq. (108) results
when p = 2 and q= 2, that 1s E22f3(6)2, When
p=1and g= 2 we have the term E; f; (0)Ez £z (6)
cos Yy ,Jo (S12 cos 6) which is one half of the
third term in Fg. (108). For the condition p = 2
and q = 1 we have F22(8) Eifi(8) cos ¥21.Jo
{Ss1 cos 8). Since llrg']_ is the negative of Wi
and ‘the cosine of a given positive or negative
angle is the same, we can write cos Wis =
cosWsy. The magnitude of S;2 = Spy because the
distances are measured beftween the same two
points. Therefore, when p = 2 and q=1 the
same value is obtained as when p = 1 and q = 2.
The sum of these two terms results in the last
term of Eq. (108) that is 2 E1f1(9) Esf2(6)
cos ¥yJ5(S;5 cos 6). Since n = 2 in this case,
all of the terms in the summation have been a¢-
counted for in the results given by Eq, (108).
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To clarify the application of Eq. (109)
consider a 3 element directionzl antenna system.
In this case n = 3 and the equation can be
written.

JEZ1,(0)% + 24, (0)° + B, £,(0)%
/ +2E1_ff1;(9) E, £,(8) cosu, J (8;,
+2E,£,(8) E, £,(8) cos gtr‘m J, (8,4

+2 E2f2(9) E, fafg) cos ¥, J.(S,,

i cos 8)

I cos 0)
cos 9)
(110)

For a directional antenna with more ele-
ments the number of terms will increase. It will
be noted that the general equation results in
the following terms under the radieal; first,
the square of all the individual antenna field
intensities and second, the terms written as
twice the prodiuct of the field intensity of each
individual antenna multiplied by the field in-
tensity of each other individual antenna in the
system and then multiplied by the cosine of the
phasing of the currents between the antennas and
the Bessel function of the apparent spacing be-
tween the antennas,

Far the horizontal plane 6 = 0, cos 8 = 1,
£1(0) = 1 and f3(8) = 1 with the result that qu
(109) can be reduced to

g=n
E, z EE, coswy, Jo(S;)

g (111)
where E, = root-mean-square effective field in-

tensity in the horizontal plane, and
the other values are defined in Eg,
(109«

In tems of Eg® as given in Fg. (108) it is
possible to rewrlte Fq. (86) as follows:

p =4 J‘ I 2 d® cos 9 do dg

: 2 , R
= 2”@ f E 62‘ cos ¥ do d¢

(112}
The standard hemispherical field intensity pro=

duced by the directional antenna systerm can be
obtained by substituting Egq. (112) in Eq. (87),

thus,
. /2
:Es‘ = \/7 f / E92

O

cos 6d @ (113)

This is the exact formula for determining the

size of the directional antenna pattern, however,
to performm the integration for the general case
would be quite tedious.
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A practical and very useful solution 1s to
determine the value of Ey at a number of eleva-
tion angles and to replace the integral with the
summation, thus, for intervals of 10 degrees of
elevation the approxmate equation by application
of the trapezoidal rule” can be written

[e]

©
o}

E

2 cos 100 ]
(114)

§
—g [ 10n

—1
=]
-+
.
It ™

fed

where E, = the standard hemispherical field in-

tensity produced by the directional
antenna system. (152.1 mv/m for 1 kw
at 1 mile), , .

- root-mean-square effective field in-

tensity in horizontal plane.

E,on= root-mean-square effective field in-
tensity at the specified elevation
angle.

n = integers from1 to 8, which multlplled
by 10 gives the eleVauon angle 8 in
degrees.

jies]
"

EXAMPLE 25: A four tower directional antenna
system has the following parameters:

No. G° g° s° 110 F
1 90 0 0 0 1.0
2 90 274.22 176 2 0.786
3 90 302.34 211.3 275 0.841
4 90 358.38 100 260 0.786

Determine the values of horizontal field
intensity from each tower for 5 kw operation
assuming the system loss is 405 watts deccording
to FCC standards. What is the value of T-m-s
field intensity for each 10° elevation angle?

SOLUTION: Initially solving for Ey at every
10° elevation angle by Eq. (109) in terms of
field ratios F results in column 2 of the fol=
lowing table

Ey Ey
B° for E; =1 for E; =275
0 1.435 ; 395
10 1.432 394
20 1.382 1 380
30 1,313 361
40 1.212 333
50 1.087 299
60 0.899 247
70 0.657 181
80 0.031 86

"Page 192, Smith’s Applied Mathematics, pub-
lished by McGraw-Hill Book Co. - 1945,



Now, by Eq. (114) we have,

E, = 1.236 for B, =1

For 5 kw radiated the standard hemispherical
field intensity will be
E, =152.14/ 5 =340 my/m

Therefore, the required values of field intensity
are:

E, = 340/1.236 = 275 wv/m ANS
E, = 275(0.786) = 216 mv/m ANS
Ey = 275(0. 841) = 231 mv/m ANS
E, = 275(0.786) = 216 mv/m ANS

The final r-m-s field intensity for each 10°
elevation angle is tabulated in column 3 of the

above table. ANS
The input power for this problem acecording to

FCC standards is 5,405 watts and the radiated
power is 5 kw.

The solution of this problem is gquite tedious by
the method followed in this example, however
with the help of a directional antenna pattern
calculator which is capable of drawing the pat~
terns at the various elevation angles the re-m-s
valies can be quickly measured from these pat-
terns to get the required values of Eg to use in
Eq. {114).

b, MUTUAL RESISTANCE METHOD OF DETERMINING
PATTERN SIZE,--(1) General Statement.--The power
flow integration method can be used to determine
the self and mutual resistance components of the
elementsin the directional antenna system, Since
this method does not give infommation in regard
to the reactance components it is not useful in
determining the driving point impendance; how -
ever, because of its simplicity it is believed
to be 4 very practical and useful method for de-
termining pattern size. This method can be con-
sidered as an extension and simplification of
the power flow integration method for some pur-
poses,,

{2) Belation of Field Intensity to Antenna
Current,--First, let us write the equation for
the field intensity E causedbya current I flow-
ing in a single vertical conductor of height G
over a perfect earth, thus,

B, I [ cos (Gsin @) - cos G ]

E = ‘ (315)
2r d cos 8
where £ = field intensity, volts per meter
B, = 376,710 the characteristic resistance
; of free space, ohms
I = current at antenma current loop, amp.
d = distance from the antenna, meters
i = electrical height of antenna, degrees
§ = elevation angle, degrees.

If we define
h = cos (F sin 6) - cos G
~/ cos 6

later expressions can be simplified and Eq. (115)
can be written,

(116)

= L, T h
" -\{/‘ cos 8

2md
In the horizental plane 6 = 0 and this
equation reduces to

(117)

B I . = CO iy .

_R (1 = cos () (118)
27w d

(3) Self and Mutual Power Flow due to Self

and Mitual Fadiation Pesistance Bespectively.--

By Eg. (79) the power flow vector in the direc-

tion of azimuth angle ¢ and elevation angle ¢ 1%

P :E (79)

If the total vector field intensity E is the re-
sult of the two antennas with No. 1 antenna at
the origin we can write

BE=F, £(6) |0

+ E, £,(9) S, cos(¢, - #) cos § +¥, (119)

Changing to rectangular form

E=E, £,(6)

+E, £,(8) cos [52’ cos(g, - &) cos 8 + v, j

+j B, £,(0) sin [ 8, cos (¢, - ®) cos @ + ¥, ]
(120)
The magnitu’dé of E squared is
B* = E* £,(0)°
+E, £(8) E, £,(8) cos [S; cos (¢,
-®) cos 8 +¥,]
+ E, £,(6) E; £,(8) cos [S, cos (¢,
- ¢) cos § +w,] + E,® £,(0)° (121)
Making this substitution in Eq. (79) gives
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P=Pyy t Pt ey tPas (122)
E? f (6)% «
where p,, =+ 1 — (123)
' R,
= the self power flow due to the self
resistance of antenna No. I
E £ (6) E, £,(6) cos [ 8, cos (¢,
-®) cos b + ] .
— — 2]
P,=Py = , 5 (124)
= one half of the mutual power flow due to

themutual resistance hetween antennas No. 1

and No. 2.

B} 000
I

c

(125)

= the self power flow due to the self resist-
ance 'of antenna No. 2,

The total power radiated by integrating the
power flow of p over the hemisphere is

P = j . . p dS8
¥ J hemispherical

surface
(pn + 2plz- + pz’z‘) d S
(126)

- J.hemispherical

surface

(4) TIutepration of Power Flow to Determine
the Self and Nutual Radiation Resistance.--Per-
forming the integration on p;y by applying Eq.
(86) results in the self-resistance radiated
power from antenna No. 1.

, _J E12 fl‘(e‘)a
Fa T hemisphericalh—ﬁ_——
surface

E 242 2x w/2
=1 |
P
o [a}
= ___R___

c

ds

o

fl(ﬁ)z cos 6 do d¢

/2

cos (G, sin8) - cos G, _,

i 1 1 2 PTa |
—== ~ - —= o de@
(1 ~ cos GI) cos 6 I* cos

2n B * d*
; X

Bc(l = COS Gl)z
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’e,

er/z [ cos (C1 sin 9) - ¢O0S G1 jz q
J cos 0 '
O N
o E 2 ‘71'/2 .
oy b h 2 de
R (1 - cos GI')2 ' 1
' o
where h is defined in Eq. (116).

(127)

Now by Egq. (115) in the horizontal plane,

B2 1% (1 - cos O)*
E2= :

1 42 d°

(128)

which if substituted in Eq. (127) gives

R F/?
o 2 3 — 2 e g
Pn - Ii Rn - 11 '2—; f

o

h®de (129

R /2
) —_ C 2
Rl;l —2” J' hl de

o P - . - 4
= the self-loop radiation resistance of an-
tenna No, 1.

(130)

In a similar fashion the self-resistance
radiated power from antenna No. 2 is

/2

P = L? By = L2 f h,? do (131)
[s]
R T/2
car — c L 2 ¥ ' .
where R A = e h,” d#8 (132)

d
= the self-loop radiation resistance of
artenria No. 2,
Performing the integration om p,, by apply-

ing Eg. (86) results in one half of the mutual-
Tesistance radiated power, thus,

P —

12

-®) cos b + dfgj ds
hemispherical ‘ T ‘
surface ¢

_ E E, d°
R

2w /2
X J J- ;fl,(ﬂ) f2(9) cos ESz €08 ("152
S 0

-¢) cos§ +w,] cos 6d0d¢



271'E F cos ¥,
H (l - cos G ) (1« cos G, )

/2

X .[ h, b, J (S,

(o]

cos 6) d ¢
Substituting for F; and E; in the horizontal
plane by applying Eq, (118) gives

_ R, I’1 I, (1 - cos G)) (1 - cos G,)
4 2 d2

{134)
Substituting Eq. (134) in Eq. (133) yields

P,=1, I, cos¥, R,
R
I I, cos v, 2—7r

1

/2

| h, hy, J (S, cos6) d o {135)
° R, /2

where R , =— J b h, J (S, cos §) d#

(136)

= the mitual loop radiation resistance
between antennas No. 1 and No. 2.

The self and mutual resistance terms can
be determined quite readily by the following
graphical method developed by Edgar F. Vandivere.
Referring to Eg. (136) the following approximate
equation can be written

g2
Fie =5 J h, h, J.(S,, cos 8) d8
g
i;ﬁi [ (I - cos Cﬁ) (1 - cos Ga) JO(SIZ)
36 9
n=§ o 7
+ Z (hr) (h,) J. (812 cos 10n]
n=1 6=10n &= 10n N
(137)

By using curves of these three functions as
drawn in Fig, 49 and Fig. 50 it is possible to
‘determine the mutual resistanice values in a rel-
atively short time. This equation is valuable
in that it will give the miutual resistance be-
tween towers of di fferent heights.

EXAMPLE 26: Determine the mutual loop and base
re51stances between towers having heights of 90°
and 120° when § = 200°

(133)

SOLUTION: Values of the height furction b and
the Bessel function J, (S cos B) are tabulated
for various elevation angles.

hy hy Jb(SQOsB)‘

n| 6 [for Gy for G,|for $=200°|h h,J (S cos b)

=90°% |=120°
0{o ~0.38
1/10| 0.97 | 1.45 -0.37 =0.52
2|20( 0.89 | 1.30 =0,34 -0.39
3130 0.76 | 1.07 =0.27 +0.22
4140) 0.61 | 0.83 -0.13 ' =0.07
5|50} 0.45 | 0.58 0.09 ‘ 0.02
6601 0.29 [ 0.57 0.37 ~ 0. 06
71701 0.16 | 0.19 0.68 0.02
8{80] 0.06 | 0,07 | 0.91 0.003

Substituting in Eg. (137) the mutual loop resist-
ance is

Rip=

376.7 Fl-cos 90 °)(1-cos 120°)(-0.38) }
£ -1.1

36 2

=10.46 (-0.285-1.1) = -14.5 ohms ANS

‘The mutual base resistance is obtained by divid-

ing by {(sin Gl sin Ga)’ thus,

=14.5

129 = .16.75 ohms ANS
(1.0)(0. 866)

12

This approximate value can be compared with -17
ohms as obtained from the mutual base impedance
curves in Appendix A.

The total radiated power from the 2 ele-
ment directional antenna system by Eq. (126),
(129), (131), and (135) can be written
P =I2R,+1 1, cosy, R,

+I, I, cos¥e R, +1,*R, (138)

or generalizing for any number of elemients in
the directional antenna system we can write
P=L?R,+12R, + T2 By + "
t2L I, cos ¢, By, +21, I, cos y, Ry
t2 Iz I:s COS Yogq st Foee
n g=n

b 1
P q
l g=1

P

P

cos ¥, By (139)

oo N
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where p = p*" antemna in the system
g = g*® antenna in the system
n = number of elements in the complete di-
rectional antenna array
R,, = the self-loop radiation resistance if

p=q and if p3$q the mutual-loop radi-
~ atlon resistance is expressed, ohms
I, = loop current in the pth antenna, amp.
I, = loop current in the qth antenna, amp.
ypq — difference in electrical phase angle of
the voltage (or current) between the
pth and gth antennas in the directional
antenna array, degrees.

(5) Expression for etermining Pattern
Size and Besulting Horizental rms Field Inten-

sity.--1he standard hemispherical field inten-
sity Eg produced by the directional antenna sys-
tem can be obtained by substituting Eq. (139) in

I, L cosy,, R

i
4 N

(140)

This is an exact formula for determining the
size of the directional antenna pattern. It
gives the same results as Eq. (113) but with the
application of a summation instead of an inte-
gration, The integration of terms in Fq. (113)
results in the mutual and self resistance terms
Bp . of Eq. (140).

Tt is now desired to express the horizontal
rms field intensity E, as a function of the an-
tenna heights, radiated power, field intemsity
ratios, phasings of the antenna currents, spa-
cing, mutual and self resistanees. For the pur-
pose of this development let us consider only 2+
elements in the directional antenna array.

By Eq. (111) the rms field intensity in the
horizontal plane is

E0 :1 ;Elz + Ez2 +2 E, Eg cos Y, JD(SR)

E. .‘2
14+ (=2
+(E )

1

+2 (_Ez_) CoSs Yy Jo; (S«xz)“

1

o 0

Solving for E, we have

E,
E1 = : — ’
, E E ,
\/1 g )2 42 (=) cos yyp J,(5,,).
1 1
(141)
Solving for I in Eq, (138) results in
I, = ‘ D
' ' I = R
R, [ 1+ (=2) 22
e Il Ril
1, R
+2 (—2.) cos v 127
Il 12 R1.1<

For equal height antennas R,; = B;, and by Eq.
(118) the current ratios can be replaced by field
intensity ratios and Iy can be replaced by Ey,
thus the above equation becomes :

g, = 2; C‘:) | (142)
Vi [ +(2)
Eﬁl
/ E, . R
+2(=2) cosy, =2
Evl, 12 Ri,,l

Equating the right hand members of Eqs (141) and

(142) and solving for the horizental rms field
intensity results in

;B UcosQ /P |
T 2 J R,

oEa o Ea N
/ HES Q(E_’ cos gy, Jo(8;,)
] 1

E

1

(143)

E, 2 E R
1+2) 4 2(2) cos y,, =22
E'l E’l # R11

Or by applying Eq. (118) again and in doing so
if the field intensity is called E,; and de-
fined as the horizontal field intensity from
antenna No, 1 acting alone as a secondary ref-
erence antenna and radiating P, then I,4 1s the
current in antenna No. 1 when the power is P,.
By making this substitution in Eq. (143) the
first radical reduces to unity thus,
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ﬁ 2
1+ (=2) +
T

. (f E, 2, 45 T,
+ (=) +2—=cosy y k6 —=
E E, 12 R
‘}' 2-F—'COS le JO(SI2)
= E ‘1
1s E
+ 2—= cos T
E : R,
(144)

In Eq. (143) the horizontal rms field intensity
for a 2-element directional antenna array with
towers of equal height is expressed in terms of
the independent directionial antenna parameters;
G, P_, voltage (or current) Ia,tlo-E-—z, Yior S0
PygandR ;. Kq. (144) expresses this same value
in terms of Ejs instead of Pr.

Tt is interesting to note that the second
radical in both Eq. (143) and (144) have numera-
tors and denominators that are very similar, the
only difference being that the numerator con-
tains the Dessel function J,(S;,) and the denom-

inator contains the resistance ratio—== 12

14

Generalizing in Eq. (143) and (144) for any

number of antenmas, when the towers have the

same height, results in the following very use-
ful equations.

E_ cos
p Tg €08 Wpq

3,(8,)

E, =E,
Bog
“p Sa ©08 Ypq
11
(146)
where E, = horizontal rms field intensity milli-
volts per meters.
R, = 376,71 ohms the characteristic resist-
v ance of free space.
G = electrical height of each antenns,
degrees. ;
d = radial distance of ‘the observation

point from the directional antenna sys=
tem, meters. ,

P = total power radiated from the direc-

tional antefina system, watts.

R, = self-loop radiation resistance, ohms,
of each antenna since they are all of
the same height.

= horizontal field intensity from an-
tennda No, 1 acting alone as a secon-
dary standard reference antenna and

radiating P, millivolts per meter.

> number ¢f antennas in the syst’e‘m,

field intensity from the p P antennas,

millivolts per meter,
field intensity fromthe gq®®
millivolts per meter.
difference in electrical phase angle
of the voltage (or current) between
the p*® and q*" antennas, electrical
degrees.

Spq = electrical length of the spacing be-

tween the p*P and %" antemnas, elec-
trical degrees,

|
1

ez
H I

I8

Eq

antennas,

It

Yoa

B_(1 - cos G) | P, R, i = mutual loop resistance between the pth
‘0 e | = and q'R antennas, chms.
2nd - B,
p=n g=n
z Z E, E, cos yJ (8 ) As an illustration let us substitute inEq.
; p=1 g=1 (145) and (146) to express the horizontal rms
X =5 == (145) field intensity for a three tower directional
p=nq 3 antenna system.
z z E E cosy P
p=1l g=1 i For this case
E2+E2+E® +2EE cosy, J.(S,,)
R (l-cos G) / P,, +2EEy cos gy, J,(5,,) +2EE; cos ¥, 3, (854) S
. :__cz__a___ /= - N (147)
2TC . i o . B )
) 11 E}lz + E22 + Ea2 +2EE, cos ¥,
11
R R
, ‘ h g o 23
+ 2EE, cos v B T 2By cos &, B,
11 11
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Or in terms of E__
1s

where the terms are defined following Eq. (146).

EXAMPLE 27:

] Eiz + E22 +E32

Q

+ 2E,E, cos y,, J,(S,,)
+ 2E.E. cos y,, '30(813)

+2EE, cos y,y J,(S,,)

E® +ES* + Eag

R..
+ QEIEZ cos y, ﬁl—

il
“ag

B‘l 1

+ 2E1E\3 coS Y4

) B ..
+ 2E,E, cos yug ﬁ‘_g_ﬂ,

11

A three tower directional antenna

system has the following parameters:

No
1
2
3

GO ﬂD SO lyo F

90 0 0 4 1.00
90 0 2817 -49 0.56
90 180 287 49 0.56
Determine the theoretical value of E;E ,E, and

E‘s wheii the radiated power is 1 kw.

SOLUTION:

Eq. (148) if expressed in terms of
Field intensity ratios c¢an be re-written, '

14+F,2+F,?

2

+ 2F cos Y, JO(Sla)

+2F,  cos Y4 Jb(Sﬂ)‘

+ 2F,F, cos y,, J,(8,,)

AR 2
1+ F,?+F,

,ng

+2F, cos gy,

o

11

=

13
+ ~2F3 cos ¢, —

11

o S <

, 23
+ 2F,F, cos y,, ——

11

where: B, =194.9 mv/m by Eq. (104)
Ffz, = 0.56 , F2 = 0.3136
. . L2 . p g
F, =0.56, F,? = 0.3136

F,F, =0.3136

cos y,, = cos (-53°) =0.6018

cos gy g = cos 45° = 0.7071

Cos Y,y = C€OS 98° =-0.1392

J(8,,) =3, (8., \:fJiO(wz\az°) =.0.1776
Jo(8,4) = J,(574°%) = -0, 2460

R . =R, =R__=36.56 chms by Fig. 8
11 22 33 . ‘Ol”Eq» (102)

R, =R ,=-9.5 ohms b?( Appen-
dix A
R,  =-3.68 ohms by Eq+ (25)

Substituting in the above equation

Ey

By

1+ 0.3136 + 0.3136
+ 2(0.56)(0.6018) (0. 1743)
|+ 2(0.56)(0.7071) (0. 1743)

4 2(0.3136)(-0.1392)(-0.2467)
= 194,9 » ,

| 1 4+ 0.3136 + 0.3136
4+ 2(0,56) (0. 6018) (-0. 26)

| 4+ 2(0.56)(0.7071L)(-0,26)

+ 92(0.,3136)(=0.1392)(-0,101)

I

loa.o. [I-6272 - 0. 1172 - 0.1381 } 0.0215
J 1.6272 -0.1752 -0.2059 + 0.0087

1.3934 « _ o
229792 194, 9 /1. 111 = 194.9(1.055
[T o508 =194 9 /1. 111 =194.9(1.055)

= 205.6 mv/m ANS

= 194.9

Eq. (110) for E  when © =0 we have

E, = ____ Eo

1+F,®+F°

(’51,2:

+2F, cos Yia JU‘ )
\ [+ 2 F‘,"l cos ¢, . J).o (Sl‘a)

+ 2 FFy cos yyy I (Sgq)
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= 174 mv/m ANS

E, =E F, =174 (0.56) =97.5 mv/m  ANS

i

Eg :\El Fj3 = 174 (0.56)

- 97.5 mv/m ANS
c. DRIVING POINT IMPEDANCE METHOD OF DE-
TERMINING PATTERN SIZE,--(1) Derivation of
Driving Point Impedance.--The total power
radiated from a directional antenna system ig
the sum of the radiation power fed to the re-
spective antennas. If the driving point resist-
ance and input current to each antennz is kirownm,
the total radiated power is given by

 k=n
ljl" =z Ik2 Rk
k=1

= I‘12 H1 + 122 Bz ERRE Y I‘kz Rk teeet I‘nz Rn
(149)

where P; = total power radiated from the direc-

tional antenna, watts.

Ix = effective current at the input term-
inals of the k'™ antenna anip.

R, = driving point or radiation resistance

' at the input terminals of the k*® an-
tenna, ohms.

n = number of antennas in the directional
antenna array.

The driving point or radiation resistance
R, is the resistance component of the driving
point reactance Zx of the k®" antenna. The
driving point impedance canbe determined by using
mesh elrcuit eguations when the self-impedance
of each antenna, mutual impedance hetween each
pair of antennas and current input to each antenna
is known. To properly solve the mesh circuit
equations; all guantities must be handled as
vectors. Themesh circuitequations formn antennas
in the directional antemma system is given hy

Vo =T Zy, v L 2, et T Zyy Aot T 2

V=L Z, + Ié Zzz"*“""‘ I, Zyy Aeoet I;n Zy,

o

© 0 o
< . b o ¢
o o o

V=1, Zy + 1, Z'k2 teet I‘k Zyw ¥t Ly Zi

° . . .
b o .

Vn = Il Zn\l + I2, Z"n.?, freot Ik an oot In Znn
(150)

where Vi = vector effective voltage at the input
terminals of the k" antenna, volts.
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I, = veetor effective current, at the input

terminals of the kth antenma, amp,

Zyi = self impedance of the kth antenna, ohms.

Zyn, = mutual impedance between the kt» and
nth antennas, ohms. ‘

i1

All of the values giveninEq. (150) refer
to the antenna terminals specified by the sub-
seripts. If all of the currents and impedances
are known then all of the input voltages can be
determined by solving the set of simltaneous
equations given in Eq. (150),

From this set of simltaneous equations it
is possible to define the driving point of im-
pedance of the k*" antenna as follows

V.
7, =1
Ik

(151)

| S I,
:'_Zn = Zkz Fev ot Zkk R " an
I, I, I,

where Zy = ohms, driving point impedance of the
k*" antenna and the other quantities are defined
following Eq. (150). The resistance component
By of Z is a pure radiation resistance only if
there is no loss in the system, The directional
antenna system can be caleulated on this theo-
retical basis and then from a knowledge of the
system the losses can be estimated with fair
accuracys

The probilem now resolves itself to a de-
termination of the self and mutual impedance and
then with the current magnitude and phase speci-
fied for each antenna, Eq. (I50) and (151) can
be used to determine the respective driving
point impedances. Since Eq. &51) will yield
both the resistance and reactance components of
the driving point impedance it is useful in de-
signing the impedance matching networks between
the respective transmission lines and antenmas
in the directional antenna array,

To determine the driving point resistance

of the k*" antenna, the real part of Eqs {151) can
be written

cos (¥, +7Y,,)

+ I—k- . sz cos (Wak + Y‘Zk)

$ e +| Zkkl c‘os' Yicic

n

-

I

k

oeee 4 Z cos ("Pnk + Ynk) (152)

nk |

where R, = driving point resistance ({or radia-
tion resistance; 1f the system has no loss) at
the input terminals of the k¥ antenna, ohms



—= | | Zyy | cos (Y11 + Yiy) = resistance at

the input terminals of the kM antenna due to
the effect of antenna No. 1, ohms.

I, I,
—_ ¥,y ==— 5 thevector value of the

current ratio for the current at the input ter-
minals of No. 1 and the kth antemna

Z, kl l Yix = 24y, the vector value of the

mutual impedance between the Na, 1 and the kt®
antenna, ohms.

| Zkk' cos Yy, = B self resistanceat the
input terminals of the kit antenna, ohms
kk[ Y =2, the vector value of the

self 1mpedance of the k*® antenna, ohms.

In a similar fashion, the reactance com-
porent is

1. .
X, = -I"l' Zyy| sin (W, + Yix)

K

o 2 'sz sin -(‘1’21: + YZk)
I, '

Fomed o 1Zkkl sin Ykk

dowes T"— 2oy sin (@, + Yﬁ'k)‘ (153)

11,

where Xy = driving poilnt reactance at the input
terminals of the k®" antenna, ohms, and the other
values are defined following Eq. (152).

EXAMPLE 28: Determine the driving point impedance
for the directional antenna in Example 27 by
Eqs. (151), (152) and (153).

SOLUTION: Using the mutual impedance curves or
Eq. (25) and (26) we can write,

Z,, =2, =-9.5 4 j6.0 = 11.24 [147.72°ohms
Z,, = -3.675 -j4.B = 6.045 [232.56° ohms

and ‘the self impedance can be written,

4

:222:233:36'56’*'321 =42.18 |29.87° chms

since the towers are all the same height the
current patioscan be replaced by field intensity
raties in Eq. (151) thus,

I 1 I,

; i b3 e
Z, =—1Z,, '{'T'Zm t I Zgy
I 1 1

{1

Zig t Fz ZyytFy 2y

= 42.18 [29.87° 4 0.56 |-53° 11.24 [147.72°

4+ 0.56 [45° 11.24 [147.72°

42.18(29.87° +6.294[94.72°+ 6,294 [192.72°

36.56 + 721 -0.5178 +j6.272 -6.1394 -j1.386

i

1

i

29.903 + j25.886 = 39.59 [40.88° ohms ANS

I, I, 1
Z,=—1, +’£_Zzz+, Zys
2 T2 2
Z F
12 3
= Z22 +— Zaz
F2 s

11 24 [147 72°
e 1. 6.045 |232.56°
0 56 |-0.53°

0.56 [45° 6.045 [232.56°
+ p—
0.56 |-0.53°
= 20,071 [200.72° + 42.18 |29.87°
+ 6.045 {330.56°
Z, = -18.772 -37.101+36.56+ j21+5.264 -32.971

= 23.052+j10.928 =25.52 |25.36° ohms  ANS

; I, 1, I
Zy =— L3+
p

z,

r2y

2,
+— Zza + Za
Fy

= g
Fﬂ

_ 11,24 |147.72° +10.56 1-53° 6.045 [232.56°
0,56 [45° 0.56 |45°
+42.18 [20.87°
= 20,071 1102,22"’ + 6.045[134.56°=42.18 [29.87°

= -4,419 +719.578 - 4.241 +j43.071+36.56 + j21

= 27.90 +j83.649 =88.25 |71.56° ohms ANS

2-1=75



By Eq. (152)
R, = 12111 €OS Yyq +J ;3‘1221! cos (¥, +Y,,)
I,
L
+l—“Zail cos (‘Psl + ‘{31)
Il( '

= 42.18 cos (29.87)
4+ (0.56)(11.24) cos (-53 + 147.72)
+ (0.56)(11.24) cos (45 4 147.72)

I

36.56-0.5178 - 6.1394 =29.903 ohms ANS

-
I

I
2 —‘+;i11212ICGS(g12{‘Yl2) +|222(C°s Tz
2

I ;
++;—.!ZSB|Cds(¥32-+Y32)
2

11.24
0.56

cos (53 + 147.72) 442,18 cos (29.87)

(0.56)(6,045)

.50 cos (45 453 4 232.56)

~18.772436.56 +5.264=23,05 ohms ANS

_ 11 ; ;
Ry = L;‘i,z1slcos(¥13‘FY13)
3
I'.2 ’ ‘ )
+ﬁ| -—-.l lzza cos (‘Eza +Yoq)
I,
+| Zyglcos Ygy
11.24 . (0. 6. 045
- ‘4- cos(-45+147.72 + (0.56)(6.045)
0.56 (0.56)
cos(-53-454232.56) +42.18¢05(29.87)
= 4,419 « 4,241 +36.56 =27.90 ohms ANS
By Eq. (153)
, Ie
X, = lz11l31n Y11 +';"][Zzilsi"(¥214'Y21)
. '

+L;2‘|Zﬂ1’5in gy +Y54)
1
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= 42,18 sin (29.87)
4+ (0.56)(11.24) sin. (=53 + 147.72)
4 €0.56)(11.24) sin (45 + 147.72)

=91 46.272 - 1.386=25.886 ohnms ANS

X, :]tfillzizlsin(wizi—Yig)~¥i222|sin o
2

I

2 e sint 10
2

11.24

0.56

sin(53 +147.72) +42.18 sin(29.87)

((0.56)(6.045) . (45453 +232.56)

0.56
= -7.101 4921 -2.971=10.928 ohms . ANS
;Il‘ .
Xg = |Z1s| sin (Fy5 + Y1)

I, ;
+A|__I}zza sin (y5 + Ypy)
I,'0

t|Zas

sin Ygu

11,24 .
= —~ 1 ~45 47,72
s s Sim (=45 + 14 )

(0.56)(6.045) L )
—_— . s ~53-45 4 2.56)

4+ 42,18 sin (29.87)

= 19,578 4 43,071 + 21 = 83.649 ohms

(2) Coupled Field Intensity From Beference
Antenna.=~For the purpose of development, let us
consider only two antennas. By Egq. (149) the
power radiated 1is

Pr = I12 Rl + 122 Rz'

Solving the equation for I;, gives

(154)




Now by Eq. (118) we know that the field in-
tensity from an antenna is proportional to the
current in the antenna, This equation is true,
regardless of whether the antemna is in a direc-
tional antenna system or not. Therefore the
following raties can be equated

Els o El

LT

1s

(155)

11

where E _ = horizontal field 1nten51ty from an-

tenna No. 1l acting alone as a second-

ary standard reference anternna, milli-~

‘ volts per meter.

Is = loop current of antenna No. 1 acting

‘ alone as a secondary standard refer-
ence antenha, amp.

E; = horizontal fleld intensity from an-
tenna No. 1 operating in the direc-
tional antenna array, millivolts per
meter.

I, = loop current of antenna No. 1 operat-
ing in the directional antenna array,
amp,

: Solving Eq. (155) for E,, and substituting
for the value of I, from Eq. (154) results in

— 18 - B
E, 1, L= (156)
R,
If E . and I, are for the same amount of power
as radlated from the directional anterina, then
P, ‘
=R (157)
11 2 11

the self loop radiation resistance of antenna
No, 1. Making this substitution in Eq. (156)
y1ields

(158)

This equation says that the coupled field
intensity E, from the reference antenna is equal
to the non-directional field intensity Eio from
this antenna; when it is radiating P, the power
radiated from the directional antenna multi-
plied by the square root of the ratio of the
self~loop radiation resistance of antenna No. 1
to the quantity made up of the driving point re-
sistance of antenna No. 1 plus the square of the

current ratio between antenna No. 2 and antenna
No. 1, multiplied by the driving point radiation
resistance of antenna No. 2. In other words, by
this equation it is possible to determine the
coupled field intensity F, from antenna No. 1 in
terms of the secondary standard reference field
intensity E,, from antennaNo, 1 wher 1t is radiating
P,, the self-loop radiation resistance H;; of
antenna No. 1, the driving point radiation re-
sistances of all the antennas in the array and
the current ratics. This means that with a spe-
cified radiated power from the directional an-
tenna system, the field intensity from antenna
No. 1 can be calculated directly, If the resis-
tance values are due solely to radiation, then
the resulting field intensity from antenna No. 1
is theoretically the field that would result if
the system had no loss. The value of this field
intensity can be reduced to a reasonable practi-
cal value by 1nsert1ng appropriate loss resis-
tarices in series with the driving point resis-
tances for each antenna. This method has some
merit in that the losses for a given tower and
ground system can be taken care of at the driv-
ing point, thus, if one of the towers has = high
driving point current, the loss power will be
proportional to the square of the current in
that tower. This method, however, does not take
into account losses in the rest of the feeder
system which usually is quite low.

If Eg. (158) is generalized for any number
of elements in the directional antenna system we
can write

(159)

k=1

where F, = horizontal field 1nten51ty from an«
tenna Noi 1 operating in the direc-
tional antenna array, mv/m,

Eis = horizontal field intensity from an-
tenna No, 1 acting alone as a second-
ary standard reference antennaand ra-
diating P,, mv/m.

Bya = self-loop radiation resistance of an-
tenna No. 1, ohms,
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R, = driving point resistance at the input
termirnials of the kth antenna. If these
values are pure radiation resistance,
E: will be theoretical, however, if
they contain loss, Ei can be mads to
approach actual operating <onditioms,
ohms. ; ,

I, = loop current of the k*" antenna, amp.

I; = loop current of antenna No. 1, amp.

I

It

EXAMPLE 29: Determine the theoretical horizontal
field intensity of No. 1 tower of the three tower
directional antenna of Example 27 using the
driving point impedance method when the radiated
power is 1 kw.

SOLUTION: For 1 kw operation E, = 194.9 mv/m.

Using the values of dr1v1ng polnt reslstances in
Example 28 substituted in Eq. (159) gives,

E, =E;, |- Ty
17 Fis L p2 P
J Ra + Fy By + F5 Ry

— 36.56
PA194'3J/29 9 + (0.3136) (23.05)
N4 (0.3136) (27.9)

—154.8 36. 56
29 9 +7.28 +8.75

=194.9+J0.7968 = €194.9) (0.894)

= 174 mv/m ANS

It should be noted that the driving point im=
pedance method solution is in agreement with the
mutual resistance method solution of Example 27.
It is also of interest to determine the
horizontal rms field iritensity in temms of the driv -
ing point and self resistances rather than in
terms of the mutual and self resistances as

given in Ey. (145) and Eq. (109). For only two
,Aelemént‘s, ,

2 2
o= NJESHE

- ,

\[1 +( ) +2——ccsw12J(512)
ok (160)

(158)

o]
|

+2E E‘2 cos ¥, J (S;,)

W

Substituting for the value of E; from Eqg.
results in
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R

11

2 ) )

Bt (=) Ry

1,
L,

- -
X \q[1.+ {2 ) o2
E 1 E1

E .
+2==cos ¥, Jo(SLz)
*\/ 14 (22) o2
J El El

+ 22 cosy, J,(8,,)

R I, =
Ry, L P\u

E & E, , 3
1+ (E~2) + ZE&COS L2 Jo(Slz)

i 1
X N
I R
13 (=2 =
I, R,
- B I N P‘,u ,
E,
% E,12+E22‘+2 E E, cos‘V J(S )
R T,% + R, 122 .
(161)

Generalizing this equation for any number
of antennas

E :-Els L : Rua
a E1

g=n
2 E E cosy, JO(SM)

e (162)
k=n T

z L*R,

k=1

where Fo = horizontal rms field intensity from the

directional artenna array, mv/m.

Eis = horizontal field intensity antenna No.
1 acting alee as a secondary standard
referénce antenna and radiating P,
mv/m.



I1 = loop driving point current im antenna
‘No'i 1, amp.

By, = self loop radiation resistance of arn-
tenna No, 1, ohms.

Ey = horizontal field intensity of antenna
No. 1 operating in the directional an-
tenna array, mv/m.

E; = horizontal field intensity ‘of antenna
No. p operating in the directicnal an-
tenna array, mv/m.

E, = horizontal field intensity of antenna
No. q operating in the directional an-
tenna array, mv/m,

= differencein phase angle of the volt-

age (or current) between the p*? and
the g antenna, electrical degrees.

Spgq = length of the spacing between the pth
and the g°" antemas, electrical de-
grees.

I, = loop driving point current in the k*%
antenna, anp. -

R, = loop driving pomt resistance of the
kt*h antenna, ohms.

-~
8
I

For the special case of equal height ele=
ments the current ratios can be replaced by the
correspondlng field intensity ratios, resulting
in

q=n |
x E EqV cos ¥ JD(SM)
=1 ’
- ) (163)
k=n ‘
SRR
k=1

where the values are as defined for Eq. (162).
This equation corresponds to Eq. (146) with the
exceptlon that driving point resistance values
are used in place of nutual resistance values.

(3) Mutual Impedance Curves.--In order to
use the driving point impedance method for de~-
termlnlng*pattern size it is necessary to know
the values of mutual impedance; which includes
both the resistance and reactance components or
expressed in polar form as a magnitude at an an-
gle. A niumber of mutual impedance curves are
presented in Appendix A. (See page 2-1-14.) Values
for these curves can be substituted in Eq. (152)
for determining the driving point resistance
which in turn is used in Eq. (162) to determine
the horizontal rms field intensity.

d. HORIZONTAL RMS POWER GAIN OF A DIRECTIONAL
ANTENNA ARRAY,--The coverage of a radio broad-
casting station can be increased if for the same
power input the horizontal field intensity is
increased. It is therefore worth while to
investigate the conditions in a directional

antenna system that controls the suppression of
high angle radiation and increases the low angle
radiation along the ground. The merit of a
directional antenna in terms of improving the
coverage can be expressed in terms of horizontal
rms power gain. This horizontal rms power gain
is a comparison of the horizontal rms field
intensity for the directional antemna array with
the hori zontal field intensity from the reference
element in the array on the basis of equal
radiated powers.

Mathematically, the horizontal rms power

gain of a directional antenna by Eq. (12) can be
defined
=[- EO 1?  (equal powers) (164)
s
where g = horizontal rms power gain of a diree-

tional antenna -array
E = the horizontal field intensity when
®  the directional antenna is radiating
Pr watts, mv/m. 7 ;
E,. = the horizontal field intensity from
No. 1 antenna acting as a secondary
reference antenna and is radiating
P, watts, mv/m.
The horizontal rms power gain for a two
element directional antemna array, by Eq. (144)
and (161) is given by

E, .2 E .
14 (‘—Ez—) + Z—E-g- cos 11/12 J, (8, ,)
g = 1 1
1 (E ) 2 R
g T E—“’S is R
1
E, .2 E o
14 (—Ej~) + 2-E—f—cos W Jo(8,,)
=L* R,

I2R +1°R

1 1 + 2 2 (165)
By applying Eq. (146) and (162) this equation
can be generalized for any number of antennas,
thus

p=n q=mn )
Z z Ep Eil cos U, J'u(qu)
8, = T _ .
p—n gq=n
3 . Pa
b P E, E, cos g, - )
p':1 q= 1 i1
p:n, q n

:Iig 311 p=1 q=1
E® k=n
Z L'R .
k=1 (166)
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EXAMPLE 30: Determine the horizontal T-m-s
power gain of the directional antenna in Example

27.

SOLUTION: Using the first form of Eq. (166) the
terms undér the radical in Example 27 can be
written,

1.3934 . . ,
s = 19548 = 1.111 the horizontal r-m=s

power gain, ANS

e. EFFICIENGY OF DIRECTTONAL ANTENNAS--(1)
Definitions, =-The horizontal rms field in-
tensity of a directional antenna system will
depend upon the amount of high angle radiation
as compared to the horizontal radiation. For a
directional antenna system with no loss this
~value can be expressed,

Fo = Fls_\/z:

= horizontal rms field intensity with-
out loss, mv/m

= horizontal field intensity of antemna
No. 1 acting alone as a secondary
standard reference antenna and radiat-
ing P_; mv/m

g, = Horizontal rms power gain of direc-

tional antenna system compared to the

secondary standard reference antenna

as defined in Fg. (164).

(167)
where E,
E

Is

Tt is to be noted that the power gain g, is
defined, in Eq. (164), with no loss in either
the directional antenna array or the secondary
reference standard antenna, Therefore, the
horizontal r-m-s field gain, ~/g,, represents
the inherent property of the directional antemna
array as to whether it is a gainer or losser of
horizontal r-m-s field intensity when compared
with the seécondary standard reference antemna.

Now, if the directional antenna system has
loss the horizontal rms field intensity must ke
multiplied by the square root of the power
effigiency, thus

B =EVT =E /€ V7

where Ej; = horizontal rms field intensity with
" loss; mv/m and the power efficiency
of the directional antenna system
can be defined by,
Pr
L —— (169)
P& +'pL

(168)

= power efficiency of directional
antenna system (Multiply by 100 to
get efficiency in percent)
P = power radiated from directional
antenna system; watts
P, = power lost in directional antenna
system, watts.

where

3
f
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(2) Two Tower Case.--For atwo tower direc-
tional antemna system Eq. (138) canbe rewritten;

N / R.
P =T°R, (1 g 2

T

11
R» v
<+ 2 M cos g, R, ) (170)
where P = power radiated from directional
antenna system, watts
I, = base current magnitude in antenna No.
1, amp
M, = I,/I,, ratio of base current magni-
tudes
11—-baseselfre51stanceofantenna No. 1,
0
Rog = base self resistance of antenna No. 2,
ohms ;
Yy, = time phase of voltage (or current) in

antenna No. 2 with respect to antenna
No. 1, degrees
R,; = basemutual resistance between antenna
' No. 1 and antenna No. 2, ohms.

And since the power lost in the directional
antenna system® can be assumed to be in series
with the base impedance of each tower it can be
written,

Mo~
I

I Ry + 13 By,

Poy
=13 RH(»‘MM@

(171)
Ry,

HLz)
Rll;

where P. = power lost in directional antenna
~ system, watts
R, = seriesbase,loss resistance of antenna

No. 1, ohms
Ry, = serles base loss resistance of antemna
~ No. 2, ohms ,
I, = base current magnitude in antenna
No. 1, amp
I,= base current magnitude in antenna
NO. Gy ATDs
Substituting Eg. (170) and (171) in Eq. (169)
the efficiency can be written,
= 1
n —_—
R
_R_L_j_-' + M: - TL2
l + Bl'l Hll .
R,, R
T+ ¢ M2 22 o N 12
M, = +2M, cos gy,
Ril ‘Bil
(172)

®Carl E. Swith and Earl M, Johnson, "“Perform-
ance of Short Antennas” Proc. I.R.E., Vol. 35;
No. 10, pp 10261038, October, 1947,
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The power gain of Eq. (165) for two towers EXAMPLE 31: If each tower in Example 27 has a
of unequal height can be written, series base loss resistance of 2 ohms determine
the efficiency of the directional antérnna and

the.horizontal r-m-s field intensity.

1+ F +2F, cos y, J, (S,) H
By = - - . . SOLUTION: If Eg. (176) is written for & 3-towef !‘
‘ . Rag N Biz directional antenna we have, :
L4M;, — +2M cos y, —
Ri1 44 n = Bia
(173) 1+ Fi + F§’
; Rias ¥Ry v~ H
where g = horizontal ms power gain of di- (1 + F2 + F2 ;
rectional antenna system compared to ‘f !
the secondary standard reference Ryp
antenna ) ‘ + 2 Fy cos Yy, i ;
F, =E,/E,, ratio of field intensity Riy
magnltudes :
S, = spdce phase of antenna No. 2 with ‘ Ry, i
réspect to antenna No, 1, degrees +2 F, cos Y4 ]—%P_ !‘-
and the other terms are defined as following Eg. i1
(170).
 Substituting Eq. (172) and (173) in Eq. +2F, F, cos yaq ?_")
(168) results in, 11,

Now from Example 27 and the above conditions,

1 4F2 4 2F, cos y, J_ (S,)

F. =E (174) 7 = 8655, = 93.4% efficiency

‘0L is R R 1.6272
p 5 22 . 12 36.56 4 2 ;'_6_._
14+ M, — +2M, cos y, — T T % 1.2548

14 T11 R A , i

By Eq. (168), the solution of Example 27 and the ;

above m the horizontal r-m-s field intensity ¥

R, Ry, with loss will be,
+ M3

R, Ry, ‘ Bo = Fag <85 /T | f‘
194.9 ~[T.TI1 ~f0.934=198.5nv/m ANS

i

Now 1f BLJ = R'Lz = 0 theno loss case results,
thus
THis field intensity is based upon an 4input |
power of 1,081 watts to the common point of the
directional antenna system according to FCC
(175) standards, with 81 watts being lost in‘the feeder !

[1 + Fi + 2F, cos y, J, (Sz)

Eo = R R system and 66 watts being lost in the ground
‘ oz ! 21 system. The power radiated in this case is 934
1+ ~M2 e} 2M2 Cos Yy — watts.

11 11

‘ o If g of Eq. (173) is multiplied by the fraction
For the special case of equal height towers in the denominator of Eq. (176) we cah rewrite
R, =R,y By =R, =R, and the current ratios Eq. (176) as follows after taking the square
M, can be re};:llace.dL ia’y‘ field ratios F,, thus Eq. root of both sides,
(172) for the efficiency can be written

S ek ST F R i e

Ry , B
n= — (176) , 11
2 V= ‘
Buy 11, — Ryy T8, ' : ‘ R,
| R " 14 F2 4 oF, J (S,
1+ F2 +2F, cos y, 2 + Fy +2F, cos y, J,(S,)
' Ry, (177)
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Glenn D. Gillett has independently arrived at
this form of the efficiency equation for the
special case of equal height towers.

(3) Generalized case for any number of
towers.--In order to generalize Eq. (174) let us
replace the ratios with the original field
intensity values and use double subscripts, thus
for two towers,

R I — ‘
11 71 2, g2 , oj
Eé [%1‘+ E, + 2EE,

1

+ 2E,E, cos Wlé'Jo (512{]

R, 12 +R,, IQ + 21, I,cos gy, Ry

12

t R, I +R,, T3
(178)
Referring to Eq. (144), (146) and (149) the

same method can be used to generalize this
equation, thus

For E,
2
Ik Rix
(179)
where E; = horizontal rms field intensity with

loss, mv/m

E, . = horizontal field intensity of antenna.
No. 1 acting alone as a secondary
standard reference antenna and
radiating P_, mv/m

I, = base current magnitude in antenna
No. 1, amp
R,, = base self resistance of antenna No.
1, ohms
E, = horizontal magnitude field intensity

from antenna No. 1 operating in the
directional antenna array, mv/m
n —»number of towers in the array
E = horlzontal field intensity magnitude
of p*® antenna, mv/m
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1 e o e ey,

E = horizontal field intensity magnitude

® of gt antenna, mv/m

= time phase of voltage {or current)
between the p® and g*® antemnas in
thed1rect10nalantennaarray,degrees

Spq‘: space phase between pil apd gt
aritennas in degrees or radians

depending on the values in the Bessel

function tables.

mutual base resistance hetweeén the

p* and gqt® antennas, ohms

self base resistarce when p=q, chms

> base current magnitude in pth an-

tenna, amp

base current magnitude in g&! an~

tenna, amp

hase current magnitude in k%2 an-

tenna, amp

8 = base series loss resistance in k&

~ antenna, amp.

\"PP q9

=
il

I S R
i H e n

The k subscripts could be replaced with either
p or ¢ subscripts without altering the final
answer. The k subscript terms are the power loss
terms in the directional antenna system.

EXAMPLE 32--Write out the equation for E . for a

‘three tower array.

SOLUTION-=Using general Eg. (179) we have for a

three tower array.

The Numerator = E, E, cos gy, J (S;,) =~

1
+‘E2 El cos gy, J o (8,,)
+E,; E; cos y,, I, (S,,)
t By By cos gy, I (8,,)
tEy By cos gy, I, (S,,)
+ Eg Ey cos gy, J? (Saz)
+E; E; cos Yig ,J,0 (SI«S)
+E,; E, cos Yas Jo (823)
+E; E; cos Yag Jo (Syy)
since Yy = Yo T Wap T 00 8,3 T 85, = 855 =0

Yig = “¥a1 Ya1 = Vi

Sy = 521, S, =84

, Y23 = “¥aa,
and 82 = S32

With bhese subst;.t;utlons we can write the
numerator =

E{ + B + E§ T 2B, By cos y, T, (Sgy)
F2E, By cos y, T (S,0)
T 2B, E; cos y,, 3, (5,))

$imilarly, the Dencminator =

1,1, cos y;, R,~ + Iz I, cos y,, Ry,

+ I, 11 cos Yy, Byy +~11 I, cos Yoy Bys

+ 1,1, cos yy, Ry, + Is I, cos Yy, Rgﬂ

+ I, I, cos gy, .13~+ 1, cos yas R,

+ 13 13 cos Ygy Ryy Ry 1'2 + By, g
.2 :

+R I



also R,, = Bzi. R,, = R, and RSi,: R,

With thesé substitutions we can write the denom-
inater =
2 - 5 O 5
I R11 + I, By, + Ig Rgg + 21,1,
+—21 4 cos Wzs 5 T 2I
t I RLl + I RL2 + I,

cos le Y12

I, cos g, Ryy

Therefore, the full equation is;

2 2 . 2
Ey +E5 +Ey

+2E; By cos yy, T (Sy,)
+ 2B, E; cos iy, J, (8,4)
_ +2E, E; cos Va1 Ju (Sal)
Por = P > =
Iy Byy T 15 Ry +15 Ry
t 21, I, cosy,, RJZ
+ 21, I, cos y,, R
+ 215 T, cos yyy Byy
412 H’L, + 15 Ry, ¥ R,
. ANS
5 5. FEEDER SYSTEM DESIGN

a. INTRODUCTION,--A directional antenna feeder
system can be designed in many ways. The problem
facing the design engineer 1s to make a simple
economical design with adequate controls having
sufficient range to make the necessary adjust-
ments. The feeder sustem must be adjusted, during
the equipment test period, such that the direc-
tional antenna will produce the required pattern
in accordance with the specifications of the con-
struction permit issued by FCC.

In general a directional antenna feeder
system will consist of power dividing networks,
phase shifting networks, transmission lines, and
impedance matching networks. A block diagram of
a_typical directional antenna feeder system is
illustrated in Fig. 22. 1In this feeder system
the transmitter output impedance is transformed
to match the input impedance of the power divider.
The power divider in turn splits the power in
the proper proportlon between the two antennas.
Antenna No. 1 is feddirectly through an impedance
matching network while antenna No. 2 is fed

through a phase shifting network, transmission

line and impedance matching network

Before starting to design the feeder system
it is necessary to have some idea about the
driving point impedances. As a first approxi-
mation the theoretical design values can be used.
If the towers are base fed, have a thin uniform
cross-section and are not too tall this approxi-
mation should be satisfactory. If not, then more
tuning range should be provided in the feeder

" free space velocity.

_ point endof each transmission line.

system, particularly in the impedance matching
networks at the base of the towers.

b. GENERAL DESIGN PROCEDURE, -+0One general pro-
cedure is to start with each tower and determine
the possible phase shifts in all networks back
to the power divider. Then various combinations
of networks can be considered in view of making
a simple, efficient design with adequate control.

The first step in following this procedure
is to determine the dr1v1ng'p01nt impedance and
current phase at the input terminals at the base
of each tower. Methods outlined <in the previous
section can be used to determine these values.

The second step 1s to -transform the driviig
point. impedance at the base of the tawer to match
the characteristic impedance of the transmission
line. This can bedone by means of an L-sectionm,
T or n section or an indirectly coupled circuit,

This subject has been covered thoroughly by
W. L. Everitt, a brief resume of which is
presented in Sectlon 5-3 of the NAB Fngineering
Handbook by Arthur C. Stewart,

It is suggested that in determlnlng the
phase shifts initially an L-section with a phase
advance or retard be specified wherever only
impedance matching is required. An L-section
has two elements and in all cases can be made to
theoretically satisfy the impedance transfor-
mation requirement. The amount of phase shift
is completely controlled by the resistance ratio

of the terminating resistances at the end of the
L=-section.

See Fig. 51. The phase can be
advanced or retarded a given number of degrees
depending on whether the L- section is a hlgh or
low pass type of filter section.

The third step is to determine the phase
shift in the transmission lines. Usually, the
physical layout of the towers and transmitter
building will control the length of each trans-
mission line. The amount of phase shift in the
line will be determined by the physical length
of the line, specified in degrees, and multlplled
by the velocity of propagation which is usually
specified by the manufacturer in percent of the
See Section 5-1 of the NAB
Engineering Handbook.

The transmission lines usually emanate from
a common point either in the transmitter
building or atuning house centrally located such
as to minimize the feeder system losses. At
this common point, where the input impedance to
the directional antenna system is measured, it
is necessary to provide power dividing and phase
shifting networks.

The fourth step is to specify 90° phase
advancing or retarding networks at the common

See Sectioén
2-1-83
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5-3 of the NAB Engineering Handbook. This is a
widely used type of phase shifter because practi-
cally a pure phase shift without impedance
transformation c¢an be achieved by varying the
series reactance elements of the T-section in
unison and leaving the shunt reactance element
fixed in value. The shunt reactance element
controls the characteristic impedance of the
network while the series elements control the
phase shift. Variation of the shunt impedance
value can be used to advantage in some appllcatlons
as a power division control, If the series
elements are inductive and the shunt element is
capacitive the network will retard the phase.
The network can be made to advance the phase if
capacitors of suitable value are placed in series
with the series variable inductors and an induc-
tor is used as the shunt arm. The usual practice
is touse variable inductors rather than variable
capacitors in this particular type of application.

It 1s also possible to achieéve the same
results with an equivalent m-section that will
either advance or retard the phase. In a m-

2-1-84

section the shunt arms have practically pure phase
control while the series arm will control the
characteristic impedance or power divisionm,

Often the feeder system can be simplified
and made more efficient by making the networks
as simple and direct as possible from the common
point to the tower taking the most powers. It is
often possible to eliminate the power divider
and phase shifting network in this line. For
this case the impedance matching networks can be
simple L-sections. Then in the feeder lines to
towers requiring less power, the power divisien
and phase shifting networks can be inserted for
supplying the necessary control. If the phase
shifts do not work out properly with [i-sections
used for impedance matching then the matching
network must be expanded into T or m sections
which will give the necessary phase shift to
make the phase shifters operate at or near 90°.

The fifth step is to review the total phase
shift from the power divider to each tower for
various combinations of phase advancing and



retarding networks in an effort to select a
combination which will give a total phase shift
in each  line such that all vectors are of the
proper phase at the power divider. Depending
upon the type of power divider to be used the
phases may allbe equal, 90% or 180° out of phase.

In order to minimize possible confusion in
following through with this 5 step procedure it
is helpful to line up the driving point impedance
values and current or field vector positions along
the right hand side of a work sheet as shown in
Fig. 52. Inthis figure No. 2 tower has adriving
point resistance of 23 ohms to be transformed to
52 ohms with an L-section. Referring to Fig. 51
the phase shift will be approximately & 53°,
Since the driving point current vector has a
phase of 490° a lagging L-section will have an
input vector of 143° = 90° + 53°, Adding the
phase lag of the transmission line we have an
input vector to the line with a phase of 188°
= 45° + 143°, Finally, the 90° lagging phase
shifter will have an imput vector phase of 278°
= 90° + 183°.

The phase shifts in the No. 1 tower feeder
PHASE ar®
conTROL  +30

iw—-ﬁk—*~

POWER
CONTROL

T— «-—«Q— \Q_ B 20

i

L +98

¢ircuit are as follows. First, the driving point
resistance is 28 ohms and the phase is 0°.
Second, the phase shift in an L-section is
approx1mately 4 48° from Fig, 52, giving an L-
section input phase of 48° for a lagglng ne twork.

Third, the 1nput phase toNo. 1 transmission line
will be 93°. Fourth, since No. 2 tower has a
phase shlfter the phase of No. 2 tower can be
controlled with respect to No. 1 tower hence it
is desirable to feed power intothis line directly
from the power divider. Furthermore, this would
be desirable from an efficiency standpoint sinee
No. 1 tower takes the largest amcunt of power.

Fifth, a review of the phase shifts shows that
978° the phase of the current input to No. 2
network is almost 180° out of phase with 93° the
phase of the current input to No. 1 network.

This phase correction can be made in the phase
shifter, however, it is better practice to change
one or both of the L-sectlons to T or mw sections.

If the phase lag in the matching network to No.

1 tower is increased from 48° to 53° by adding
a series inductance in the arm of the T-section
facing the transmission line the desired results
will be obtained as shown in Fig. 52. Then a
transformer type of power divider can be used

. o W woztower

+45
23523""’”2

%!ZKW

52 OHMS =
CONCENTRIC I
LINE

° o ?7 NO.| TOWER
445 + 53
- ) Z«(SZ“B’—i 46
52 OHMS o
CONGENTRIC Re3Kkw
LINE

TWO TOWER NETWORK WITH LOADS 180 OUT OF PHASE

FlG.52.
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:7 NO.ITOWER
® ‘ Z:I=42+i55
w_| Ppe27BOW
PR POWER
CONTROL _y o
CUTE 334 0
ouTPUT |
@7

PHASE CONTROL

. °
+90

334
=

PHASE CONTROL

=

§7 NO.2 TOWER
V' z,:36+i27
i_,,,_

By = 870w

52 OHM

CONCENTRIC
I LINE
334 244 137 235

. [ 2,:56+j39

P3 =350 W

CONCENTRIC
LINE

¥ ; 248 \al37’ \o125

THREE TOWER NETWORK WITH IN PHASE LOADS
FIG.53

with the center tap of the secondary variable
and grounded while the tweo opposite ends which
are 180° out of phase are connected to the
respective loads.

Another way to .correct the phasing problem
in the feeder system of Fig. 52 is to add a
capacitor in series with the transmission line
and thus make a T-section with a smaller phase

2-1-86

of capacity and inductance needed,

lag. 'Then the original L-section mateching No, 1
tower to the concentric line can be used.

Now that the terminating impedances and
phase shifts in each section is specified the
only thing left to do is to determine the values
: The usual
practice is to order inductors having larger
values and use a ¢lip lead to short out turms in



the field when tuning the directional antenna
system, With regard to the capacitors a common
practice is to place a small coil in series with
the capacitor such that the combination will
give the required value of capacity at the oper-
ating frequency. This makes it easy to make
trimming adjustments in the field when the
directional antenna system is being tuned up.

Another feeder system, this time for three
towers, 1s illustrated in Fig. 53. In this case
the No. 1 tower is located near the common feed
point hence no transmission line is needed to
this tower. The L-section matches the antenna
to 52 ohms. Actually, this L-section c¢ould be
replaced with a -j35 ohm series capacitor and
eliminate the shunt inductor. This would cause
No. 1 tower to present 42 ohmsof pure resistarce
to the power divider and woild require 26° change
in phase shift in the matching networks to the
other two towers,

The power divider in this case is of the
auto-transformer type with vernier controls to
make small changes in the power division, The
taps on the main control are for making large
initial adjustments. It will be noted that the
output phase of current is the same in this type
of power divider for every feeder line. 'This
type of power divider is attractive in many
installations because it is not limited as to the
number of towers that cam be fed from the same
transformer.

c. TOWERS WITH NEGATIVE RESISTANCE,--Tn many
directional antenna systems one or more of the
towers have a negative resistance when operated
to produce the correct directional antenna
pattern. This means that power must be removed
from the antenna terminals of the negative
resistance tower. In other words the resistance
component of the driving point impedance 1is
negative. While the initial adjustments are
made this power can be dissipated but for the
final operation this power must be fed back into
the system in order to maintain high efficiency.

| o]
y IR DA P |
R Dba % SR . e
SYSTEM 3R SYSTEM |
Eg

BACK
NETWORK
o]

(a) ‘Negative tower connacted to
dissipative load Ry,

{b) Negative tower power fed
back info. ‘system.

ADDITION OF POWER IN DIREGTIONAL ANTENNA 'SYSTEM
FIG.55

Tn Fig. 54(a) we have a directional antenna
system properly adjusted to give the required
pattern but the power from @ negative tower is
being dissipated in Ry. If the impedance of the
negative tower is matched into a transmission
line this power can be carried back to the common
point input junction, Now if the phase and
magnitude of the feedback vdltage is properly
adjusted it can be made to correspond with the
phase and magnitude of the input voltage. With
this condition the two cireuits can be connected
in parallelas shown in Fig. 54(b). The feedback
network is usedtoadjust the phase and magnitude
of the feedback voltape. Then when the feedback
network 1s connected across the input terminals
the input resistance will increase because a

megative resistance in parallel with a positive

resistance will have a resistance value larger
than the positive resistance value alone. After
the system adjustment is completed the input
power will change from P, to Py = P, - P, where
P, is the power fed back as shown in Fig. 54(b).
Since the input resistance will increase for
this condition it may be necessary to re-match
the output circuit of the transmitter to the new
¢common point Impedance where the input power to
the directienal antenna system is measured.
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DIRECTIONAL ANTENNAS - THEIR CARE AND MAINTENANCE
By Dixie B. McKey

Consulting Radio Engineer, Washington, D. C.

Standard band broadcast stations employing
complex multi-element arrays, present a series
of maintenance problems for the station engineer-
ing personnel. The handling of these problems
by established scheduled routine tests will pay
dividends in many forms. The radio engineer
in attempting to plan methods whereby his plant
will operate in as orderly a maunner as possible,
very definitely has the job of applying science
to & practical business and in fulfilling it,
shoulders the responsibility of bringing the
results of technical achievement and business
together.

‘Regular scheduled operating maintenance
routines are a well established practice in a
number of larger broadcast stations. These
routines vary considerably, from a visual equip-
nienit inspection after cleaning, to elaborate
tests designed to furnish recorded data that
would permit the station engineer to anticipate
failures and remove questionable equipment,
These routines produce results in two ways;
first, they reduce lost program time due to
equipment failure, to a minimum, and, secondly,
they familiarize the operating personpel with
the location and functions of the individual
apparatus units, which they would have been
unable to acquire during the regular operating
period.

The worth of such routines is not debatable
and the long record of uninterrupted program
operation of radio broadcast stations using
these Toutine maintenance practices represents
a dollar value far in excess of the small main-
tenance costs.

Any directional antenna system is dependent
for satisfactory operation on a large number of
individual component parts, carefully related
and adjusted to produce a specified radiation
pattern; electrical or mechanical failure of
individual units will result in maladjustment of
the array.

A large number of standard broadcast sta-
tions are operating full time or night direc-
tional antenna arrays that, due to the station’'s
location with respect to other co-channel sta-
tions, must radiate low values of field strength
in the direction of the co-channel stations,
An array of this type as originally installed
and adjusted will meet the values specified in
the construction permit with an allowable tol-
erance for smill day to day or seasonal vari-
ations providing the equipment is maintained
properly, Failure of individual components in
such an array will produce serious trouble.

In a number of cases non-directional opera-
tion on a single tower with reduced power is
impracticable if not impossible, due to the
difficulty in reducing the transmitter output
to a sufficiently low value to produce the re-
quired minimum signal toward the c¢o-chamniel
station to prevent any objectionable interference.
Under these conditions failure of any of the
directional antenna array component units means
da shutdewn and a serious and costly loss of
program air time. Consequently, any method or
procedure that will reduce such loss to a mini-
mum can be justified on a cost basis.

While speech input equipment and transmit-
ters are fairly well standardized as to type
and methods of operation, each and every direc-
tional antenna array 1s a custom-built job
designed and constructed to meet certain speci-
fied requirements. In view of this fact, it
1s not possible to set up a complete specific
maintenance routine that can be directly applied
to any and all arrays. '

However, a general set of maintenance prac-
tices based on a typical modern antenna array
system can be used as a guide for the prepara-
tion of similar routines designed to fit indi-
vidual array requirements.

A set of recommended schedules and forms
based on a regional station operating with a
four tower in line array is used as a typical
example.

Before discussing a definite maintenance
routine practice, it might be well to consider
briefly some of the maintenance problems which
generally have a considerable bearing on the
satisfactory operation of a directional antenna
array and yet are of such a type that they do
not fit into a specified routine. For instance,
in the case of many antennas, it has been estab-
lished through considerable experience that in
order to maintain the array as originally ad-
justed, all the conditions which were present
during the period of Proof of Performance Tests
must be maintained as closely as possible and,
while maintenance routines as later suggested
will perform this function as regards the in-
dividual apparatus unit, it is these factors
which are not readily adaptable to a routine and
yet may have a considerable bearing on the suc-
cessful operation of your system: One of the
most important factors in the holding of array
adjustments is the maintenance of the ground
system and periodic checks should be made at
regular intervals by the supervisor or the chief
engineer.
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These checks should consist of an examin-
ation -of the ground screens, radials, and the
bonding for a loose or bad conmnection and cor-
rosion. This is of particular importance in
some locations where heavy corrosion due to the
particular soil content has causeda considerable
shift in the array pattern in a periocd of six
months to a year after installation. The area
immediately adjacent to the towers should be
kept free of high grass and weeds and where the
installation is in rolling terrain the entire
ground system area should be planted with a soil
holding type of grass or crop, in order to pre-
vent erosion due to heavy rainfall, The latter
is particularly important in installations where
a fill has been necessary at either the tower
locations or within the ground system areas

Another factor which enters into the mat-
ter of maintaining proper adjustment of an array
is lightning hits, which, in many locations, are
responsible for the largest percentage of lost
program time. These hits or surges will cause
not only carrier interruption but in some cases
destruction of the component egquipment parts.
In the majority of cases, multiple vertical
radiators make very effective lightning rods
and can be expected to receive several direct
lits and numerous induced surges during the
summer static season: In many locations this
condition is not truly seascrable as a ¢onsider-
able amount of difficulty has been experienced
due to surges that are built up by friction from
rain, snow, sand, and wind. Consequently, when-
ever possible, protective equipment should be
utilized to minimize or eliminate potential
failures due to these hits or surges. A large
number of our modern transmitters contain pro-
tective circuits both for the transmitter and
the transmission line. However, field exper-
ience indicates that it may be necessary to pro-
vide additional protective devices and equip-
ment in order to secure maximum protection.

This stubject has received considerable
treatment by a nimber of engineers, and parti-
cular reference is made to an article by Mr.
H. V. Tollison! which presents a rather complete
summary of a number of methods and circuits
which may be employed in the sclution of this
problem,

The maintenance tests as outlined have
been arranged so that they can be made by regu-
lar station personnel using test and measuring
equipment generally found in any modern radio
station; with the sddition of a field intensity
meter and a radio frequency bridge together with
its associated oscillator and detector units.
The latter test equipment becomes a necessity
for any station operating a tomplex directional
antenna array system under present day con-
ditions,

1Electronic Industries, Nov. 1946.
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The preparation of a station maintenance
routine for a directional antenna system should
be based on the Proof of Performance Report as
prepared and filed at the time of the original
antenna installation. This report is a part of
a station’s permanént Federal Communications

Commission’s file and contains & complete de-

scription of the array, circuit diagram, ¢ircuit
components, meter readings, and the field in-
tensity measurement data. The importance of
this report cannot be overemphasized as it
provides a source of information that is of
greatest importance in the day to day operation
of a station.

With this report as the basis for a rou-
tine maintenance the first step in the prepara-
tion of such a routine will be to prepare a
combined maintenance report book or log.

This report book should be divided into
three sections. The first section shown in Fig.
1 will consist essentially of a complete de-
scription of the individual component parts
arranged in four subdivisions consisting of in-
ductance coils, capacitors, resistors, and re-
lays., The listing in each of the subdivisions
should carryadeseription of the unit, its loca-
tion, or fuiction in the circuit, its type mumber,
replacement ordering information and circuit
designation. The listing should also cover the
nimber of turns in use of each inductanceé ¢oil,
the value of each of the capacitors, and the
dial settings of the capacitors, if variable,

The second subdivision (Fig. 2) should
furnish complete information concerming all
meters used in the operation of the array &nd
should consist of a listing of these units show-
ing the circuit designations, the location and
function of the unit, its range, type and serial
number, end the current reading for the required
output. The required phase monitor reading for
normal operation should be listed in this
subdivision,

The third subdivision (Fig. 3) should con-
tain a listing of the monitoring points as
designated by the Federal Communications Com-
migssion’s license and should show the number of
the monitoring points, a complete description
for reaching these points, the bearing and dis-
tance, the specified unattenuated field value
at one mile, the obtained unattenuated field
value at one mile, together with the actual
received field.

The fourth and last subdivision (Fig. 4)
should contain a schematic diagram and, if
available, a wiring diagram of the complete
antenna array equipment together with the series
of curves from the Proof of Performance Report
showing the dividing network or driving point
impedance of the array (Fig. 5) equipment and
operating tower impedance (Fig. 6) if a single
tower is used for non-directional daytime opera-



tion. Additional pertinent information that
would be of assistance to the miaintenance engi-
neer, such as, transmission line and capacitor
gas pressures, etc., should be included, While
it may appear that some of this information will
be a duplicate of the Proof of Performance Report,
it is believed that by rearranging the data in
this form and making it part of the maintenance
routine, the constant reference to this infor-
mation by the station engineering personnel will
acquaint them with the equipment and its func-
tions far better than a casual reference to the
Proof of Perfermance Report.

The second section of the maintenance re-
port book should contain a complete list and
schedules of the daily work to be done and where
necessary, complete instruction covering the
methods and equipment to be used. A suggested
list is shown in Table I. In the case of the
example used the antenna maintenance work is
divided into two main classifications. The
first classification is designed to cover the
daily routine inspection and work that is to be
handled by the ‘‘late trick” station engineer
after sign-off, This work has been arranged in
such a manner that all parts and circuits will
be cleaned and inspected at least once each
week. The second classification already men-
tioned has been designed to cover a series of
special maintenarnce routines for checking the
array operation at regular specified intervals.

The third section of the maintenance re-
port book contains the weekly station malnt,en-
ance log. This portlon of the routine 1s of

extreme J.mportarwe as it will provide this sta-

" tion supervisor or chief engineer with a method

for checking the work done, as well as the data
necessary to determine the operating conditions
of the array and its equipment at all times.
The log shown in Fig. Tas set up for the example
station is arranged to cover one week’s com-
plete maintenance information divided into daily
sections.,

Each daily section provides space for re-
cording the temperature, weather, array meter
readings, phase monitor readmgs, transmission
line pressures, routine maintenance performed,
routine tests results, other pertment. data, and
the signature of the duty engineer.

The recorded data obtained from the daily
and special maintenance tests after a period of
six months can be plotted to show the actual
operating conditions of the array, variations
from the normal conditions will undoubtedly
appear in the graphs. By a careful analysis of
the récords, it will be possible to identify any
variations due to seasonal or weather conditienms.
This accurulated information properly evaluated
should provide the station eéngineer with a coi-
plete and thorough undersbandmg of his direc-
tional antenna array operating and malntenance
problems.

It is, of course, realized that the sug-

-gestions and recommendations described above are

not the total and complete answer to all and
every directional antenna. However, it is be-
lieved the need for establishing schedules sim-
ilar tothe suggested program is well demonstrated
and may be fitted to the individual station
requirements, the results of which w1ll be of
mutual benefit to both the engineering staff
and management,
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Circuit

Designation

Circuit Function

GIRCUIT INFORMATION

Adjustment
Information

‘Replacement Information

L1 Shunt Input Coil 20+1/2 turns Continuolisly Variable Coil - Type 4224 MS4 - 96 uh.
1.2 Series Input Coil 9-1/2 turns Variable Tap Coil = Type 322-4N4 - 26 uki
L3 No. 1 Tank Coil B turns Variable Tap Coil = Type 3208NTI0 - 38 uh.
L4 No, 2 Tank Coil 7 turos, Variable Tap-Coil = Type 3208NT10 -~ 38 uh.
L5 No. 1 Line Feed Coil 1/2 turn Continuously Varigble Coil - Type 4103 = HMSS - 7 uh.
Lé No. 2 Line Feed Coil 7-3/4 turns Continwously Variable Coil - Type 4103 - HMS5 ~ 7 uh.
L7 No. 3 Line Feed Coil 7 turas Continuously Variable Coil - Type 4103 = HMS5 - 7 uh.
L8 No. 4 Line Feed Coil 5-1/2. turns Continuously Variable Coil = Type 4103 ~ HMS5 = 7 wh.
L9 No. 1 Line Series Phase Coil 13-1/4 turns Conitinuously Variable Coil = Type 4224 MS4 = 26 uh.
L12) No. 2 Line Series Phase Coil 8~1/4 tutns Continuously Variable Coil - Type 4224 MS4 - 26 ub.
L13)
L14 No. 2 Line Shunt Phese Coil 8+1/2 turns Variable Tap Coil - Type 4164-N5 - 16 uh.
L15) No. 3 Line Series Phase Coil 11+1/3 ‘turns Continuously Variable Coil - Type 4324 MS4 - 26 uh.
L16) ) o , ;
L17 No. 3 Line Shunt Phage Coil §«3/4 turns Variable Tap Coil ~ Type 4164-N5 - 16 uhs
L18) Né6. 4 Line Series Phase Coil 8-1/4 turns Continuously Variable Coil - Type 4224 MS4 = 26 uh.
L19)
L20 No. 4 Line Shunt Phase Coil 6 turns Variable Tap Coil - Type 4164-N5 - 16 uh.
L21 No. 1 Tower Series Input €Coil 11 turns Variable Tap Coil - Type 3164=N§ - 16 uh.
L22 No. 1 Tower Series Output Coil (D) 7 turns Variable Tap Coil = Type 4165-N5 - 22 uk.
L23 No. 1 Tawer Shunt Coil D10 ‘turns Variable Tap Ceil = Type 3106~NT12 « 10 uhs
ND 3-1/2 ‘turns
L25 ‘No. 2 Tower Series Input Coil 9 turns Variable Tap Coil = Type 4165-N5 - 22 uh.
L26 ‘No. 2 Tower Series Output Coil 4=1/2 turns Variable Tap Coil - Type 4105-N5 = 12 uh.
L27 No. 2 Tower Shunt Coil 10 turns Variable Tap Coil - Type 4164-N5 - 16 uh.
L29 No. 3 Tower Series Input Coil 1 turn Variable Tap Coil - Type 4143-N§ - 8 uh.
L30 Nos 3 Tower Series Output Coil 4 turns Variable Tap Coil = Type 4165-N5 < 22 uh.
131 No. 3 Tower Shunt Coil 11 turns Variable Tap Coil - Type 4164=N5 = 16 uh.
L33 Now 1 Tower Series Output Coil (ND) 10=3/4 turns: Variable Tap Coil - Type 4165-N5 = 22 uh.
L34 Nos 4 Tower Series Imput Coil 11%1/4 turns Variable Tap Coil - Type 3164-N5 = 18 uh.
L35 No. 4 Tower Series QOutput Coil 5-1/2 turns Variable Tap Coil = ‘T&pe 3165+N5 ~ 22 uh.
L36 No: 4 Tower Shunt Coil 12 turns Variable Tap Coil - Type 3164-N5 - 16 ub.
‘L24 No. 1 TC Choke Coil RF Choke
L28 No. 2 TC Choke Coil RF Choke
L32 No. 3 TC Choke Coil RF Choke
L37 No. 4 TC Choke Coil RF Choke
L38 No. 1 Tower Statie Drain
L39 No. 2 Tower Static Drain
L40 No. 3 Tower Static Drain
L4l No. 4 Tower Static Drain
CONDENSERS SETTING
Ccl Shunt Input Capacity Type 750FBA90: = 750 uuf. )
CA Series Input Capacity Type 1000 FBA9G = 1000 uuf.
c2 No. 1 Tank Tuning Capacity 45 Type 750FVSP250 = 750 uuf.
c3 No. 2 Tank Tuning Capacity 85 Type TSOFYSP250 « 750 uuf.
C4 No. 1 Line Series Phase Capacity Type 1500 FBA90' ~ 1500 uuf.
€5 No. 2 Line Shunt Phase Capa¢ity Type 1000 FBA9O - 1000 uuf.
Cc6 No. 3 Line Shunt Phase Capacity Type 1000 FBAS0 - 1000 uuf.
c7 No: 4 Line Shunt Phase Capacity Type 1000 FBA9O ~ 1000 uuf.
Cc8 No. 1 Tower Series Output Capacity Type 1000 FBA90 - 1000 uuf.
o] No. 1 Tower Shunt Capacity Type 1250FD150 « 1200 uuf.
Cli No. 2 Tower Series Output Capacity Type 1000 FBA90 = 1000 uuf.
Cl2 No. 2 Tower Shunt Capacity Type 1000 FBA90 = 1000 wuf.
C14 No. 3 Tower Shunt Output Capsacity Type 1000 FBA9D « 1000 uuf.
cl6 No., 4 Tower Shunt Capacity Type 1000 FBA90 -~ 1000 uuf.
Cl17 No. 3 Tower Series Output Capacity Type 1000 FBA9O ~ 1000 wuf.
Gl19 No. 4 Tower Series QOutput Capaciﬁ'y ‘Type 1000 FBA9O = 1000 uuf.
€20 No. 1 Tower Series Qutput Capacity (D) ‘Type 1000 FBAGO < 1000 wuf;
C10 No: 1 TC Shunt Gapacity Type. CD 2-MFD
€13 No, 2 TC Shunt Gapacity Type CD 2-MFD
Cl5 No. 3 TC Shunt Capacity Type CD 2-MFD
C17 No. 4 TC Shint Capacity Type CD 2=MFD
RELAYS
S1 Antenna Array Transfer Relay RF Cotitactor
S4 No. 1 Tower Antenna Ammetef Switch ‘MBB Switch
55 No. I Tower Antenna Transfer Relay RF Contactor
S6 No. 2 Tower Antenna Ammeter Switch. MBB Switch
S7 No. 2 Tower Antenna Transfer Relay ‘BF Contactor
S8 No. 3§ Tower Antenne Ammeter Switch MBB Switch
89 No. 3 Tower Antenna Transfer Relay RF Contactor
$12 No, 4 Tower Antenns Anmeter Switch MBB Switch.
513 No. 4 Tower Antenna Tranafer Relay RF Contactor
Figure 1
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Meter
M1
M2
M3
M4
M5
M6
M9
M12
M15
M8
M11
M14
M17

*MT

*M10

*M13

*M16
MP1
MP2
MP3
MP4

NOTE:

Range
0-8
0-15
0-8
0-8

0-8

0-8
0-5
0-15
0-8
0-8
0-8
0-150%
0-150%
0-150%

0-150%

Model
640
640
640
640
640
640
640
640
640
640
640
640
640
425
425
425
425
743
T43
743

743

No.
2845
2843
2835
2820
2830
2810
2815
2816
2819
2821
2822
2823
2924
3130
3131
3183
3134
3638
3624
3636

3521

METER INFORMATION

Current

D
4.58
1.0
3.9

3.8

3.11
340
5.4

5.35

3.11

100%
100%
100%

100%

All meters Weston Electric Company

ND

9.9

100%

Transmitter Input

Unit

Transmission Line Current = Tower
Transmission Line Current - Tower
Transmission Line Current =~ Tower
Transmission Line Currént - Tower
Transmission Line Coupling Unit -
Transmission Line Coupling Unit -
Transmission Line Coupling Unit =
Transmission Line Coupling Unit -
Antenna Current = Tower #1
Antenna Current =~ Tower #2
Antenna Current - Tower #3
Antenna Current - Tower #4

Bemote Antenna Current - Tower #1
Remote Antenna Current - Tower #2
Remote Antenna Curremt - Tower #3
Remote Antenna Ciurrent - Tower #4
Phgse Monitor = Tower #1

Phase Monitor - Tower #2

Phase Monitor - Tower #3

Phase Monitor - Tower #4

*External Heater Type = See Figure 4 for Location in Circuits

Phase Monitor Readings for Directional Operation

Tower #1 Leads Tower #2 by 230°
Tower #1 Leads Tewer #3 by 84°
Tower #1 Leads Tower #4 by 302°

to Divider Network

No« 1

No. 2
No. 3
No. 4
Tower #1
Tower #2
Tower #3

Tower #4

Figure 2
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MONITOR POINTS AND FIELD INTENSITY INFORMATION

Point No. 4

| Distance A MV/M 1 Mile MV/M
Azimuth Angle (Miles) Specified Obtained Measured
12° 1.89 30 20 3.95

Insert Location of Measuring Point as Described in Proof of Performance

Distarce , MV/M 1 Mile MV/M
Azimuth Angle (Miles) Specified Obtained Measured
4g° 2.75 90 76 6.5

Insert Location of Measuring Point as Described in Proof of Performance

Point No. 25

Distance MV/M 1 Mile MV/M )
Azimith Angle (Miles) Specified Obtained Measured
63° 1. 33 70 25 8.55

Iiisert Location of Measuring Point as Described in Proof of Performance

Roint No. 62

Distance MV/M 1 Mile MV/M
Azintith Angle (Miles) Specified Obtained Measured
181° 1,36 72 40 10,75

Inisert Location of Measuring Point as Described in Proof of Performance

Point No. 82

Distance MV/M 1 Mile MV/M
Azimuth Angle (Miles) Specified Obtained Measured
219° 2.18 52 40 5.6

Insert Location of Measuring Point as Described in Proof of Performance

Point No. 104

Distance MV/M 1 Mile ‘TMV/M 4
Azimath Angle {(Miles) Specified Obtained Measured
302° .86 40 17 7.6

Insert Location of Measuring Point as Described in Proof of Performance

Point No. 118

, Distance © MV/M 1 Mile MV/M
Azimuth Angle (Miles) Specified Obtained Measured
337° 1.15 61 40 13.4

Insert Locetion of Measuring Point as Described in Proof of Performance
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Figure 4
TABLE T 2. Clesn and check all transmission line
» end seals.
MAINTENANCE SCHEDULES 3, Clean interior all sections @ntenna
phasing units.

Sunday 4, Clean contacts and check alignment &an-

1. Transfer all towers and antenna phasing
units to emergency transmission lines and operate
at full power for five minites.

2. Restore all equipment ‘to Tegular transs
mission lines. Check operation under full power.

3, Clean and check all connections, re=
mote meter, phase monitof, meter panels, and
phase monitor.

4. Check all phase momitor tubes with tube
checlk, GCheck all transmission line protective
circuits.

5. Check and record all transmission line
gas pressurés.

Monday
1. Check all condensers and other eguip-

ment in antenna phasing uiit immediately after
sign-off for over heating.

ternna transfer relay.

5. Check and tighten all connections in
antenna phasing unit.

6. Check gas filled condeénser pressures.

Tuesday
1. With array set for directional operation

check drive point impedance at X with radie
frequency bridge at opérating frequemcy, (First

,and'Third Tuesdays)

2. With array set for non-directional opera-
tion check drive point impedance st X with radio
frequency bridge at operating frequency. (First
and Third Tuesdays)

3. Set up array for normal full power
directional operation: Compare readings all
antentd and remote anteénna meters. Make any
necessary adjustments:,
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FREQ. R X
(KG) {BHMS) {oHMsy
1350 a7 8.7
1355 58 4.0
iseo 65 o
t365 €8.5 -2 5
1370 68 -3
1375 62 —2
1380

51.5 o
48 ]

_ RESISTANCE

T
1370 138 1 400" 1410
FREQUENCY - KG.

Figure 5

4, Make complete set field intensity
readings at indicated monitor points. (Secend
and Fourth Tuesdays)

5, Check and record all transmission line
gas pressures.

Wednesday
Antenna Coupling Unit No. 1

I. Check all condensers and equipment in
coupling house for overheating immediately after
sign-off '

2. Check spacing and ¢lean antenna and
transmission line hoern gaps.

3. Check and clean all antenna lead in
insulators.

4, Check and clean all transmission line
end seals.

5. Clean contacts and check alignment
antenna relay.

6. Cledan contacts and check alignment
antenna ammeter switch.

7. Check and tighten all conmnecétions of
inductance coils and condensers.

8. Clean all meters.

Transmitter Building

Read and record all transmission line gas
pressires,
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Thursday
Antenna Coupling Unit No. 2

1. Check all condensers and egquipment
in coupling house for overheating immediately
after sign-off,

2. Check spacing and clean antenna and
transmission line horn gaps.

3, Check and clean all antennd lead in
insuylators.

4, Check and clean all transmission line
end seals.

5. Clean contacts and check alignment
antenna relay.

6. Clean contacts and check alignment
antenna ammeter switch,

7. Check and tighten all connections of
inductance coils and condensers.

8. Clean all meters.

Transmitter Building
Read and record all transmission line gas
pressures,

Friday

Antenna Coupling Unit No. 3

1. Check all condensers and egquipment in

coupling house for overheating immediately after

sign-off.

R X
(OHMS) {OHMS |

T
NON=DIREGT IMPEDANCE

FREQUENGY-KG

Figure 6
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2. Check spacing and clean antenna and
transmission line horn gaps.

3, Check and clean all antenna lead in
insulators.

4, Check and clean all transmission line
end seals,

5. Clean contacts and check alignment
antenna relay.

6, Clean contacts and check alignment
antefina ammeter switch.

7. Check and tighten all connections of
inductance coils and condensers,

8, Clean all meters.
Transmitter Building

Bead and record all transmission line gas
pressures,
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Saturday
Antenna Coupling Unit No. 4

1. Check all condensers and equipment in
coupling house for overheéating immediately after
sign-off,

2. Check spacing and clean antenna and
trensmission line horn gaps, :

3. Check and clean all antenna lead in
insulators.,

4., Check and clean all transmission line
end seals,

5. Clean contacts and check alignment
antenna relay.

6. Clean contacts and check alignment
antenna ammeter switch.

7. Check and tighten all connections of
inductdance coils wand condensers.

8. Clean all meters.

Transmitter Building

Read and record all transmission line gas
pressures:



NOTES ON TELEVISION ANTENNA EQUIPMENT

Reprinted from the RCA Maniial for Television Technical Training Program through
courtesy of the Radio Corporation of America

The following notes are a summary of' lectures on antenna equipment for television systems. They
present, in outline form,; the various pieces of eguipment required in the television station beyond

the transmitter,
struction, and performance.

Bach plece 1s discussed as to 1its purpose, requirements, basic principles, con=

SUMMARY OF ITEMS OF ANTENNA EQUIPMENT

NAME LLOCATION

Balun Part of transmitter
(BALanced to

Unbalanced)

Vestigial Sideband

Station, behind
Filter (VSBF)

transmitter

Diplexer station, behind
transmitter
Triplexer Station; behind

transmitter

Antennas (Standard
Types)

Top of tower

Antennas (Special
Types)

Top of tower

Antennas (Combination
Types)

Top of tower

Transmission Line

In station gnd between
station and antenna

FUNCTION

Converts double-ended line to single-
ended 1ine and maintairs bandwidth.

Reduces -energy inportionof lower side=
band” (portion outside channel) in ac-
cordance with FCC requirements.

Permits simultaneous use of a same &an-
tenna for visual and aural transmis-
slon, -

Pernits simultaneous use of a same an-
tenna for FY broadcasting in the
88-108 mc band.

Radiates visual and -aural signals as
well as FM signal, if triplexing 1s
used.

Same as gbove, except fulfills special
requirements as higher gailn, simul-
taneous use of one site for several
television stations, directional ef-
,.f‘jec‘t’s,; etce

Allows FM broadcasting by use ofPylon,

Transmits power with minimum reflec-
tion and loss.

GENERAL PRINCIPLES

TRANSM1SSION LINES

THE INFINITE LINE is a uniform line of infinite
length, For practical purposes; a line termi-
nated in its characteristic impedance (also
called surge impedance) behaves like an infin-
ite line beecause there are then no reflections
from the far end of the line.,

SURGE IMPEDANCE - The surge (or characteristic)
impedance of a uniform 1line is the impedsance

X M ; TO
5 ! TINFINITY

]
]
1
L

Figure 7-1 - Infinite Line snd Surge Impedence

whiech terminates any length of the line without
causing any reflections.

STANDING WAVES - Standing waves on a transmis-
sion 1ine are c¢aused by reflections from a mis-
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termination at the far endor by discontinuities
on the line itselfs The reflected wave 1s al-
ternately in phase &nd out of phase with the
incident wave. Voltage at a point on the line
measures less than the incident wave if the re-
flected wave is out of phase with the incident
wave; 1t measures more than the incident wave
if the reflected wave is in phase with the in-
cident wave.

o Ma ?*/'z. 5% 7‘ :

o = 1B 27 A8

Figure 7-2 - Standing Waves on Transmission Line

YOLTAGE STANDING WAVE RATIO (VSWR) - The VSWR is
defined as the raticof maximum-to-minimum volts
appearing along the transmission line. These
voltage maxima and minima are the resultants of
the addition and subtraction, respectively; of
the ineident and reflected waves. The surge
impedance of the line being designated by 2,
and the terminating impedance being called Z
the voltage reflection coefficient £ is

. Z - Z’\o
Zo -z
Thus for Z_ = 50 ohms and Z = 100 chms we have
K = 0. 33

If 4 and B are the minimum end maximum vol-
tages along the line, respectively, then

5 .
VSKR === = == = 2 for £ = 0.33),
4 1- K] 7

From experimental date it 1s found that the
VBWR of the antenna system should be i.1 or
better over the band, to avoid the appearance of
echoes or multiple images in the pieture,

BANDWIDTH - The bandwidthis the frequency range
over which the VSWR is within certain defined
limits.

General Principles of Maintaining Bandwidth.
& Constani-impedance ¥etwork - This is a par-

allel-resonant eircuit having resistive compo-
nents in each branch. When
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quenciles.

the circuit has constant resistance at all fre-
Such a circult is used in modulator
and sideband filters.

LOAD

SERES
CTIRCONT

8 +
Y )
’é IS / / EREAUE RGN
&~
o
ALLEL
CREATT

Figure 7-3 - Serjes-resoriant and Psralilel-
resonant Cireuit Combination

b Series-resonant circuits; used in conjune-
tion with parallel=resonant circuits, provide
¢omplementary reactances off resonance fre-
quency. This principle is applied in the balun,
diplexer, and antenna. It is illustrated im
Figure 7-3, which shows the circuit arrangement
as well as the series=¢ircuit and parallel-cir-
cult reactances as functions of frequency The
overdll, or neét, reactance is the difference of
the serdes-circuit and parallel-circuit resc-
tances, This net reactanece is seen to be nearly
zero within the range of frequencies (mariked
off in dotted lines on the diagram) which de-
fines the bandwidth of the system.

BALUK

This name is derived from the wards v"BaLanced
to UNbalanced® which define the purpose and
function of the device, namely, to cgnvert the
output of the 8021 tube to a single 72-ohm line,
on both gural and visual sides.

7 —

et - U
| ——s

Figure 7-4 - Quarter-wave Transformer



The principle is illustrated in the first
diagram of Figure 7-4. This shows a coaxial
line, the end of which is surrounded by a guar-
ter-wave sleeve connected to the outer condie-
tor, The equivalent ¢ireuit of this "quarter-
wave transformer® is shown in the second diagram
of Figure 7-4 as a parallel-resonant circuit
connected between the outer conductor 4 and
ground, but not across the inner condictor 5.

As a remedy to this unsymmeétrical arrange-
ment, the device of Figure 7-5 1s tsed; it is
here shown with its eguivalent cireuit. Ihisg
is an application of the second principle dis-
cussed previously for broadbanding (see para-
graph b under the heading BANDWIDTH). The ac-
tual eircuit shown in Figure 7-5 has been used
in the diplexer. For the balun unit, the loads
and generator shottld be interchanged.

A 8

AAA

1
]
_l
4

Figure 7-5 « Principle of Diplexer é&nd Balun
Units

VESTIGIAL SIDEBAND FILTER

PURPOSE - The vestigial sideband filter reduces
the energy in the lower sidéband in aceordance
with FCC requirements, while still presenting
constant resistance to the transmitter over the
required band.

REQUI REMENTS

(1) 20 db in addition to the average 40 db in-
herent in typical picture.

(2) Attenuation occiurs in 1/2 mc,

(3 Constant VSWR of 1.1, or better, over the
band.

{9 Small power absorption.

Iypical characteristics of the vestigial
sideband filter are shown by theé curves of
Figure 7-6.

TRANSMISSION: OF Low PASH TRAHSMISSION OF HIEN ‘PADS
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Figure 7-6 - Charactéristics o Vestigial
Sideband Filiter

PRINCIPLE - A simple filter eircuit is shown in
Figure 7-7. This filter, however, does not
satisfy the second of the requirements 1listed in
the preceding paragraph. It is thus necessary
to use a four-leg Ffilter network, such as the

L INPUT ©
QOOQ —
REJECT PASS

Figure 7-7 - Elementary Filter Ciréuit
(R‘L = RU =‘J L/C

one shown in the upper diagram of Figure 7-8.
Depending onthe freguency considered, this net-
work appears with a low-pass or a high-pass
charscteristie, and isequivalent to the circuits
shown in the lower diagram 6f Figure 7-8.

AKTRNANA
srevam

“Jltf,
D
Loas

).b'.w pass ;Cﬂ-gl_gljrliliT\t B

VESTIGAL SIDEBAND FILTER

N WiGH PRsE casRAcTaRETE ©

[#-4504G0
Figure 7-8 - Vestigial Sideéband Filter Circuit
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CONSTRUCTION = 3ee Figure 7-8 Four shunt lines
are made re~entrant to limit the length to a
value of 92 to 121 inches, depending on the
channel considered. Series capacitors and in-
ductors are line sections less than one-quarter
wavelength long. These sections are telescoped
into the shumt sections, The entire unit is 92
to 121 inchés long, 11 1/2 inches wide, and
7 3/4 inches high, and is designed for ceiling
mountings

| VESTIGIAL ‘SIDEBAND FILTER
MI=i9ll4 A CHANNELS I-VI
MI-151l48 CHANNELS YII-XII

;s “ [

‘ - f}‘ P
AN /e Hsuacmeur
BN e
SPRA —

CHANNEL C_JJCBANNEL L_J[CHARNEL C
I [EIN 3 Tog| I 100
¥ 86" | wr 807 3 67
praud 107 I 103] X 100°
X 37 i LN |- i 927

[WEIG s
RFINPUT 3 OUTPUT
TYPE OF MTG.

EFigure 7-8 - Vestigial Sidebsnd Filter
Construction

PERFORMANCE ~ A1l units are preset at the fac-
tory and reghireno field adjustment. The power
absorbed in the load resistor never exceeds 30
watts, out of 3 kw, and then only with inusual
detall energy beyond 1 i/4 mc¢. Normally; neg-
1igible power is absgrbed in a typical picture.
The unit meets all requirements outlined previ-
ously. Power absorption is 8.37% at 100 mc.

R-F LOAD AND WATTMETER
PURPOSE ~ The purpose of the R-F Load and Watt-

meter is to determine the operating power in ac-
cordance with FCC requirements., Thé unit iso-
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lates the antenna system from the transmitter
when shooting troubles

REQUIREMENTS

{1 Dissipates blacl-level power of 3 lkw.
(2) Accurately terminates output of trans-
mitter with no reflection.

PRINCIPLE - The principle of the A-F Load is
iilustrated in Figure 7-10. A small resistance
R, can be inserted at section 4, Section B
shoiild then be terminated for a surge impedance
of Zo = Rl’ whieh results in a smaller diameter.
The process 1s continued until the reguired
surge impedance is zero. This is merely a means
of using & resistor of finite size when an in-
finitesimally small resistor would otherwise be
needed for proper termination, since this is;
practically, not feasible. The shape of the
outer econductor, theoretically, follows an ex-
ponential curve, but a straight line is close
engugh an approximation for practical cases.

>z

Filgure 7-10 - Princivle of R-F Losad

The resistor is cooled by immersimg it in a
light grade of o6il, With the unit in vertical
position, the o1l flows by convection to the top
of the tank, where 1t is cooled by tap water
while in use, Power is megsured by measuring
the voltage ncross the resistor, using a crystal
detector for rectification,

CONSTRUCTION - TI'he load consists of & tank B
inches in diameter and 33 1/2 inches overdall in
height. Conneétions are made to the output of
the transmitter by i0-foot lengths of flexible
RG-i9/U cables The unit terminates a 51.5-ohm
line and, 1f used with the 75-ohm vestigzial side-
band filter, reguires a guarter-wave transformer
for conversion. See Figure 7-11:

DIPLEXER

PURPOSE =~ The diplexer pernits the use of the
same antennsa for visual and aural transmissions

REQUI REMENTS
(1) Low cross-talk.

(2) VSWR of 1.1, or better, over the band.
(38) Minimum power absorption.



RFLOAD AND WATTMETER BKW
INTERLOCK MI=19024-A
" OPERATE THIS END UP
LIFTING HOOKS
~SUPPLY & DRAIN WATER
CONNECTIONS 2" [R5, UNION

CRYSTAL

'liuuﬁizE::::::ﬂ[:iﬂ [B-513 om
RG-13/UCABLE L~ SEE NOTE

NAME RF LOADAWATTMETER.
S5KW_

ML 19024 -A

FREQUENCY MC 44 -216

ME_GHT' _LBs. |46

RF INPUT 1% 5l %o

RF QUTPUT

NON RF CONNECTIONS TAP WATER I1GALLON PE

: __MINUTE
TYPE OF MOUNTING [[VERTICAL SURFACE

Figure 7-1{ - R-F Load and Wsttmeter
Construction

PRINCIPLE~ Because of the turnstiling prineiple,
Whieh will be discussed under the heading
ANTENNAS, the antenna can be considered as two
separate loads - a4 N=8 radiator and an E-W
radiator - whi¢h do not interact (see Fig-
ure 7-12). The diplexer 4s a bridge circuit,
as shown in diagram 1 of Figure 7-12

The visual transmitter output is single-ended
and must be converted to a double-ended output.
This is done with another balun unit, applying
the same principle as discussed previously.

The usc of a combination of sideband filter
and diplexer is 1llustrated in Figure 7-13.
The energy from the picture transmitter goes
through the vestigial sideband Pilter, where the
unwanted part of the lower sideband is suppressed,
The energy tobe transmitted then passes through
the diplexer, where the sound energy joins in.
The combined television signal (visual and
aural eneérgy) 1s then fed to the antenna over
tyin transmission lines, of which one is made
one-guarter wavelength longer than the other to

provide proper guadrature-phasing in the antennas

This last point is discussed in a later para-

SUPERTURNSTILE - ANTENNA
“H-5 . RAQIATOAS

s WABIkTORS

TOSUPERTVANATEE
ANTEMNA.

£W RADIATORS

[==mgpist sLtave

N
Sa
SR AuRaL euT
)
2]
11
|
-+
Rl
L st oy

FigE

Figure 7-12 - Diplexsr Schematic DFsgram

3
graph concerning the turnstiling principle.

CONSTRUCTION = The construction of the diplexer
is apparent from Figure 7-i4 and is not further
deséribed here.

P ERFORMAN CE

(1) No erogs=talk has ever been encountered in
the many cheecks that have been made.
(2) ‘The VS#R is 1,1, and usually better, over

the band.

(3) The power absorbedis a fraction of a deei-
bels

ANTENNA

REQUIREMENTS (ELECTRICAL)

(1) Horizontal polarizations

(2) Operation in 54-38 meand 174-216 mc bands.
(8) Low VSWR over channel.

(4) Gain sufficient to provide good coverage.
(3) Pattern to be circulars
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DIPLEX.
[t 04

VESTIGAL SIDEBAND. FILTER

T

‘BSOUND J

I M-450462

l' PICTURE

RF TRANSMISSION SYSTEM

Figure 7-13 - R<F Transmission System

(68) Ability to handle visusl and aural power
of transmitter, and additional Fil trans-
mitter in some cases.

(7) Must lend itself to transmission of visual
and aural energy from the same antenna,

(8) Iransmission of FM from thée same antenna
is also desirable,

REQUIREMENTS (MEGHANICAL)

(1) Low wind resistance.

(2) Mechanically rugged.

(3) Sleet melting provision.

(4) Minimum number of end seals.

(8) VYot to be vulnerable to lightning.
(6) Easily erected

PRINCIPLE

(1) For low VSWR response over the band (1.1 or

better), use is made of the second general prin-
ciple, previously discussed under the heading
BANUWIOIH, of combining a parallel-résonant with
a series-resonant circuit. Such a combination
circuit, using lumped parameters, was shown in
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. gquency characteristie curve,

Mi-19028

DIPLEXER

TO ANTENNA 3%

CRANREL | P - q CHANNEL N A
1 13315716 166 778 I Vil 36.5/16 |20 I/16
Il o771 55 B/a X 55/16 lg le;l‘s_lé ]

M 57 8/] 50 e X [[345716__[19
WV |83 /16 {46 5/1: XT 33 9716 |18 _11/18
v 78 9/ 4} e Xt 32 9/16 |18 3/16
vl 73 5/16__| 383/16 X 31 13/16 {17 i3/16
Vi 37 9716, {20 116 -

NAME DIPLEXER

Ml 19028

FREQUENCY MC 54 216

WEIGHT ~_LBS. 12 TO 30

RF INPUT AND QUTPUT
TYPE OF MOUNTING

1E5i~(SEE K-8889742)
HORIZONTAL ALONG
TRANSMISSION LINE

(CAN BE SUSPENDED
ABOVE VESTIGIAL SIDE~!}
BAND FILTER OR TRANS!
MITTER)

S KW
99%

MAXTMUM POWER
[RE EFFICIENCY

Figure 7-14 -« Diplexer Construction

Figure 7-3, together with its reactance-fre-
The distributed~
parameter egquivalent; whieh forms an antenna,
is shown in Figure 7-15a. Its reactance-fre-
quency curve 1is given in Figure 7-16b,

Addition of & secend stub to the arrangement
of Figure 7-13a provides a seeond ground point
end adds rigidity; see Figure 7-i5c.

In general; radiators with large diameters
ténd to have & more constant impedance over a
given band since the ratio X;/R, and hence the
"@" 1is smaller. Since a large diameter is not
suitable for mechanical reasons, the same ad-
vantages afe obtained by using a large flat
sheet. This sheet c¢anbe visuglized as a series
of dipoles, each carrying a current proportional
to the current distributed aleng the two stubs,
See Figure 7-15d.

By notehing-in the sides, the current in the
upper &nd lower edges of the radiator, also
called "batwing", 1is inereased, which flattens
the vertical patternand increases the gain. One
radiator has the same gain es two dipoles spaced
one-half wdvelength apart. See Figure 7-i5e.
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Figure 7-15 - Development of TV Antenna

By experimentally determining the minimum
number of rods that can be used instead of a
solid sheet, wind resistance is considerably re-
duced. See Figure 7-15f,

(2) The Twrnstiling Principle — We now have a
dipole with wide-band characteristics. To ob-
tain a circular pattern; turnstiling is applied.

gn
30°
\\ 45"
\ s p
CURRENT /00
DISTRIBUTION | A/~
wa A SN
|
1
1
I
!
1
g
17
s

Figure 7-16 - Turnstiling Principle (Field
Magnitude is Proportional to the #Angle
Between Ofirection of Radrater ond Direc-
tion of Observation)

A circular radiation pattern can be obtained
from cross dipoles arranged in the shape of a
turnstile as follows (sce Figure 7-16):

Angular Bearing o0{30° |45° | 60° | 90°]
Field from N-S Radiatorf 0{0.5 |0.707|0.866{ 1.0
Field from E-W Radiator|1.0]0.866|0.707|0.5 | D
| Vector Addition- 1.0{1.0 |1.0 1.0 1.0

To achieve this effect, the phase difference
between the currents in the N-8 and E-W redis-
tors must be 90°, which is accomplished by mak-
irig one of the lines 90 degrees (or one-guarter
wavelength) longer than the other.

(3) Stacking Setsof Radiators to Increase Gain =
This principle (see Figure 7-i7) is an old one
and has been used for years in communications
antennas, If the currents in radiators 4, B, €
have the same phase (same number of wavelengths
from the source) and if distances 4P, BP, and
(P sre substantially alike, the field at F will
be greater than that producedbya single radia-
tors Similarly, sets of batwing radiators are
stacked to increase the gain. The length of the
feed-1ine for each set, back to junction point,
is kept the same. The centersof the successive
radiators are spaced one wavelergth apart.

Figure 7-17 « Stacking of Antenns Radiafors

CONSTRUCTION - The sets of crossed super-turn=
stile radiators are mounted on flag poles. TIhe
number of radiators that can be stacked is
limited by the flag-pole taper and mechanicdl
reguirements,

The following types have been made:

FREQ. {mC) S TANDARD SPECIAL
54-66 3-bay
66-88 3-bay 4-bay, S5-bay
174-216 B-bay

In the 9-bay antenna, each radiator has a 154.5-
ohm impedance from the feed point at the center
to ground, For three radiators in parallel,
this becomes 5i.5 ohms, which is the surge im-
pedance of the main transmission line., Each
branch 1ine has an impedance of 154.5 ohms. For
other types, transformers are used.
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PERFORMANCE (eLEcTRICAL)

(1) The antenna has extremely wide bandwidth,
One set of radiators covers the 54-66 nic band
~-229; another the 66-88 mc band -33%; and a
third set covers the 174-218 mc band -235%. The
pole-to-radiator spacing is varied sliglitly for
each channel by means of pads or adjustments.
An SWR of 1.1, or better, can always be achieved,

{2) The gain approaches the ideal that can be
achieved andis 1.2 times the mumber of sections,

This gain is obtained by megsuring the vertiesl
field pattern and taking into account losses in
the radiators and feed systems

An exact tasbulation of gain is showni

(a) The inherent stiffness of" triangular
structures. ~Both top and bottom are firmly
grounded and no weight is supported on insula-
tors.

(b) The pole 1s made from Bessemer seam—
less steel tubing which has a U.T.8. of 60,000,
and has shown as much as 70,0005 30,000, and
even 120,000 on ac¢tual test. Since the material
is stressed only to 20,000 1bs./square-inch; &
high safety factor is obtained.

(¢) Calculating 30 1bs. per square-foot of
wind loading on rounds, a wind veloeity of 95
miles per hour is required to stress the niate-
rial to 20,000 1bs. per square-inch without ice,
With 1/2 inch of radial ice, a velocity of 35

(3) Theoretically the pattern is circular, but
actually it departs from this slightly because
the super-turnstile radiator is not a point
sour¢e. This produces a square ¢ircle which;
under ideal conditions, deviates by less than
0.5 db: At no frequency within the specified
TV channel will the pattern deviafeby'more than
t1.5 db.

(4) The antenna will handle & power of 20 Wy,
which is limited by the feed lines, The actusl
power for a 5-kw TV transmitter is 3 Yw of vis-
ual power (black level) and 2 1/2 kw of aural
power, This power is multiplied by the VS#R to
allow for loeal heating at the current peaks.
For TV, this is only i.i. Hence, the total TV
power 1s 6 kW. When triplexing is used, FM
power is then limited to 14 kw divided by the
maximum VSWR that may occur in the feed lines.
This amounts to 10 kw for the 8688 mc antenna,
and 3 kw Tor the 54-66 mc antennas

(8) By using the turnstiling principle and the
bridge circuit of the diplexer, both Visusl and
aural power can be transmitted over the same
antenna. In addition, a triplexer enables the
antenna, because of its response in the 88-108
me band; also to be used to radiate FM power.

PERFORMANCE (MECHANICAL)

(1) Low wind resistance is achieved as a re-
sult of the open super-turnstile radiators.

(2) Ruggedness is achieved by:
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3.BAY 3-BAY 6-BAY
TV Cheannel 2 3 2} 518 7 8 9 10 1l o1z 13
Approximate | :
Gain 3.3 1 3.7 3.3{3.8|41| 5.4 6.8 6.7 6.8] 6.9 7.0 7.1

miles per hour is reguired to reach this same
stress value.

(d) A1l brackets and radistor clamps are
bonderized and zinc plated.

(8) De-icing is done for eledtrical ressons
only; and mot to reduce wind loading. Hence,
only the section adjustment to the main pole is
de-iced, which is the only portion affected by
ice.

Heaters are used as follows:

ANTENNA TYPE|WATTS PER RADIATOR | KILOWATTS PER BAY

54-66 750 3
66-88 500 2
250 1

174-2186

(4) Minimum end-seals are needed for feeding
this antenna,

NUMBER PER BAY ANTENNA TYPE

2 54-66 and 66-88

4 174-2186
8 Dipole Construction

TOWER DESIGN - RCA has published the projected
area of the antenna as well as other pertinent
dimensions. From this information the tower
manufacturer can' design his tower. A standard



specification 1s now being considered by RMA
¢ommittees, which will put all tower designs on
the same basis:

The tower should be designed to take the

standard guide flange and pole socketis provided

(see Figure 7-18):

GUIDE
] L. ,IWFLANGE
[N} LB}
10 FT
APS ROX
i |
TSPOLE
SOCKET

Figure 7-18 < Anténns Tower Layout

INSTALLATION

SHIPMENT - The pole can be shipped broken down
as follows:

(3)
(®

Electricdal leakage tests
VSWR check over the band, with panoramic
sweep eguipment.

The RCA Service Co. has experienced men and
suitable equipment, and is prepared to render
this service at a reasondble cost: These tests
should be made, whether the antenna is assembled
in Camden or in the field, Simple corrections
become extremely complex to make after the an-
tenna is erected.

ERECTION

{N ONE PLECE - when the sntenna is to be erected
in one plece, the pole should be welded before
assembly. Quite a number of installations have
been successfully made in this way.

PARTIAL DiSASSEMBLY AND REASSEMBLY - The disas-
sembly should be dome by the riggers who will
reassenble the dntenna. Feed lines should be
carefiilly removed and képt in the original posi-
tion. The pole need not be welded if this is
done; but can be caulked dafter erections

RIGGERS - It is most economical to use the same
riggers who are erecting the tower. The same
gin poles, donkey engines, ete., can be used.

NUMBER OF
ANTENNA ~ POLE SECTIONS _ LENGTHS =~ FT. AND INCHES
3-bay 54-56 3 17rgn 2310 241 Q¥
3-bay b66-88 2 21veh 30+ Q%
4-bay 66-88 2 3BT 3gren
§-bay 66-88 3 28181 Gl 291 0"
6-bay 174-216 2 2618 YA RETE TS

* For Pylon mouwnting, the sections listed on the right are 3 to 6 ft. shorter.

k% On most imstallations to date, this antenna, because 0f its greater number

of parts, higher frequency,

and more critical assembly, hos been assem-
bled in Camden by workmen und engineers fomiliar with this work.

The an-

tenna has then been shipped 1o the customer in ong piecCe.

ASSEMBLY ~ If the antenna is assembled on the
customer's premises, it should be assembied on
the ground in a horizontal position, with the
pole restingon saw horses. This assembly should
be done under engineering supervision. The feed
system should be put on the anténra. The bend-
ing tool provided should be used. ¥inks and
flats on the line miugt be avoided. ‘

TEST ON GROUND- After assembly, the RCA Service
Co. should be requested to make the following
checkst

Gas leaks
d-C resistance

(1
(2

This requires close scheduling.

PAINTING = The pole and radistors are shipped
with one. coat of red lead only, for protection
in transit and during erection. They should be
painted with CAA colors after erection. All
portions, except the end seals, can be painted.

SPECIAL ANTENNAS

4-BAY AND 5-BAY ~ These antennas have been
built for the 66-33 me band, None have been
buiit for the 54-66 mc band, although there is
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no technical reason to prevent it. It is not
feasible to carry flag-pole construction to
greater galns, because the pole taper causes a
wider spacing between the lower radlators, re-
gulting in a different impedance than for the
upper sections,

SUPER-GAIR ANTERKAS - These antennas will take
the form of & tower types One type would con=
sist of dipoles mounted on the four faces of a
tower orie=half wavelength squaré., Such antennas
are used Tor three redsons:

(1) Higher Gain - The allocation scheme of FCC
is based on 50 k¥ radiated powers A 5-kw trans-
mitter, with a standard 3-bay of 6-bay antenna
and nominal line loss; will radlate about 15 kw
in the 54-88 band, and 25 to 80 kw in the i74-
218 band,

Super-gain antennas will permit gains of 10
and 12, so that 50 kw radiated power can be
achieved.

(2) Stacked dntenna Systems = If one site is
desirable for several television stations, the
lower sntenna can be a tower type and the upper
s standard type. Propositions have been worked
up for three television stationswith additional
FM Pylons. Since reéceiving antennas are direc-
tive and generally aimed at a cemtral cluster of
stations, 4t is highly advisable to be in this
central clusters The use of the stacked antenna
nmakes this possible.

(3) Directional Antennas - Radlators can be
left off on one or two Ffaces of the tower, to
produce a directional pattern., Directional pat-
terns are not recommended as a rile, since the
total area covered is less. See Figure 7-1i9.

PMON-DIREC TION AL
PAT TERNM

DIRBECTISN AL
PATTERW

AREA SERVED =T R2 AREA SERVEDS
TLVZ RY:, LR
S Z

Figure 7-19 - Antfenna Radiation Patterns - With
the directional pattern shown, the dred served
i's one-hal¥ the area covered with the circular
pattern. Also, four times thé power 1§ concen-
frated ina same area. Hence, the Ffield strength
i's doubled and the redius I's extendeéd by N 2R
las a generel approximation, the service rddius
varies as the rourth root of the powerl,
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In some cases, of course, where mountains be=
hind the station cause serious ghosts or where
protection to other stations is necessary, di-
rectional antennas must be used.

COMBINATION ANTENNAS
&, COMBINATION WITH PM BY USE OF PYLON ANTENNA

A 2- or 4-section Pylon underneath a TV an-
tenna can be placed below any 8-~ or 4-bay an-
tefina in theé 54-83 band, or & 6-bay antenna in
the 174-216 band.

Pylons Lave a gain of 1.5 per seéc¢tion mid-
band and will take up to 50 kw of FM. They are
20 inches in diameter and 14 feet high, The Fd
feed system is inside. The TV system 1s mounted
on the back of the pylon, opposite the slot.
A1l FM~-pylon and TV-antenna combinations have
been checked for structurd]l soundness by inde-
pendent consultants,

b, COMBINATION WLTH FM BY USE OF TRIPLEXING
Purpose - To use TV antennas for F¥ radiastion.
Fequirements

(D Must keep FY out of TV and vice veérsa.
(2) Must not disturb VSWR of either service.
(8) Must have low insertion loss.

Principle - The TV and FM energies are kept
flowing in their proper paths by suitable noteh
filters, as shown in Figure 7.-20,

Construction - The external dimensions aré the
same #s those of the 54-38 mc diplexer.

Performance - Installations made at stations
WNBW, WEWS, WLWI; are all working satisfactorily.

Poiwer Limitations- Becanse of Limitations in the
feed system of the super-turnstile antenna dis-
cussed previously, F4 power is limited to 10 kw
for the 66-88 mc antenna and 3 lov for the 54-66
antenna.

c. USE OF TV SUPER-TURNSTILE FOR FM ONLY -
This implies that the TV 1nsta.11ation will be
made at & later date,

Principle - See Figure 7-21,

d., COMBYNATION WITH AM

Purpose - Use of AM tower for TV antcnna sup-

port.

Principle - TV line must be isolated from ground
at AM frequency.
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Figure 7-20 - Principle of Triplexing

As shown in Figure 7-22a, the towér acts as
the outer conductor of a baluni The capacitance
at the end 4 loads the Balunto résonance if the
tower is not high enough to furnish one-quarter
wavelength at the AM freguency.

Referring to Pigure 7-22b, & balun of wires
is constructed atround the IV line approaching

the AM tower for a distance of one-guarter wave-
length, or eguivalent,

TRANSMISSION LINE

PRINCIPLE - without insulators, the surge im-
pedance is

D (outer)

7z = 138 log
¢ d (inner)
N-s[ 1 [ Je-w
A/4.FM
TRANSFORMER
| TO 51.5 OHMS.

Figure 7-21 - TV Superturnstile Antenns

[:r-TV ANTENNA

TV LINE
CONNECTOR
TO TOWER

lsAM TOWER

v i

LINE ——————

() ‘ (&)

Figure 7-22 < Use of AW Tower for TV Antenns
In practice; insulators are always reguireds
The 1line must then be treated as made up of re-

current T-sections, with each insulator con-
sidered as a lumped capacity. See Figure 7-23.

T I ] 1
1l 1 1l I

I T T T

Figure 7-23 - Trensmission Line Principle

This brings about two additional considera-
tions:

(1) The linemust glwaysbe cut half-way between
insulators, to avoid discontinuities.

(2) The line is really a filter and has a cut-
off freguency. On standard RMA liney; the cut-
6ff point is above 216 mc, due to a proper
choice of insulator capacity and spacing,

RMA §1ZES - Standard sizes are 7/8, 1-5/8, 3-1/3
and 6-1’8 inches., Of these, the 1-5/8- and
3-1/8-inch sizes aré the most widely used for
5-kw TV installations.

SURGE IMPEDANCE - The value is 51.5 ohms fof
all sizes, The primary consideration in this
choice was the J%R 1loss, with a slight com-
promise on attenuation. The odd value of 51.5
ohms was chosen because this 1s the actual im-
pédance of solid-dielectric line, Hence, the
two types of line can be used in the same run.

POWER RATING - This is one-half the power re-
guired to raise the temperature of the outer
conduétor 40° C.

51ze (iN.)| 50 mMc 100 MC 200 MC
7/8 4.5 kw 3 kw 2 kw
1 5/8 16 10 7
31/8 | 64 42 | 27
6 1/B | 285 166 118
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LOSS - Loss takes into account copper loss, in-
sulation 1oss, and some derating due to connec-
tions. The average power transmittedat 100 me
over a 500-foot run of line is 75% for the
1-5/8~inch line and 85% for the 3-i/8-1imch
line. See published curves in the ACA egquip-
ment specification.

GAS - Dehydrated air, obtained from a commer-
cial dehydrator, is probably best. Only a
small positive pressure is needed; 5 1bs, is
adeguate.

- CONSTRUCTION - See Figure 7-24. The primary
purpose of this construction i1s two-fold:

(1) To prevent electrical discontinuities in

) the line.

(2) To make the installation as nearly fool-
proof as possible.

FLANGE O-RING.

" ]l -z ] I [i:
; HNER CONOUETOR
CONNECTOR

OHE INSULRTOR' SUPPORTS 20' OF INNER
CONDVGTOR. NO' ANCHOR JOINTS ARE MEEDED

=
Figure 7-24 - Trensmission Line Construction

No soldering or brazing is needed in the
field. If a length other than 3y feet is needed,
the line i1s cut and a flange adapter is used,
which requires no brazing. Flange joints are
pulled up tight and require no "feel",

FITTINGS - Fittings must be designed to prevent
electrical discontinuities. This means that
dismeters must remain the same and insulators
must continue at the same spacing. Elbows mist
have a wide sweep. See Figure 7-25,

' THIN TEPLON WASHERS

QN HAVING: wo wofic EABLE
m:m:n“/

INSULHTDRS MYET ‘UNT‘NU!
AT EvEN 1! INTERVALS
AROUND U TURN

Figure 7-25 - Transmission Line Elbow Fitting

TELEVISION STANDARDS - While lines intended for
TV and FM have the same approximate dimensional
standards and external appearancey the surge
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impedance limits on TV line are tighter because

the reflection problem is highly important in
television. In ordering lines, be sure to spec-

ify it for TV standards, or better yet, order
it through ACA.

CUTTING POINTS OTHER THAN HALF-WAY BETWEEN INH-
SULATORS = If this is absolutely necessary, a
point should be chosen further back, where the
line can be ¢ut half-way betwéen insulatorss
The odd balance is then filled out with & line
containing no insulators and having a diameter
that will give asurge impedance of 51.5 ohmss

EXTRA QUARTER-WAVE FOR DIPLEXING- The equipment
specifications (A3-5979) show several methods
of introducing this at the diplexer. It also
gives a table, for cach channel, of the differ-
enc¢e that should exist,; taking into account the
actual velocity of propagation along the line.

ATTACHING LINE TO TOWER

ELECTRI CAL. REQUI REMENTS ~ Both lines should be
as ldentical as possible all the way down the
tower, Flanges and elbows should be Iocated in
the same places from the tower top te the di-
plexer in the station, where the extra quarter-
wave is inserted. This is because each .elbow
can insert a slight mismatch. If the two lines
are exactly alike as to mismatch, the latter is
balanced out by the extra gquarter-wave section,
which inverts the reactances

MECHANICAL REQUIREMENTS - The primery reguire-
ment is to provide allowance for expansion. The
following should be noted,

(1) Expansion of the inner conductor is made

possible by the sliding of the spring-loaded
inner-econductor connector,

B
CONNELTION -

BPAING
HAUGERS *

Figure 7-26 - Transmission Line Installetion
Laoyout

(2) Expansion of the outer conductor is per-
mitted by spring hangers. The line is connec—
‘ted solidly at the top of the tower; and then



it is connected to the tower every 10 feet (see
Figure 7-26). These hangers are pre-laaded in
accordance with the temperature conditions at
the time of erection. Under ordinary c¢limatic
conditions, expansions of 1 inch in 100 feet
Wwill occur, and this willbe accommodated by the
hangers. An elbow at the bottom of the tower
should be arranged to take this movement.

If the tower is more than 300 feet high, the
arrangement can follow the layout shown in
Figure 7-27.

CHECKING LAYOUTS = Transmission line layouts
will be checked by RCA for aceuracy and com—
pleteness, if submitted.

NOTE ~ 4ny pains taken in establishing a good
transmission line and antenna installation pays
enormous divpidends. Here, if anywhere, a slight
effort in time will prevent expensive and
lenigthy delays ot a later date.

/00D -
CONNECTION

Figure 7:27 - Transmission Line [nstellation

Layout
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